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Cancer development and progression are accompanied by 
alterations in the local tissue microenvironment1, which 
encompasses both hematopoietic and non-hematopoietic 

cells as well as non-cellular elements, such as extracellular matrix 
(ECM) and soluble factors2,3. In multiple myeloma (MM), a hemato-
logical malignancy characterized by the accumulation of malignant 
plasma cells in the bone marrow, interactions between myeloma 
cells and their environment are considered critical for disease 
pathobiology2. Mesenchymal stromal cells (MSCs) are an integral 
part of the non-hematopoietic bone marrow microenvironment,4,5 
and MSC-derived cytokines, such as interleukin-6 (IL-6), have been 
established as essential for MM tumorigenesis and progression6,7. 
Nonetheless, the identity of the MSCs associated with MM in vivo 
and whether MSCs also direct immune alterations within MM bone 
marrow remain undefined. Changes in bone marrow immune cell 
populations are already present during MM precursor stages8,9 and 
include a selective reduction in cytotoxic memory T cells impor-
tant for sustained antitumor immunity10,11 and an increase in several 
immune-suppressive cell populations, involving regulatory T cells 
(Treg) and myeloid-derived suppressor cells (MDSCs)12,13.

Treatment of MM has improved significantly by the introduction 
of immune therapies, including immunomodulatory imide drugs 
(IMiDs), proteasome inhibitors and antibodies targeting tumor- 
and immune cell-expressed proteins, such as CD38 (refs. 14,15). This 
notwithstanding, treatment invariably fails to fully eradicate malig-
nant plasma cells, and most individuals, even those with excellent 
therapy response, eventually experience disease relapse. MM there-
fore remains an incurable disease16. Targeting MM cells in combi-
nation with the tumor-supportive bone marrow microenvironment 
holds the potential of increasing therapy efficacy; yet, it is hampered 
by an incomplete definition of this microenvironment.

In this study, we generated paired single-cell RNA-sequencing 
datasets of the non-hematopoietic microenvironment, CD38+ and 
CD38– immune microenvironments together with tumor cells from 
13 newly diagnosed individuals with MM and 7 non-cancer con-
trol individuals undergoing cardiac surgery or hip-replacement 
surgery, creating a unique resource allowing for in-depth analyses 
of stromal–immune–tumor interactions within the bone marrow 
microenvironment. This led to the identification of inflammatory 
MSCs (iMSCs) specific for MM bone marrow. iMSC development 
was likely the result of activation caused by inflammatory mediators 
activating NF-κB signaling, such as tumor necrosis factor (TNF) 
and IL-1β. Within the MM-containing bone marrow, TNF was 
transcribed by CD8+ stem cell memory T (Tscm) cells and interferon 
(IFN)-responsive effector T cells, which are increased in MM com-
pared to controls, suggesting the presence of immune cell-mediated 
stromal inflammation. Using ligand–receptor interaction analyses, 
we identified a putative role for iMSCs in the regulation of cycling 
plasma cells and in the modulation of myeloid cell function. Finally, 
by tracking iMSC signatures and inflammatory cytokines over time 
in individuals undergoing first-line treatment, we show that bone 
marrow inflammation is not reverted by successful antitumor ther-
apy, suggesting a role for iMSCs and bone marrow inflammation in 
disease persistence or relapse.

Results
Composition of the human non-hematopoietic bone marrow 
niche. To define the human non-hematopoietic bone marrow 
microenvironment, we generated a single-cell transcriptomic over-
view of the non-hematopoietic mononuclear cell fraction from 
viably frozen bone marrow aspirates from 13 newly diagnosed 
individuals with myeloma and 7 age-matched control patients. 
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Characteristics of individuals with myeloma and control individuals 
are described in Supplementary Tables 1–3. Purification was based 
on flow cytometric exclusion of hematopoietic cells (CD45), ery-
throid lineage cells (CD235, CD71) and plasma cells (CD38), and 
the presence of non-hematopoietic cells was verified by the expres-
sion of CD271, CD105, CD31 and CD34 (for gating strategy, see 
Extended Data Fig. 1a). On average, the non-hematopoietic bone 
marrow niche comprised 0.002% of total aspirated cells (Extended 
Data Fig. 2a). Sequencing generated single-cell transcriptomes of 
19,983 cells from MM bone marrow and 7,038 cells from control 
bone marrow, which were integrated into a single dataset (Fig. 1a). 
We identified five closely related mesenchymal stromal cell clusters 
(MSC1–MSC5), as defined by the transcription of LEPR and CXCL12  
(Fig. 1b). In contrast to the non-hematopoietic niche in mice4, no 
clear distinction between MSCs and fibroblasts was apparent, as 
clusters MSC1–MSC5 also transcribed fibroblast-associated mark-
ers FN1 and DCN (Extended Data Fig. 2b) and various types of 
collagens (Fig. 1b and Extended Data Fig. 2c). Moreover, genes 
whose mouse orthologs denote distinct mouse MSC subsets, such 
as CXCL12, LEPR, PDGFRA, PDGFRB and ACTA2, were equally 
transcribed between mesenchymal clusters (Fig. 1b and Extended 
Data Fig. 2d). A single cluster of endothelial cells was defined by 
transcription of CDH5, THBD and CD36 (cluster EC, Fig. 1b and 
Extended Data Fig. 2e). Cluster SEC (SELP+ cells) was defined by 
specific transcription of SELP (encoding P-selectin) (Fig. 1b), a fea-
ture of activated endothelial cells17; yet, cells in this cluster did not 
transcribe detectable CDH5 or increased levels of CD36 (Extended 
Data Fig. 2e) nor genes associated with MSC transcriptomes, such as 
collagens, LEPR or CXCL12 (Fig. 1b and Extended Data Fig. 2c). The 
genes driving clustering of these cells are listed in Supplementary 
Table 4. Due to the bias for marrow cells introduced by sample aspi-
ration rather than biopsy, only a single small cluster of osteolineage 
cells specifically transcribing RUNX2 and SP7 (cluster OLC, Fig. 1b 
and Extended Data Fig. 2f) was present. In sum, the data presented 
here provide a comprehensive single-cell transcriptomic database 
of the human non-hematopoietic bone marrow microenvironment.

Identification of myeloma-specific iMSCs. To identify MM-specific  
MSC alterations, uniform manifold approximation and projec-
tion (UMAP) renderings were split into individuals with MM and 
non-cancer control individuals. This identified two MSC clus-
ters (MSC1 and MSC2) that were strongly enriched in MM bone 
marrow (Fig. 1c and Extended Data Fig. 2g,h). Ranked gene set 
enrichment analysis (GSEA) comparing clusters MSC1 and MSC2 
to clusters MSC3, MSC4 and MSC5 showed significant enrich-
ment for the inflammation-related pathway ‘TNFα signaling via 
NFκB’ (Fig. 1d). Genes driving this pathway were mostly inflam-
matory genes with increased transcription in clusters MSC1 and 
MSC2, including MM cell survival factors IL6 and LIF18,19, che-
mokines involved in immune cell migration (CXCL2, CXCL3, 
CXCL5, CXCL8 and CCL2 (refs. 20,21)), modulator of the T cell 
response PTGS2 (ref. 22), cytokine receptor IL1RL1 and CD44, a 
receptor protein involved in cellular interactions that is expressed 
by solid tumor-associated fibroblasts23,24 (Fig. 1e). All of these tran-
scripts were either absent or detected at lower levels in both the 
non-cancer control dataset and in the non-inflammatory remain-
der of the MSCs in myeloma (MSC3–MSC5) (Fig. 1e). From here 
onwards, we will refer to the myeloma-specific clusters MSC1 and 
MSC2 as iMSCs. Supplementary Tables 5 and 6 and Extended Data  
Fig. 2k detail all differentially expressed genes and altered pathways 
between clusters MSC1/MSC2 and the remainder of the MSCs, 
while Supplementary Table 7 lists the differentially expressed 
genes between clusters MSC1 and MSC2. The iMSC clusters were 
detected in all individuals with MM that were analyzed, irrespective 
of the genetic makeup of the tumor, and were virtually absent from 
all non-cancer control individuals (Fig. 1f,h and Extended Data 

Fig. 2g,h). Moreover, iMSCs were also detected in a fresh sample 
that was immediately sequenced after aspiration (Extended Data 
Fig. 3a,b). Differential analyses of individuals with translocations 
and individuals with a hyperdiploid genome suggested minor dif-
ferences in the MSC1/MSC2 ratio (Fig. 1g,h). However, the high 
degree of variation (Extended Data Fig. 2h) and the limited number 
of individuals in each respective group warrants caution in inter-
preting any differences and did not allow for robust correlations of 
iMSC abundance with any clinical parameters, such as the revised 
international staging system (R-ISS) stage or tumor load (Extended 
Data Fig. 2i,j). The inflammatory bone marrow environment sug-
gested by iMSC presence was confirmed by elevated protein levels 
of IL-6, CXCL8 and CCL2 in the bone marrow plasma of individu-
als with myeloma compared to age-matched non-cancer control 
individuals (Fig. 1i). No correlation between levels of inflamma-
tory cytokines and iMSC percentages was apparent (Extended Data  
Fig. 3c). Clusters containing endothelial cells and SELP+ cells were 
also increased in individuals with MM compared to non-cancer 
control individuals (Fig. 1h and Extended Data Fig. 2g); yet, the 
relative scarcity of the cells in these populations precluded detailed 
analyses. Given the potential niche function of endothelial cells in 
MM25, these clusters are of interest for further exploration. In sum-
mary, our findings reveal MM-specific bone marrow inflammation 
and the presence of iMSCs that transcribe myeloma cell survival 
factors and inflammatory genes implicated in immune cell recruit-
ment and immune modulation.

