LETTERS TO THE EDITOR
Characterization of freshly isolated bone marrow
mesenchymal stromal cells from healthy donors and
patients with multiple myeloma: transcriptional
modulation of the microenvironment
The refractory nature of multiple myeloma (MM), as
well as the persistence of minimal residual disease
(MRD), have long been attributed to the acquisition of
drug resistance, in part through the protective role of the
microenvironment. Mesenchymal stromal cells (MSC)
are one of the major constituents of the bone marrow
(BM) microenvironment yet our understanding of their
contribution to myelomagenesis remains largely
unknown. All attempts to characterize MM-MSC have
required in vitro expansion.5-12 While this is understandable given the technical challenge of isolating and characterizing those very few MSC present in BM aspirates, in
vitro expansion may alter the biological signature of MSC
and preclude correct identification of molecular mechanisms related to aging, malignant transformation and
resistance to treatment.7 Hence, more data need to be
collected on the properties of non-manipulated MSC
from both healthy donors (HD) and MM patients for a
better understanding of tumor-microenvironment interactions.10,13 Here, using freshly isolated MSC we unveil
striking new data about the impact of aging on HD-MSC
and how tumor cells from patients with active MM may
block MSC differentiation and induce an immune suppressive transcriptional program, which may persist even
in the presence of various degrees of MRD.
A total of 21 HD, and 56 newly-diagnosed MM
patients were studied after providing written informed
consent. Multidimensional flow cytometry was used to
identify, isolate and characterize BM MSC (Online
Supplementary Figure S1A). MSC were sorted by fluorescence activated cell sorting (FACS) according to the phenotype defined by the International Society for
Cellular Therapy (CD45–/CD73+/CD105+/CD271+/
CD13+/CD90+), and either lysed for RNA-sequencing or
plated for in vitro expansion as previously described.8
Poly-A RNA from MSC was processed for RNA sequencing following the massively parallel single-cell RNA
sequencing (MARS) protocol14 optimized for bulk lowcell numbers, and sequenced in an Illumina NextSeq 500.
The data pre-processing pipeline included the Cutadapt,
STAR and HTSeq bioinformatic packages. Gene expression counts were analyzed with DESeq2 by pairwise contrast across different sample groups. Conservative gene
filtering was applied to increase consistency. Gene
expression data were normalized with vst (DESeq2) and
processed with RemoveBatchEffect functions (limma) for
visualization. R suite tools were additionally employed
for unsupervised clustering and plot generation.
Metascape15 was used to gain insight into the biological
meaning of gene expression dynamics. A detailed
description of the experimental procedures can be found
in the Online Supplementary Materials and Methods.
Quantification of the numbers of MSC in BM aspirates
showed that their frequency was significantly higher in
patients with active MM [median=0.028%; interquartile
range (IQR)=0.045] than in HD (median=0.0038%;
IQR=0.012) (Online Supplementary Figure S1A,B). Given
the generally low frequencies of MSC in the BM, we first
validated, in silico, the identity and purity of MSC sorted
by FACS (Online Supplementary Figure S1C, D). In accordance with previous observations,8,9 MM-MSC showed
an impaired differentiation capacity compared to that of
HD-MSC (Online Supplementary Figure S1E, F), suggesting