In situ localization of myeloma-specific iMSCs. A prerequisite 
for a role of iMSCs in MM pathobiology would be their colocal-
ization with tumor cells or immune cells in situ. To analyze the 
spatial distribution of iMSCs, fluorescent immunohistochemistry 
was performed on iliac crest bone marrow biopsies of newly diag-
nosed individuals with MM and non-cancer control individuals. 
CD44 transcription was enriched in the iMSC clusters and was also 
enriched at the protein level, as determined by flow cytometry on 
CD271+ MSCs in newly diagnosed individuals with MM versus in 
non-cancer control individuals (Fig. 2a and Extended Data Fig. 4a). 
Therefore, we used CD44 in combination with the pan-MSC marker 
CXCL12 to identify MSCs in situ. Cells with mesenchymal mor-
phology expressing both CXCL12 and CD44 were readily identified 
scattered throughout the MM bone marrow (Fig. 2b, white arrows). 
In non-myeloma bone marrow, CXCL12+CD44+ mesenchymal-like 
cells were virtually absent, and only an occasional cell could be 
identified (Fig. 2c). CXCL12+CD44+ iMSCs were always interacting 
with CD138+ MM cells (Fig. 2b) and/or CD3+ T cells (Fig. 2d). This 
notwithstanding, there was also a substantial fraction of MM cells 
as well as T cells that did not interact with iMSCs. The MM bone 
marrow also specifically contained adipocytes expressing CD44  
(Fig. 2b), a known marker of adipocyte activation26. These data 
show that iMSCs are in the anatomically correct position to influ-
ence both MM cells and T cells.

iMSC appearance is driven by cellular activation. In MM, clusters  
MSC1–MSC5 represented a largely homogenous group of 
CXCL12+LEPR+ marrow mesenchymal cells with comparable 
transcription levels of various canonical MSC markers as well as 
most ECM-encoding genes (Fig. 1b and Extended Data Fig. 2b,c).  
Because GSEA had indicated NF-κB activation as a possible 
mechanistic driver of inflammatory gene expression (Fig. 1d), we 
hypothesized that myeloma-specific alterations were the result 
of cell activation rather than lineage differentiation. Text mining 
and analysis of available coexpression databases using STRING27 
indicated that TNF and IL-1β signaling were associated with all 
of the inflammatory genes detected in clusters MSC1 and MSC2  
(Fig. 3a). TNFRSF1A and TNFRSF1B (encoding TNF-RI and 
TNF-RII) (Fig. 3b) as well as IL1R (encoding the IL-1 receptor) 
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and IL1RAP (encoding IL-1 receptor accessory protein) (Fig. 3c) 
were transcribed by all MSC clusters, implicating TNF and IL-1β 
as possible activators of myeloma iMSCs. IL-1β protein levels were 
increased in the bone marrow plasma of individuals with MM com-
pared to in non-cancer control individuals (Fig. 3d), while plasma 

TNF levels were below the levels required for reliable detection. 
To directly address whether cytokine activation could induce an 
iMSC-like transcriptome, we stimulated ex vivo-expanded human 
bone marrow-derived MSCs in vitro. Overnight stimulation of pri-
mary MSCs from individuals with MM with either TNF or IL-1β led 
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Fig. 1 | Identification of myeloma-specific inflammatory MSCs. a, UMAP of the combined dataset of 19,983 cells from 13 individuals with myeloma 
and 7,038 cells from 7 non-cancer control individuals showing eight clusters identified by integrated analysis. Colors represent clusters. b, Violin plots 
of marker gene transcription in the eight clusters. c, Original UMAP split into control (non-cancer) and myeloma datasets. d, GSEA enrichment plot for 
the gene set ‘TNFα signaling via NFκB’ in clusters MSC1 and MSC2 as compared to clusters MSC3, MSC4 and MSC5; FDR, false discovery rate; NES, 
normalized enrichment score. e, Transcription of differentially expressed genes in control or myeloma non-hematopoietic bone marrow. f, Original UMAP 
split by individual. CBM, control bone marrow; PH, individual with a hyperdiploid tumor; PT, individual with a tumor harboring translocations. g, Original 
UMAP split by genetic background of tumor. h, Circle diagrams depicting cluster fractions of totals in individuals with tumors bearing hyperdiploidies 
(n = 6) or translocations (n = 7) or in non-cancer control individuals (control) (n = 7). i, Bar graphs depicting IL-6, CXCL8 and CCL2 protein levels in the 
bone marrow plasma of individuals with myeloma (n = 25) and non-cancer control individuals (n = 18). Data are presented as mean ± s.e.m. Significance 
was calculated using the Mann–Whitney U test (two-tailed); **P ≤ 0.01 and ****P ≤ 0.0001.
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to increased transcription of IL6, LIF, CXCL2, CXCL3, CXCL8 and 
PTGS2 (Fig. 4a). This response was not restricted to cells from MM 
bone marrow, as MSCs from non-cancer control individuals also 
acquired an iMSC-like transcriptome upon stimulation with TNF 
or IL-1β (Fig. 4b) (see Supplementary Tables 1 and 8 for clinical 
characteristics of MSC donors). The differentially expressed inflam-
matory genes that drove clustering of iMSCs were consistently 
transcribed at higher levels in MSC1 compared to MSC2 (Fig. 4c), 

suggesting that cluster MSC2 may represent an intermediate state of 
activation. In agreement, pseudotime analysis predicted that with a 
pseudo starting point at cluster MSC5, the trajectory of transcrip-
tional changes from non-inflammatory MSCs to MSC1 can only 
progress via cluster MSC2 (Fig. 4d and Extended Data Fig. 3d). 
Together, these experiments show that activation of MSCs is suf-
ficient to induce the inflammatory transcriptome associated with 
MM iMSCs.

IL-1β

d

Control Myeloma

UMAP 1

U
M

AP
 2

Control Myeloma

UMAP 1

U
M

AP
 2

Control Myeloma

UMAP 1

U
M

AP
 2

TNFRSF1A TNFRSF1B

IL1R1

b

c

a

Control Myeloma

UMAP 1

U
M

AP
 2

IL1RAP

TNF

CXCL2

CCL2

CXCL3

CXCL5CXCL8

IL-1β

IL-6

PTGS2

IL1RL1

CD44

LIF

Con
tro

l

Mye
lom

a
0

50

100

150

200

C
on

ce
nt

ra
tio

n 
(p

g 
m

l−1
) ****

Fig. 3 | Potential activators of iMSCs. a, STRING network analysis of iMSC-expressed immune-related proteins in relation to TNF and IL-1β. Line thickness 
indicates confidence. b, Transcription of TNFRSF1A and TNFRSF1B in non-cancer control or myeloma non-hematopoietic bone marrow. c, Transcription of 
IL1R1 and IL1RAP in non-cancer control or myeloma non-hematopoietic bone marrow. d, Bar graph depicting IL-1β protein levels in bone marrow plasma 
from individuals with myeloma and from non-cancer control individuals. Data are presented as mean ± s.e.m. Significance was calculated using the  
Mann–Whitney U test (two-tailed); ****P ≤ 0.0001.

Myeloma mesenchymal cells (n = 4)

IL-1β

a

b Control mesenchymal cells (n = 5)

0

LE
PR

C
XC

L2
C

XC
L3

C
XC

L8 IL
6

LI
F

PT
G

S2
C

D
44

20
40
60

500
1,000
1,500
2,000

5,000
10,000
15,000

0

LE
PR

C
XC

L2
C

XC
L3

C
XC

L8 IL
6

LI
F

PT
G

S2
C

D
44

20
40
60

500
1,000
1,500
2,000
5,000

10,000
15,000

0
20
40
60

500
1,000
1,500
2,000
5,000

10,000
15,000

0

LE
PR

C
XC

L2
C

XC
L3

C
XC

L8 IL
6

LI
F

PT
G

S2
C

D
44

LE
PR

C
XC

L2
C

XC
L3

C
XC

L8 IL
6

LI
F

PT
G

S2
C

D
44

20
40
60

500
1,000
1,500
2,000

5,000
10,000
15,000

TNF

IL-1βTNF

NS NS NS NS

NS NS

*

*

*

**

*
* *

*

*

* *

****

**

********

**
**

**
****

**

**

Fo
ld

 c
ha

ng
e

Fo
ld

 c
ha

ng
e

Fo
ld

 c
ha

ng
e

Fo
ld

 c
ha

ng
e

d

UMAP 1

U
M

AP
 2

0
10
20
30
40

Pseudotime

c
MSC1

MSC2

19,983 cells (myeloma only)

IGKC
PTGS2
MAP1B

IL6
HMOX1
FOXC2
EFNB1
IL1R1

SRGAP1
TLE3

CYTOR
RFLNB
CLMP

MAT2A
CD59
VASN

LRRFIP1
ACSL3

PLCXD1
UGCG

SLC7A5
CRISPLD2

PDLIM4
S1PR3
PMP22

MIR4435-2HG
TNFRSF12A

CD44
SLC4A7
COL6A3

TNC
PLIN2

THBS1
MFSD2A
MEDAG
VEGFA

ANGPTL4
LMCD1

FN1
ALKAL2

EMP1
AKAP12
TM4SF1

FST
MT1X

CXCL2
CXCL3

MT2A
CCL2

CXCL8

MSC1 MSC2 MSC1 MSC2

KLF4
DEPP1
SRSF7

RASL11A
HSPA1B
TUBA1A

GADD45B
HSPA1A

DDIT4
IFRD1

C11orf96
GMDS

ABHD5
FMO2

COL1A2
RHOB

HSPB1
CDKN1C

MAFB
NR2F2

CITED2
PGF

DNAJA1
SOX4
KLF2

PRPF31
TSC22D3

FTL
TOB1
TRIB1

CFAP20
SERTAD1

INTS6
FOSB

CEBPD
HSPA8

ATF3
DUSP1

HEXIM1
DNAJB1

JUNB
SOCS3

FOS
ZFP36

JUN
ID3

IER2
IER5L

ID1
RRAD

–2

–1

0

1

2

Expression

Up in MSC1 Up in MSC2

S

Fig. 4 | Activation recapitulates stromal inflammation. a, Transcription of inflammatory genes as determined by qPCR after stimulation of in vitro–
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Bone marrow immune cell alterations in newly diagnosed MM. 
Myeloma cells as well as various immune cell subsets are previously 
reported sources of iMSC-inducing cytokines TNF and IL-1β (ref. 28).  
To further dissect niche interactions in MM, lymphocytes, granu-
locytes, CD14+ myeloid cells and CD138+ plasma cells were puri-
fied from fresh bone marrow aspirates from four additional newly 
diagnosed individuals with myeloma (for gating strategy, see 
Extended Data Fig. 1b), and transcription of TNF and IL1B were 
analyzed by qPCR. Transcription of TNF was highest in lympho-
cytes followed by myeloid cells (Fig. 5a). IL1B was mainly tran-
scribed by myeloid cells (Fig. 5a). In contrast to earlier reports28,29, 
the plasma cells in this small cohort did not transcribe detectable 
levels of either of these cytokines. Hypothesizing that iMSC appear-
ance could be linked to local inflammation, we set out to identify 
specific subsets of lymphoid and myeloid cells capable of activat-
ing iMSCs. To this end, single-cell RNA-sequencing datasets were 
generated from 134,000 sorted CD38– and 128,000 sorted CD38+ 
hematopoietic cells from the same 13 newly diagnosed individuals 
with MM used for non-hematopoietic cell isolation in Fig. 1 as well 
as from 5 non-cancer control individuals (for gating strategy see 
Extended Data Fig. 1c, and for participant details see Supplementary  
Tables 1–3). In light of recent developments in immunotherapies 
using monoclonal anti-CD38, we opted to sort and analyze CD38+ 
hematopoietic cells as a separate dataset, thereby increasing the res-
olution for subsets expressing this clinically relevant surface protein. 
MM cells were separated from the CD38+ dataset in silico before 
further analyses, yielding a separate dataset of 32,000 myeloma cells 
from these 13 individuals.

Combined, the two hematopoietic datasets captured all major 
bone marrow immune subsets except for polynuclear myeloid 
cells, which were lost as a result of mononuclear cell isolation and a 
freeze–thaw cycle during work-up. The CD38– dataset was enriched 
for adaptive immune cells (Fig. 5b,c), with a predominance of CD4+ 
T cells, including SELL+CCR7+ naive helper T cells, IFNG+TBX21+ 
type 1 helper (TH1) cells, IL4+ TH2 cells, FOXP3+ Treg cells and RORC+ 
TH17 cells (Fig. 5b,c and Extended Data Fig. 5a). In individuals with 
myeloma, there was a trend toward an increased CD4/CD8 ratio 
(Fig. 5d) and a significant decline of CD38−FOXP3+ Treg cells com-
pared to non-cancer control individuals (Fig. 5d). CD8+ T cells were 
comprised of a cluster of SELL+CCR7+ naive cytotoxic T cells as  
well as early (GZMK+) and late (GZMB+) effector T cell clusters  
(Fig. 5b,c) at a ratio of 1:2 (Fig. 5d), which was similar in control indi-
viduals and individuals with myeloma. Interestingly, a cluster con-
taining type I IFN-responsive CD8+ and CD4+ T cells was defined 
by the expression of IFIT1, IFIT2 and IFIT3 (Extended Data Fig. 5b) 
and was expanded in individuals with myeloma compared to con-
trol patients (Fig. 5d). The CD38− dataset also contained one cluster 
of NCR1+ NK cells, three clusters of MS4A1+ B cells and a small 
cluster of LYZ+ monocytes (Fig. 5b,c and Extended Data Fig. 5a).  
Finally, some erythrocyte admixture was present. Dataset composi-
tion was conserved among individuals (Extended Data Fig. 3f).

The CD38+ dataset contained five large clusters of LYZ+ myeloid 
cells (Fig. 5e,f), including two clusters of CD14+ classical monocytes, 

one cluster of CD14+ monocytes partially coexpressing FCGR3A 
(encoding CD16; Extended Data Fig. 5c), suggestive of intermedi-
ate monocytes, a cluster of ELANE+CD14+ monocytes and a clus-
ter of FCER1A+CD1C+CD14+ monocyte-derived dendritic cells 
(Fig. 5e,f). The T cells in this dataset were mainly helper T cells 
(Fig. 5e,f) and were composed of a cluster of naive CCR7+CD4+ 
helper T cells, which was reduced in frequency in individuals with 
myeloma compared to control patients(Fig. 5g), and a cluster of 
mixed helper T cells, including some FOXP3+ Treg cells (Fig. 5e,f). 
In addition, a cluster of GZMB+CD8B+ effector T cells and one clus-
ter of CCR7–CXCR3+CD27+FAS+GZMK+CD8+ Tscm cells were pres-
ent (Fig. 5e,f). Previous studies reported a decline in frequency of 
the Tscm population in MM bone marrow compared to bone mar-
row from precursor stages monoclonal gammopathy of undeter-
mined significance (MGUS) and/or smoldering MM (SMM)10,11. 
Here, we found CD8 Tscm to be expanded in MM bone marrow 
compared to in the bone marrow of non-cancer control patients, 
both by single-cell RNA sequencing (Fig. 5g) and by flow cytometry  
(Fig. 5h), suggesting a progression-dependent dynamic in the fre-
quency of these cells. In line with existing literature on CD38 expres-
sion on NK cells30, three NRC1+CD3D− clusters were present: one 
cluster of GZMK+CX3CR1−CD56bright NK cells31 and two clusters 
of GZMB+CX3CR1+CD56dim NK cells (Fig. 5e,f and Extended Data 
Fig. 5c–e). Previously, increased NK cell frequency had been asso-
ciated with significant enrichment for GZMK+CX3CR1–CD56bright 
NK cells9, and, in line with those data, we observed a significant 
increase in GZMK+CX3CR1−CD56bright NK cells in MM bone mar-
row by single-cell RNA sequencing (Fig. 5g) as well as a significant 
increase in total CD56bright NK cells (Fig. 5h) and CD56brightCD27+ 
NK cells (Fig. 5h and Extended Data Fig. 5c–e) by flow cytometry. 
B cell clusters reflected various developmental stages, including 
VPREB1+MKI67+ pre-B cells and MS4A1+ mature B cells (Fig. 5e,f). 
The composition of the dataset was conserved between individuals 
(Extended Data Fig. 5g).

The dataset containing myeloma plasma cells consisted of six 
clusters with homogeneous transcription of canonical myeloma 
cell markers, including SDC1 and CXCR4 (Extended Data  
Fig. 6a,b). Cluster 1 consisted of cycling MKI67+ plasma cells 
(Extended Data Fig. 6a,b). Cluster 4 contained SDC1+ mature B 
cells, which coexpressed MS4A1 but not VPREB1 (Extended Data  
Fig. 6b). Composition of the dataset was conserved between individ-
uals (Extended Data Fig. 6c). In sum, the myeloma bone marrow is 
characterized by the expansion of IFN-responsive T cells, CD8+ Tscm 
cells and GZMK+CX3CR1−CD56bright NK cells, while the distribution 
of many other T cell, B cell and mononuclear myeloid cell popula-
tions was unaltered, suggesting specificity in the myeloma-induced 
adjustments to the bone marrow immune microenvironment.

Immune cell subsets with the capacity to activate MSCs. To iden-
tify immune cell subclusters in MM bone marrow with the ability to 
activate MSCs, we analyzed the transcription of TNF and IL1B, the 
cytokines capable of inducing an iMSC-like transcriptome in vitro 
(Fig. 4a,b). In the CD38+SDC1+ myeloma cell dataset, neither  

Fig. 5 | The myeloma immune microenvironment at single-cell resolution. a, Transcription of TNF and IL1B as determined by qPCR on major immune cell 
subsets in the myeloma bone marrow (lymphocytes, n = 5; granulocytes, n = 6; myeloid cells, n = 4; plasma cells, n = 5). b, UMAPs of CD38− hematopoietic 
cells from 13 individuals with myeloma (98,246 cells) and 5 non-cancer control individuals (36,233 cells) showing 19 clusters identified by integrated 
analysis. c, Transcription of marker genes in the CD38− dataset. d, Bar graphs depicting quantification of CD38− cell populations. Data points represent 
individuals (myeloma, n = 13; control, n = 7). e, UMAPs of CD38+ hematopoietic cells from 13 individuals with myeloma (60,222 cells) and 5 individuals 
without myeloma (36,247 cells) showing 18 clusters identified by integrated analysis. f, Transcription of marker genes in the CD38+ dataset. g, Bar 
graphs depicting quantifications of CD38+ cell populations. Data points represent individuals (myeloma, n = 13; control, n = 7). h, Bar graphs depicting 
quantifications of CD38+CD3+CD8+CD45RA+CD27+FAS+ Tscm cells, CD38+CD3−CD56bright natural killer (NK) cells and CD38+CD3−CD56brightCD27+ NK 
cells as determined by flow cytometry. See Supplementary Table 10 for participant characteristics. Data points represent individuals (myeloma, n = 15; 
control, n = 5). The data in a,d,g and h are presented as mean ± s.e.m. Significance was calculated using the Mann–Whitney U test (two-tailed). NS, 
P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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TNF nor IL1B were transcribed (Extended Data Fig. 6d). In the 
CD38− dataset, highest levels of TNF transcription were found in 
the IFN-responsive T cell population (Fig. 6a) that was enriched in 
MM bone marrow (Fig. 5d), with 50% of cells expressing this cyto-
kine. IL1B transcription was restricted to myeloid cells, which in 
this dataset are, in part, the result of admixture during flow cyto-
metric isolation (Fig. 6b).

In the CD38+ dataset, TNF was transcribed by NCR1+ 

GZMB+CX3CR1+CD56dim NK cells, GZMB+CD8B+ effector T cells 
and CD8+ Tscm cells (Fig. 6c). Six to eight percent of cells in these 
clusters transcribed TNF at high levels, whereas TNF transcrip-
tion by these cells in control bone marrow was absent or very low 
(Fig. 6c). IL1B transcription was restricted to LYZ+ myeloid cells, 
and transcription was similar in individuals with myeloma and 
non-cancer control patients (Fig. 6d). Next, the non-hematopoietic 
dataset was merged with either the CD38−, CD38+SDC1− or the 
CD38+SDC1+ dataset and analyzed for possible receptor–ligand 
interactions using CellPhoneDB31. In line with our expression data, 
TNF-expressing CD38− (Fig. 6e) and CD38+ (Fig. 6f) T cells and 
NK cells were predicted to be able to activate MSC via TNF binding 
to mesenchymal-expressed TNFRSF1A and TNFRSF1B encoding 
TNF-RI and TNF-RII.

Mining non-TNF interactions, we observed iMSC-specific pre-
dicted interactions with a subset of myeloma cells. In contrast to 
VCAM1–α4β1 binding, which appeared to be universal for stromal 
cell–tumor cell interactions, iMSC cluster MSC1 had the ability to 
attract myeloma cells via CCL2 signaling (Fig. 7a). This chemokine 
can either bind CCR10, which was expressed by all myeloma cell 
clusters (P1–P7), or CCR2, which was predominantly expressed by 
MM cell cluster P1 (Fig. 7b). CCL2–CCR2 interactions induce pro-
liferation in prostate cancer32 and breast cancer cells33. Befittingly, 
cluster P1 contained proliferating myeloma cells, as defined by the 
expression of MKI67 and genes associated with the G2M/S phase 
of the cell cycle (Fig. 7c). iMSCs were also predicted to specifically 
interact with myeloma cells via IL-6–IL-6 receptor interactions  

(Fig. 7a), a potent stimulus for MM cell survival and prolifera-
tion. These findings suggest a possible role for iMSCs in regulating 
myeloma cell proliferation and indicate that iMSCs might interact 
with specific subsets of myeloma cells.

The highest number of predicted iMSC–immune cell interac-
tions was with myeloid cells (Fig. 7d). These included iMSC cluster 
MSC1-specific complement C3 binding to C3AR1 and αMβ2 tran-
scribed by monocytes (Fig. 7e–g). MSC-derived complement can 
regulate immune responses by inhibiting mononuclear cell prolifer-
ation34. Moreover, both MSC1 and MSC2 were predicted to interact 
with monocytes via ANXA1 binding to FPR1 or FPR2 (Fig. 7e–g). 
These receptors serve an anti-inflammatory function by suppressing 
the production of phospholipase A2, an enzyme involved in inflam-
matory events, including phagocytosis and respiratory bursts35. 
Intermediate monocytes and CD14+ dendritic cells expressed FLT1, 
one of the receptors for iMSC-derived VEGFA (Fig. 7e–g). Myeloid 
cells express TNFSF12 (encoding TWEAK), which can interact with 
TNFRSF12A (TWEAK receptor) specifically expressed on MSC1 
and MSC2 (Fig. 7e–g). Myeloid cells also expressed oncostatin M 
(OSM), which can bind OSMR that is transcribed at higher levels by 
MSC1 (Fig. 7e). Finally, MSC1- and MSC2-derived IL-6 can interact 
with myeloid cells expressing the IL-6 receptor (Fig. 7e).

The full CellPhoneDB cellular interaction dataset, including 
putative reciprocal interactions between bone marrow hematopoi-
etic cells, is available for exploration online (https://github.com/
MyelomaRotterdam/Microenvironment).

In sum, these analyses identify NCR1+GZMB+CX3CR1+CD56dim 
NK cells, GZMB+CD8B+ effector T cells and TNF+FAS+GZMK+ Tscm 
cells as potential sources of MSC-activating TNF. Moreover, iMSCs 
may have the ability to modulate myeloid cell functionality and can 
specifically interact with proliferating myeloma cells, suggesting 
iMSCs may play a role in tumor propagation or survival.

Marrow inflammation persists after antitumor therapy. We next 
set out to determine whether anti-myeloma induction therapy 
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Fig. 6 | Predicted interactions of iMSCs with myeloma cells. Transcription of TNF (a) and IL1B (b) in the CD38− dataset. The x marks populations that 
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could revert bone marrow inflammation. To trace iMSC transcrip-
tomes in individuals during treatment, we first established whether 
the iMSC signature could be detected by bulk RNA sequencing, as 
this would allow for the analysis of samples whose cellularity did 
not permit single-cell RNA sequencing. Hereto, total MSCs from 
the mononuclear fraction of viably frozen bone marrow aspirates 
of an additional 14 newly diagnosed individuals with myeloma 
and 4 aged-matched non-cancer control individuals were iso-
lated by fluorescence-activated cell sorting (for gating strategy, see 
Extended Data Fig. 1a). Clinical characteristics of all individuals 
are described in Supplementary Tables 3 and 8. After sequencing, 
low levels of hematopoietic transcripts were still detected, but these 
were similar between groups (Extended Data Fig. 7a). Principle 
component analysis (PCA) showed that MSCs of individuals with 
myeloma and those of individuals without myeloma were read-
ily distinguished within the first two principle components (PCs)  
(Fig. 8a). Canonical MSC genes CXCL12, LEPR and THY1  
(Fig. 8b) and markers of stromal cell subsets NES, PDGFRA, 
PDGFRB, ACTA2 and NGFR (Extended Data Fig. 7b) were tran-
scribed at equal levels in individuals with myeloma and in non-cancer 
control patients. A volcano plot of all differentially expressed genes 
showed a clear difference between individuals with myeloma and 
control patients, with inflammatory genes demonstrating higher 

transcription in myeloma MSCs (Fig. 8c). Detailed analyses of 
inflammatory genes showed increased transcription of most of 
the previously identified transcripts, with the exception of CXCL2, 
PTGS1 and IL1RL1, which did not reach statistical significance  
(Fig. 8d). GSEA of the entire set of differentially expressed genes 
confirmed enrichment for ‘TNFα signaling via NFκB’ (Fig. 8e), 
while ECM-associated genes were generally not altered (Extended 
Data Fig. 7c), again in line with the single-cell data. The top 50 dif-
ferentially expressed genes between myeloma and control MSCs are 
detailed in Supplementary Table 12.

For 9 of the 14 individuals, paired frozen bone marrow aspirates 
after four courses (4 × 28 d) of induction treatment were available 
(see Supplementary Tables 9 and 11 for clinical characteristics and 
types of treatment). After induction therapy, three of nine individu-
als were minimal residual disease negative (MRDneg) as determined 
by flow cytometry (at a sensitivity threshold of 10−5), while six of 
nine individuals still had detectable tumor load (MRDpos). RNA 
sequencing of sort-purified MSCs revealed that the general MSC 
transcriptome was unaltered by induction therapy, with the excep-
tion of slightly more T cell admixture after therapy (Extended Data 
Fig. 7d–f), and a PCA showed no separate clustering of samples 
based on timing of sample collection (Fig. 8f). Analysis of differen-
tially expressed genes revealed only a small number of altered genes 
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after induction therapy (Supplementary Table 13). In particular, the 
inflammatory iMSC transcriptome was unaltered after induction 
therapy, even if individuals had reached MRD negativity (Fig. 8g,h).

Inflammatory proteins that were significantly elevated in bone 
marrow plasma at diagnosis compared to non-myeloma control 
samples, including IL-1β, remained elevated after induction ther-
apy, as did other markers of inflammation, such as IL-18 (Fig. 8i). 
In conclusion, MM-associated inflammatory changes in the bone 
marrow microenvironment persist even after successful antitumor 
induction therapy and warrant further studies into the role of protu-
mor inflammation in MM pathobiology and disease relapse.

Discussion
The importance of the non-malignant microenvironment in cancer 
pathobiology is increasingly appreciated, and local, often low-grade, 
subclinical inflammation is an important driver of tumor develop-
ment, growth and therapy resistance in various malignancies36. 
Bone marrow MSCs are considered important drivers of myeloma 
pathobiology; yet, how the stromal backbone of the bone marrow is 
rewired to accommodate tumor residence remained unclear. Here, 
we present a combined single-cell transcriptomic analysis of the 
hematopoietic and non-hematopoietic bone marrow microenviron-
ment in MM and provide evidence for MSC-centric bone marrow 
inflammation, creating an environment poised for tumor cell prolif-
eration and immune cell modulation.

iMSCs were the result of NF-κB-mediated activation of 
MSCs, possibly via TNF or IL-1β. IL-1β protein was significantly 
elevated in myeloma bone marrow supernatants, but frequen-
cies of IL1B-expressing cell populations in bone marrow aspi-
rates did not differ from those found in individuals without 
myeloma. Of note, polynuclear myeloid cells, which are dominant 
sources of IL-1β, were not included in our sequencing experi-
ments, and IL-1β secretion is regulated post-transcriptionally37. 
We identified three TNF-transcribing immune cell subsets: 
NCR1+GZMB+CX3CR1+CD56dim NK cells, IFIT1+IFIT2+IFIT3+ 
IFN-responsive T cells and CD8B+TNF+FAS+GZMK+ Tscm cells, 
of which the latter two populations were increased in individuals 
with MM compared to non-cancer control individuals. We hypoth-
esize that tumor cells present in the bone marrow either activate 
MSCs directly or evoke chronic immune activation, leading to the 
production of inflammatory cytokines that can activate bone mar-
row MSCs38. Activated iMSCs transcribed genes involved in the 
direct modulation of T cell responses, including PTGS2 (encod-
ing COX-2). COX-2 is a rate-limiting enzyme during prosta-
glandin biosynthesis39, and stromal cell-derived PGE2 can inhibit 
T cell responses22,40. iMSCs also transcribed genes with the ability 
to modulate myeloid cell function, including C3 and ANXA1. At 
least part of the iMSCs transcribed CD44, a marker associated with 
cancer-associated fibroblasts (CAFs) in solid tumors41,42. Myeloma 
iMSCs show similarities to the inflammatory CAF subset, which 
favors differentiation and recruitment of tolerogenic immune cells, 
such as MDSCs43, via the production of CXCR1/CXCR2 ligands and 
IL-6 (refs. 20,44,45). Based on the iMSC transcriptome and predicted 
putative interactions, iMSCs may act as both survival and prolifera-
tion niches for MM cells and simultaneously recruit and modulate 
immune cells (summarized in a hypothetical model in Extended 
Data Fig. 8). Mechanistic experiments will be essential to validate 
these hypotheses.

We focused on TNF–TNF receptor and IL-1β–IL-1 receptor 
interactions as potential NF-κB stimuli leading to iMSC activation. 
This notwithstanding, NF-κB signaling can be induced by various 
external signals, including multiple types of pattern recognition 
receptors (PRRs)46. PRRs can bind damage-associated molecular 
patterns (DAMPs), such as nuclear or cytosolic proteins released 
following cell death or peptides derived from ECM breakdown47. 
Hypoxic conditions and increasing tumor bulk in the myeloma bone 

marrow disrupts bone marrow homeostasis and anatomy, resulting 
in massive release of DAMPs48, while myeloma cells themselves can 
secrete exosomes containing DAMPs49. Activation of iMSCs may 
thus not only result from TNF and/or IL-1β stimulation but also 
could be downstream of PRR–DAMP interactions.

In situ, CD44+ iMSCs were found scattered throughout the bone 
marrow, interacting with MM cells and T cells. Importantly, no 
‘pan-iMSC’ marker has been identified in our studies. CD44 does 
not label all iMSCs, and our histological analyses likely only identi-
fied cells expressing the highest levels of CD44. More elaborate mul-
tiplex immunohistology will be required to fully chart iMSC cellular 
interactions in MM bone marrow.

In the cohort that we followed over time, four courses of induc-
tion therapy did not normalize bone marrow mesenchymal cell 
inflammation, not even in individuals whose tumor became unde-
tectable by flow cytometry. A possible explanation would be the 
continued presence of inflammatory immune cells, which was sup-
ported by the continued increased levels of IL-1β and other inflam-
matory proteins after induction therapy. Alternatively, prolonged 
iMSC activation may also lead to more fundamental epigenetic 
changes in the stromal backbone of the marrow, which persists even 
in the absence of tumor cells.

In summary, our work provides the identification of myeloma- 
specific bone marrow MSCs and reveals the presence of bone mar-
row inflammation persisting even after successful induction therapy. 
In addition, we provide a single-cell transcriptomic analysis of the 
human non-hematopoietic bone marrow niche paired with hema-
topoietic and tumor cells in newly diagnosed MM. Our findings 
warrant further investigation into the initiation and maintenance 
of bone marrow inflammation during MM development, treat-
ment and relapse. The resources generated in this study can serve 
as a blueprint for the identification of iMSCs in other bone mar-
row malignancies, especially those associated with inflammatory 
features, such as myelodysplastic syndrome (MDS)–acute myeloid 
leukemia (AML)50. Moreover, alignment of bone marrow iMSC 
transcriptomes with inflammatory CAFs in solid tumors42 will be 
an important step toward the identification of possible mechanis-
tic commonalities in niche alterations and protumor inflammation 
across malignancies.
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Methods
Sample acquisition. Paired bone marrow aspirates from individuals with myeloma 
at diagnosis and after induction treatment were obtained from individuals 
included in a large multicenter, prospective, randomized phase 3 trial Cassiopeia 
(Dutch-Belgian Cooperative Trial Group for Hemato-Oncology [HOVON]131/
Intergroupe Francophone du Myeloma (IFM) 2015-01; ClinicalTrials.gov identifier 
NCT02541383) or collected as part of routine diagnostics at the Erasmus MC 
or Universitäts Klinikum Münster. Control marrow was obtained by sternal 
aspiration from donors undergoing cardiothoracic surgery or by manual bone 
marrow collection from femur heads collected after hip replacement surgery. All 
material was obtained after written informed consent approved by the Institutional 
Review Boards of the Erasmus Medical Center (Rotterdam, the Netherlands) 
or Universitäts Klinikum Münster (Münster, Germany) in accordance with the 
Declaration of Helsinki. Marrow aspirates were used within 24 h after collection, 
with the exception of three samples that were used after 48 h (PT1, PT2 and R7). 
Mononuclear cell fractions were isolated using Histopaque (Sigma-Aldrich), and 
plasma cells were purified using the EasySep human CD138 Positive Selection kit 
II (Stemcell). The mononuclear cell fractions, plasma cell fractions and negative 
fractions after purification were viably frozen in Dulbecco’s modified eagle medium 
(DMEM; Gibco) supplemented with 40% heat-inactivated fetal calf serum (FCS; 
Corning) and 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich). All participant 
characteristics are detailed in Supplementary Tables 1–3 and 8–11.

Isolation of non-hematopoietic and hematopoietic cells for transcriptomic 
analyses. Viably frozen bone marrow aspirates were thawed in DMEM 
supplemented with 10% FCS according to the 10x Genomics protocol ‘Fresh Frozen 
Human Peripheral Blood Mononuclear Cells for Single-cell RNA sequencing’. For 
non-hematopoietic cell isolation, only samples containing >200 × 106 mononuclear 
cells were included for sequencing studies. Fc receptors were blocked with 
10% normal human AB serum (Sigma-Aldrich). To enrich for MSCs, samples 
were incubated with biotinylated antibodies against CD45 (1:50, clone HI30; 
BioLegend), CD235a (1:50, clone HIR2; BioLegend) and CD38 (20 µl per 107 cells, 
from human CD38 MicroBead kit; Miltenyi Biotec) followed by depletion using 
magnetic anti-biotin beads (30 µl per 107 cells; Miltenyi Biotec) and the iMag (BD 
Biosciences). After depletion, cells were stained for sorting in PBS containing 
2% FCS at 4 °C with the following antibodies: CD271-PE (1:200; ME20.4, 
BioLegend), CD235a-PECy7 (1:20; HI264, BioLegend), CD31-APCCy7 (1:20; 
WM59, BioLegend), CD44-BV711 (1:50; IM7, BioLegend), streptavidin-BV421 
(1:200; BioLegend), CD34-PECF610 (1:100; 4H11, eBioscience), CD45-APC 
(1:20; 2D1, eBioscience), CD38-FITC (1:20; MHCD3801, Life Technologies), 
CD71-Alexa Fluor 700 (1:20; MEM-75, ExBio) and CD105-BV510 (1:50; 266, 
BD Biosciences). For dead cell exclusion, 7AAD (1:100; Beckman Coulter) 
or DAPI (1:100; Life Technologies) was used. For single-cell sequencing 
studies, CD45−CD38−CD235a−CD71− non-hematopoietic cells were sorted in 
DMEM supplemented with 10% FCS using a FACSAria III (BD Biosciences) 
and BD FACSDiva version 5.0. Before depletion, 10 × 106 cells were used to 
sort CD45+CD38−CD34−CD235a−CD71− and CD38+CD34−CD235a−CD71− 
hematopoietic populations using the same antibody panel.

For bulk sequencing studies, CD45−CD38−CD235a−CD71−CD31− 
non-hematopoietic cells were directly sorted in lysis buffer containing TCEP 
(Macherey-Nagel) using a FACSAria III (BD BioSciences). See Extended Data  
Fig. 1a,c for sorting strategies.

For purification of cells for qPCR analysis of TNF and IL-1β, cells were stained 
in PBS containing 2% FCS at 4 °C with the following antibodies: CD45-BV510 
(1:50; HI30, Sony Biotechnology), CD14-PECy7 (1:20; HCD14, BioLegend), 
CD138-PECF594 (1:100; MI15, BD Biosciences) and CD235a-APC (1:50; GA-R2, 
BD Biosciences). DAPI (1:100; Life Technologies) was used for dead cell exclusion. 
Cells were directly sorted in lysis buffer containing TCEP (Macherey-Nagel) using 
a FACSAria III (BD Biosciences) and BD FACSDiva version 5.0. See Extended Data 
Fig. 2b for sorting strategy. CD138+ myeloma cells were obtained using the EasySep 
human CD138 Positive Selection kit II (Stemcell) on fresh material.

For purification of cells for qPCR analysis of GZMB and GZMK, cells were 
stained in PBS containing 2% FCS at 4 °C with the following antibodies: CD95-APC 
(1:20; DX2, BD Pharmingen), CD45RA-APC-H7 (1:50; HI100, BD Pharmingen), 
CD3-Alexa Fluor 700 (1:100; UCHT1, BD Pharmingen), CD122-PerCP-Cy5.5 
(1:20; TU27, BioLegend), CD27-PE Dazzle 594 (1:100; M-T271, BioLegend), 
CD56-PECy7 (1:50; CMSSB, eBioscience), CD38-PE (1:100; HB-7, BD Biosciences) 
and CD8-FITC (1:100; MEM-31, ImmunoTools). DAPI (1:100; Life Technologies) 
was used for dead cell exclusion. Cells were directly sorted in lysis buffer containing 
TCEP (Macherey-Nagel) using a FACSAria III (BD Biosciences) and BD FACSDiva 
version 5.0. See Extended Data Fig. 4b for sorting strategy.

Single-cell RNA sequencing. Single cells were encapsulated for cDNA 
synthesis and barcoded using the Chromium Single-cell 3′ Reagent kit v3 (10x 
Genomics) followed by library construction according to the manufacturer’s 
recommendations. Sorted non-hematopoietic cells were combined with sorted 
CD45+CD38−CD34−CD235a−CD71− hematopoietic cells and processed as one 
sample. The quality and quantity of libraries was determined using an Agilent 
2100 Bioanalyzer with 2100 Expert version B.02.11.SI811 software and a High 

Sensitivity DNA kit. Libraries were sequenced on a NovaSeq 6000 platform 
(Illumina), paired-end mode, at a sequencing depth of ~20,000 reads per cell, 
followed by computational alignment using CellRanger (version 3.0.2, 10x 
Genomics). Subsequently, datasets were subjected to quality control steps using 
Seurat (R package, version 3.1.0 and version 4.0.0)51 that included selecting cells 
with a library complexity of more than 200 features, removing doublets (cells with 
double amounts of unique molecular identifiers (UMIs)) and filtering out cells 
with high percentages of mitochondrial genes (>10%) (script available at https://
github.com/MyelomaRotterdam/Microenvironment). In the CD38+ dataset, 
Ig genes were removed before downstream analyses. Non-hematopoietic cells 
expressing CXCL12 (MSCs) and/or CD36 (endothelial cells) and CD45+CD38− 
hematopoietic cells were separated in silico using Seurat’s CellSelector tool. 
Clusters containing SDC1+ plasma cells were separated from other CD38+ cells 
using the subset() function and analyzed as an independent dataset to increase 
resolution. For identification of cell subsets, data from samples from 13 individuals 
with myeloma and from 7 (non-hematopoietic dataset) or 5 (hematopoietic 
datasets) individuals without myeloma were merged by integration and label 
transfer52, normalized and analyzed by PCA on the most variable genes (k = 2,000) 
across all cells. With the PCs (k = 10–20), unsupervised clustering was performed 
using a shared nearest neighbor (SNN) modularity optimization-based clustering 
algorithm (resolution 0.3–1) integrated in Seurat53, and cells were projected in 
two dimensions using UMAP54. Gene set enrichments were calculated with GSEA 
software (Broad Institute) using the predefined gene sets from the Molecular 
Signatures Database (MSigDB 6.2)55,56. The gene lists were ranked according to 
log2 FC from the FindMarkers function, and the preranked GSEA was run using 
the classic enrichment statistic with 1,000 permutations. Pseudotime analysis was 
carried out using Monocle 3 (ref. 57). Receptor–ligand interactions were mapped 
by CellPhoneDB31 using a threshold of 0.03 after merging the non-hematopoietic 
dataset with the SDC1+CD38+, SDC1−CD38+ or CD38− datasets and normalization 
via Seurat’s NormalizeData() function using the ‘RC’ method.

Bulk RNA sequencing. RNA was extracted using the NucleoSpin RNA XS kit 
(Macherey‐Nagel). cDNA was prepared using the SMARTer Ultra Low RNA kit 
for Illumina Sequencing (Clontech Laboratories) according to the manufacturer’s 
protocol. The quality and quantity of cDNA samples was verified using the Agilent 
2100 Bioanalyzer with 2100 Expert Software version B.02.11.SI811 and the High 
Sensitivity DNA kit. cDNA libraries were generated using the TruSeq Sample 
Preparation v2 guide (Illumina) and paired-end-sequenced on a NovaSeq 6000 
(Illumina) (median read length, 362 ± 52 base pairs). Adaptor sequences and polyT 
tails were trimmed from unprocessed reads with fqtrim version 0.9.7. (http://ccb.
jhu.edu/software/fqtrim/). Read counts and TPM were determined with Salmon 
version 1.2.1 (ref. 58). Gene count estimates were determined from Salmon output 
in combination with the tximport R package version 1.16 (ref. 59). These gene count 
estimates were in turn normalized, prefiltered according to standard practice and 
used for determining the differential expression of genes between groups of interest 
through the DESeq2 package60 (version 1.28) using default parameters. GSEA was 
performed with GSEA software (version 3.0, Broad Institute) using predefined 
gene sets from the Molecular Signatures Database (MSigDB 6.2). Gene lists were 
ranked on the basis of the log2 FC or the ashr method61 made available through the 
DESeq2 package. Classical enrichment statistics with 1,000 permutations was used 
to determine significant enrichment within gene sets.

Stimulation cultures. Primary myeloma MSCs from bone marrow aspirates 
and primary control MSCs from femur heads were obtained by culture of 
erythrocyte-lysed bone marrow aspirates in MesenPro RS medium (Gibco) 
supplemented with 2 mM glutaMAX (Gibco) and 1% penicillin/streptomycin 
(Sigma-Aldrich). Supernatant was removed and replaced with fresh medium twice 
weekly. Adherent cells were cultured for 2–5 passages before use. For stimulation 
experiments, 50,000 cells were seeded in 12-well plates (approximately confluent) 
in DMEM supplemented with 10% FCS and stimulated with rhTNF (2.5 ng ml–1; 
R&D Systems) or rhIL-1β (5 ng ml–1; Miltenyi Biotec) for 24 h. After trypsinization 
(0.05% Trypsin/EDTA, Gibco), cells were directly lysed in lysis buffer containing 
TCEP (Macherey-Nagel) and stored at −80 °C until further processing.

Cytokine–Chemokine analysis. Bone marrow plasma was collected from bone 
marrow aspirates after ficoll separation and stored at −80 °C until use. Before 
proteomic analyses, supernatant vials were centrifuged twice at 21,000g for 5 min to 
pellet and discard lipid contents, debris and residual cells. Cytokine concentrations 
were determined using the LegendPlex human inflammation panel 1 (BioLegend) 
with the LegendPlex Data Analysis Software Suite version 2020.12.15, and IL-1β 
concentrations were determined using the Human IL-1β/IL-1F2 Quantikine HS 
ELISA kit (R&D Systems) with the Perkin Elmer VICTOR X4 Multilabel Plate 
reader, according to the manufacturer’s recommendations.

Flow cytometry. Viably frozen bone marrow aspirates were thawed in DMEM 
supplemented with 10% FCS according to the 10x Genomics protocol ‘Fresh 
Frozen Human Peripheral Blood Mononuclear Cells for Single-cell RNA 
sequencing’. Fc receptors were blocked with 10% normal human AB serum 
(Sigma-Aldrich). For quantitative analysis of CD44+ iMSCs, cells were stained 
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in PBS containing 2% FCS at 4 °C with the following antibodies: CD235a-PECy7 
(1:20; HI264, BioLegend), CD31-APCCy7 (1:20; WM59, BioLegend), 
CD44-BV711 (1:50; IM7, BioLegend), streptavidin-BV421 (1:200; BioLegend), 
CD34-PECF610 (1:100; 4H11, eBioscience), CD45-APC (1:20; 2D1, eBioscience), 
CD38-FITC (1:20; MHCD3801, Life Technologies), CD71-Alexa Fluor 700  
(1:20; MEM-75, ExBio) and CD105-BV510 (1:50; 266, BD Biosciences). For dead 
cell exclusion, DAPI (1:100; Life Technologies) was used. Events were acquired on 
a FACSAria III (BD BioSciences) using BD FACSDiva version 5.0. See Extended 
Data Fig. 4a for gating strategy. Analyses were carried out using FlowJo version 
10.6.1 (BD).

For quantitative analysis of Tscm cell and CD56bright NK cell populations, cells 
were stained in PBS containing 2% FCS at 4 °C with the following antibodies: 
CD95-APC (1:20; DX2, BD Pharmingen), CD45RA-APC-H7 (1:50; HI100, 
BD Pharmingen), CD3-Alexa Fluor 700 (1:100; UCHT1, BD Pharmingen), 
CD122-PerCP-Cy5.5 (1:20; TU27, BioLegend), CD27-PE Dazzle 594 (1:100; 
M-T271, BioLegend), CD56-PECy7 (1:50; CMSSB, eBioscience), CD38-PE (1:100; 
HB-7, BD Biosciences) and CD8-FITC (1:100; MEM-31, ImmunoTools). For dead 
cell exclusion, DAPI (1:100; Life Technologies) was used. Events were acquired on 
a FACSAria III (BD Biosciences) using BD FACSDiva version 5.0. Analyses were 
carried out using FlowJo version 10.6.1 (BD). The gating strategies are depicted in 
Extended Data Fig. 4b. Percentages of CD38+CD3+CD8+CD45RA+CD27+FAS+ Tscm 
cells were calculated as fractions of CD38+CD3+CD8+ T cells, and percentages of 
CD38+CD56bright and CD38+CD56brightCD27+ NK cells were calculated as fractions 
of CD38+CD56+ NK cells. See Extended Data Fig. 4c for gating strategy.

Transcript analyses. RNA was extracted using the NucleoSpin RNA XS kit 
(Macherey‐Nagel). cDNA was generated using the SensiFast cDNA synthesis 
kit (BioLine). For qPCR, a Neviti thermal cycler (Applied Biosystems) and 
DyNAmo Flash SYBR Green qPCR kit (Finnzymes) were used with the addition 
of MgCl2 to a final concentration of 4 mM. All reactions were performed in 
duplicate and were normalized to the expression of GAPDH. Relative expression 
was calculated by the cycling threshold (Ct) method as −2ΔCt. Primer sequences 
were as follows: GAPDH (forward, 5′-GTCGGAGTCAACGGATT-3′; reverse, 
5′-AAGCTTCCCGTTCTCAG-3′), LEPR (forward, 5′-CTGCTGCAA 
TGAACATGA-3′; reverse, 5′-GGCTGCTCCTATGATACCT-3′), CXCL2  
(forward, 5′-GGGAATTCACCTCAAGAAC-3′; reverse, 5′-GGATTT 
GCCATTTTTCAG-3′), CXCL3 (forward, 5′-GCAGGGAATTCACCTCA-3′; 
reverse, 5′-GTGCTCCCCTTGTTCAG-3′), CXCL8 (forward, 5′-TGCCAAGGA 
GTGCTAAAG-3′; reverse, 5′-TTGGGGTCCAGACAGAG-3′), IL6 (forward, 
5′-CCCCCAGGAGAAGATTC-3′; reverse, 5′-GCTGCTTTCACACATGTT 
ACT-3′), LIF (forward, 5′-GCCAATGCCCTCTTTATT-3′; reverse, 5′-GGAGG 
TGCCAAGGTACA-3′), PTGS2 (forward, 5′-TGGGGTGGACTTAAATCA-3′; 
reverse, 5′-TGAGGAGGGTAGATCATCT-3′), CD44 (forward, 5′-AACGAATC 
CTGAAGACATCTAC-3′; reverse, 5′-GCAGGGATTCTGTCTGTG-3′), TNF  
(forward, 5′-CGCTCCCCAAGAAGAC-3′; reverse, 5′-AGGGCTGATTAGAG 
AGAGGT-3′), IL1B (forward, 5′-CCTGCCCACAGACCT-3′; reverse, 5′-GG 
ACCAGACATCACCAAG-3′), GZMK (forward, 5′-ACCCTGCGAGAAG 
TCAC-3′; reverse, 5′-GCGTGGAAGACACCTTT-3′) and GZMB (forward, 
5′-TGGGGAAGCTCCATAAA-3′; reverse, 5′-GGGCCTTGTTGCTAGG-3′).

Immunohistochemistry. Bone marrow biopsies were fixed in 4% 
paraformaldehyde, decalcified in 150 mM EDTA, washed in 70% ethanol and 
embedded in paraffin. Sections of 5-μm bone marrow biopsies were deparaffinized 
in xylene and rehydrated with a graded series of ethanol. Antigen retrieval 
was achieved by microwave treatment in EDTA (1 mM, pH 8.0). Endogenous 
peroxidase activity was quenched by incubating slides with Bloxall (Vector 
Laboratories), sections were blocked with avidin/biotin blocking solution (Vector 
Laboratories) for 15 min each, and Fc receptors were saturated with 5% normal 
human serum and 5% normal serum matching the host species of the secondary 
antibody in 10 mM Tris buffer, 5 mM EDTA, 0.15 M NaCl, 0.25% gelatin and  
0.05% Tween-20 (pH 8.0).

For CD138/CD44/CXCL12 staining, tissue sections were incubated overnight 
at 4 °C with mouse anti–human CXCL12 (1:50; 79018, ThermoFisher) together 
with rat anti–human CD44 (1:50; IM7, ThermoFisher) in PBS containing 2% 
normal human serum. After incubation, the slides were washed thoroughly 
with PBS and incubated with AF647-conjugated donkey anti–mouse (1:100; 
Invitrogen) and horseradish peroxidase (HRP)-labeled goat anti–rat (1:250; Jackson 
ImmunoResearch) secondary antibodies supplemented with 2% normal human 
serum for 1 h at 20 °C. After rinsing in PBS and blocking free binding sites of the 
secondary antibody with 10% normal mouse serum, tissue sections were incubated 
with biotinylated CD138 (1:50; B-A38, Aviva) for 1 h at 20 °C followed by incubation 
with Avidin-AF488 (1:100; ThermoFisher) for 1 h at 20 °C in PBS containing 5% 
normal human serum. CD44 was developed in AF555 using Tyramide signal 
amplification (Invitrogen) according to the manufacturer’s protocol.

For CD3/CD44/CXCL12 staining, sections were incubated overnight at 4 °C 
with mouse anti–human CXCL12 (1:50; 79018, ThermoFisher) together with rat 
anti–human CD44 (1:50; IM7, ThermoFisher) and rabbit anti–human CD3 (1:50; 
A0452, Dako) in PBS containing 2% normal human serum. After incubation, slides 
were washed thoroughly with PBS and incubated with AF647-conjugated donkey 

anti–rabbit (1:100; Invitroge), AF488-conjugated donkey anti–mouse (1:100; 
Invitrogen) and HRP-labeled goat anti–rat (1:250; Jackson ImmunoResearch) 
secondary antibodies supplemented with 2% normal human serum for 1 h at 20 °C.

CD44 was developed in AF555 using Tyramide signal amplification 
(Invitrogen) according to the manufacturer’s protocol. Sections were mounted  
with ProLong Diamond containing DAPI (Invitrogen) and analyzed on a  
Leica DMRXA.

Statistical analyses. Statistical analysis was performed in R (version 3.6.1) or 
Graphpad Prism 8.2.1. All results in graphs are presented as means ± s.e.m. unless 
specified otherwise. Tests used to evaluate statistical significance are detailed  
in the figure legends.

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

Data availability
The single-cell RNA sequencing datasets of the immune and non-hematopoietic 
bone marrow microenvironment and plasma cells of newly diagnosed individuals 
with MM and individuals without myeloma are available on ArrayExpress, no. 
E-MTAB-9139. The bulk RNA-sequencing datasets of the non-hematopoietic 
bone marrow microenvironment of individuals with MM at diagnosis and 
after induction treatment are available on ArrayExpress, no. E-MTAB-9285. 
Files summarizing receptor–ligand interactions as computed by CellphoneDB 
between the non-hematopoietic, CD38–, CD38+SDC1– and CD38+SDC1+ 
datasets are available through GitHub (https://github.com/MyelomaRotterdam/
Microenvironment). Source data are provided with this paper.

Code availability
The code generated during this study to analyze the single-cell datasets is available 
through GitHub at https://github.com/MyelomaRotterdam/Microenvironment.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Related to Figs. 1, 4 and 6. (a) FACS gating strategy for total non-hematopoietic cells or bone marrow mesenchymal stromal cells 
from CD45-depleted bone marrow mononuclear cells (MNCs) from aspirates for bulk RNA sequencing and single-cell RNA sequencing experiments (b) 
FACS gating strategy of major immune cell populations in bone marrow aspirates for qPCR. (c) FACS gating strategy of CD38- and CD38+ hematopoietic 
cells from non-depleted bone marrow aspirate MNCs for single-cell RNA sequencing experiments.
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Extended Data Fig. 2 | See next page for caption.

Nature Immunology | www.nature.com/natureimmunology

http://www.nature.com/natureimmunology


ResourceNaTurE Immunology

Extended Data Fig. 2 | Related to Fig. 1. (a) Bar graph depicting relative abundance of non-hematopoietic cells of total bone marrow aspirates. Data 
points represent patients (myeloma, n = 40; treated, n = 16; control, n = 8) (b) Transcription of FN1 and DCN in non-hematopoietic cells (c) Violin 
plots depicting transcription of collagen genes in the 8 clusters of non-hematopoietic cells (d) Transcription of PDGFRA, PDGFRB and ACTA2 in non-
hematopoietic cells (e) Transcription of CD36 and THBD in non-hematopoietic cells (f) Transcription of SP7 in non-hematopoietic cells (g) Circle 
diagrams depicting cluster fractions of total in control- and myeloma datasets (h) Bar plot depicting fraction of cells per cluster per patient (left Y-axis); 
line graph depicting total number of sequenced non-hematopoietic cells per patient (right Y-axis) (i) Bar graph depicting patient-specific iMSC-fraction 
of total mesenchymal stromal cells, segregated by R-ISS stage. Datapoints represent patients (R-ISS stage I, n = 4; II, n = 7; III, n = 2) (j) Spearman (two-
tailed) correlation of iMSC-fraction of total mesenchymal stromal cells with percentage of CD38+CD138+ plasma cells in aspirates taken at diagnosis. 
Datapoints represent patients (k) Heatmap of top 50 differentially expressed genes up in MSC1/2 compared to MSC3/4/5 (left) or down in MSC1/2 
compared to MSC3/4/5 (right) as described in Supplementary Table 5. The data in (a) and (i) are presented as mean ± standard error of the mean (SEM). 
Significance was calculated using Mann-Whitney U (two-tailed). NS; p > 0.05.
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Extended Data Fig. 3 | Related to Figs. 1 and 3. (a) UMAP of the integrated dataset of 389 cells from freshly aspired bone marrow of 1 newly diagnosed 
myeloma patient showing 7 clusters identified by integrated analysis, accompanied by UMAPs showing transcription of CXCL12 (MSCs) and CD36 
(endothelial cells). Colors represent clusters (b) Transcription of inflammatory genes in fresh non-hematopoietic cells shown in (a) (c) Spearman 
(two-tailed) correlation of iMSC-fraction of total mesenchymal stromal cells with inflammatory protein levels in bone marrow plasma. Datapoints 
represent patients (d) Monocle 3 pseudotime analysis of mesenchymal stromal cells in controls. ‘S’ represents arbitrary selected starting point of 
trajectory calculations.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Related to Figs. 2 and 4. (a) Flow cytometric gating strategy to determine CD44 protein expression on CD271+ MSCs (b) FACS 
gating strategy of CD56dim, CD56bright and CD56brightCD27+ cells for qPCR (c) Flow cytometric gating strategy of CD38+CD3+CD8+CD45RA+CD27+FAS+ 
stem cell memory T cells, CD38+CD3-CD56bright NK cells and CD38+CD3-CD56brightCD27+ NK cells in bone marrow MNCs. Same sample as used for FACS 
in (b).
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Related to Fig. 4. (a) Transcription of NCR1, FCGR3A, IL4 and RORC in the CD38- dataset (b) Transcription of interferon-response 
genes IFIT1, IFIT2 and IFIT3 in the CD38- dataset (c) Transcription of FCGR3A in the CD38+ dataset (d) Transcription of CD27 in the CD38+ dataset 
(e) Transcription of GZMK and GZMB in NK cell subsets of the myeloma bone marrow (n = 5) as determined by qPCR. Data are presented as mean ± 
standard error of the mean (SEM). Significance was calculated using Mann-Whitney U (two-tailed). **; p ≤0.01 (f) Original UMAPs of CD38- dataset 
split by patient. CBM: non-myeloma control; PH: patient with hyperdiploid tumor; PT: patient with tumor harboring translocations (g) Original UMAPs of 
CD38+ dataset split by patient. CBM: non-myeloma control; PH: patient with hyperdiploid tumor; PT: patient with tumor harboring translocations.
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Extended Data Fig. 6 | Related to Fig. 4. (a) UMAP of 32,412 CD38+SDC1+ myeloma cells of 13 myeloma patients showing 7 clusters identified by 
integrated analysis. Colors represent clusters (b) Transcription of marker genes in the CD38+SDC1+ myeloma cell dataset (c) Original UMAPs of 
CD38+SDC1+ myeloma cell dataset split by patient. PH: patient with hyperdiploid tumor; PT: patient with tumor harboring translocations (d) Transcription 
of TNF and IL1B in the CD38+SDC1+ myeloma cell dataset.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Related to Fig. 6. (a) Presence of canonical immune subset transcripts in bulk RNA sequencing datasets of purified MSC from 
newly-diagnosed myeloma (blue, n=14) and non-myeloma control patients (green, n=4) (b) Transcription of stromal cell subset markers comparing 
myeloma (blue) to non-myeloma (green) (c) Transcription of genes encoding extracellular matrix (ECM) proteins comparing myeloma (blue) to non-
myeloma (green) (d) Transcription of canonical immune subset transcripts in bulk RNA sequencing datasets of purified MSC comparing post-induction 
treatment (blue, n = 9) to diagnosis (green, n = 9) (e) Transcription of stromal cell subset markers comparing post-induction treatment (blue) to 
diagnosis (green) (f) Transcription of genes encoding ECM proteins comparing post-induction treatment (blue) to diagnosis (green) (g) Heatmap of top 
differentially expressed genes up or down in treated patients compared to newly diagnosed samples as described in Supplementary Table 13. The data 
in (a), (b), (c), (d), (e) and (f) are presented as mean ± standard error of the mean (SEM). Significance was calculated using the Wald test (two-tailed), 
followed by Benjamini Hochberg correction. NS; p >0.05, *; p ≤0.05, **; p ≤0.01. TPM; transcripts per million.
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Extended Data Fig. 8 | Hypothetical model. Myeloma cells present in the bone marrow either activate stromal cells directly or trigger local inflammation, 
leading to the production of inflammatory mediators. Activation of local MSCs leads to formation of two subsets of iMSC (MSC2 and MSC1). iMSCs start 
to transcribe genes that might support MM cell survival and attract and modulate immune subsets, including myeloid cells.
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