that a differentiation blockade may be responsible for the
accumulation of these cells in the BM of MM patients.
More importantly, principal component analysis (PCA) of
gene expression data showed that in vitro expansion magnified the differences between HD and MM-MSC, which
in turn displayed a transcriptional profile dramatically
different from that of their freshly isolated counterparts
(Online Supplementary Figure S2A, B). Importantly, in vitro
expansion affected MSC from HD or MM patients equally, except for a subset of genes exclusively altered in HDMSC (clusters 1 and 2, Online Supplementary Figure S2B).
MM-relevant functions such as immune response activation, cellular growth, tumor necrosis factor-α signaling,
or cell substrate adhesion were affected by these changes
(Online Supplementary Figure S2C), thereby highlighting
the need to study the role of MSC in MM pathogenesis
using freshly isolated cells.
Having shown that in vitro expansion drives transcriptional changes in MSC, we analyzed the transcriptional
profile of freshly isolated MSC. Unsupervised hierarchical clustering revealed four main clusters of samples
(Figure 1A). One cluster included all MM-MSC, while
HD-MSC segregated into three clusters, which showed
differences in the ages of the HD (median age HD1: 76,
HD2: 66 and HD3: 20 years old). Hence, we classified
MSC based on their source and age distribution of the
donors into young HD-MSC (median age of donors: 20
years old), elderly HD-MSC (combining both advanced
age groups: median age of donors: 69.5 years old), or MM
(median age: 72 years old) (Online Supplementary Table
S1). PCA further supported the differences between HDMSC from different age groups and those from MM-MSC
(Figure 1B). These findings indicate that aging modulates
the MSC transcriptional profile, which is further altered
by the influence of MM (predominantly a disease of the
elderly).
Pairwise comparisons of HD-MSC versus MM-MSC
evidenced a total of 606 differentially expressed genes
(adjusted P<0.05, |log2FC| >1), distributed in five transcriptional programs (TP) identified by semi-supervised
k-means clustering (TP1-5) (Figure 1C, D) and associated
with specific functions (Figure 1E). Most MM genes were
upregulated when compared to those in HD-MSC and
grouped in TP1, which was enriched in functions related
to MM pathogenesis such as the interleukin-17 pathway
and tumor necrosis factor signaling via nuclear factor-κB,
which have been shown to establish an immunosuppressive microenvironment and to induce osteoclastogenic
activity via inflammation mediators.3,7,11 Accordingly, the
osteoblastogenesis inhibitor SOX9, which blocks MSC
differentiation into the osteogenic lineage, was shown to
be upregulated in MM-MSC.13,15 TP2 and TP3 included
up- and down-regulated genes with significant linear correlation with age and MM onset, revealing previously
unrecognized dynamic transcriptional changes associated
with age that are further exacerbated by the crosstalk
between MSC and tumor cells. MSC proliferation was a
hallmark of TP2 based on upregulation of genes implicated in epithelial mesenchymal transition, differentiation
and proliferation in MM-MSC. Genes downregulated in
TP3 were enriched in functions related to myeloid cell
activation, phagocytosis, leukocyte migration and osteoclast differentiation (inhibitory factors), which could help
to explain the immune suppressive potential of MMMSC.16-19 Intriguingly, since gene expression in TP3 was
linearly correlated with age, these findings also suggest
that a pre-existent permissive immune microenvironment may be critical in the development of MM. TP4 and
TP5 included genes that changed with age but whose
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Figure 1. Transcriptome dynamics
associated with age in mesenchymal
stromal cells from patients with multiple myeloma and healthy donors.
Unsupervised hierarchical clustering
of mesenchymal stromal cell (MSC)
samples. The dendrogram was cut at
0.65 h resulting in three groups of
samples from healthy donors (HD1,
HD2, HD3) and a group from patients
with multiple myeloma (MM). 1-correlation (Spearman) was used as the distance for complete linkage clustering.
(B) Principal component analysis (PCA)
from the top most variable genes.
Samples are categorized based on
clinical status and age range into
Young HD-MSC (light blue, median age
20 years), Elderly HD-MSC (dark blue,
median age 69.5 years), and MM-MSC
(red, median age 72 years). Gene
expression dispersion was measured
as median absolute deviation (MAD).
(C) Semi-supervised k-mean clustering
(k=5) of a total of 606 differentially
expressed genes (adjusted P<0.05
and |log2FC| >1) between Young HDMSC, Elderly HD-MSC, and MM-MSC.
Red and blue lanes (left side) indicate
significant differentially expressed
genes for Young HD-MSC and Elderly
HD-MSC against MM-MSC, respectively. Genes with a P<0.001 for the linear
model slopes (i.e., significantly different from slope=0) were considered as
lineally correlated with age and MM
(purple lane). Gene expression data
were z-score standardized by row for
visualization purposes. (D) Clusterspecific median gene expression
dynamics represented by a boxplot of
z-score standardized expression data.
(E) Biological function enrichment
analysis performed per cluster.
Enrichment heatmap of the top five
most significant non-redundant biological functions independently selected
per cluster. Heatmap colors represent
significance value as -log10(P-value).
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expression levels in MM-MSC resembled that in MSC
from young HD. The upregulation of peroxisome proliferator-activated receptor (PPAR) signaling as well as functions such as cholesterol efflux or metabolism of lipids in
the elderly (TP4) suggests a reinforced pro-adipogenic
microenvironment associated with age, as previously

A

described.20-23 Importantly, this signature diminishes in
MM-MSC suggesting that tumor cells modulate the
capacity of MSC to differentiate, potentially to support
their own survival. TP5 was characterized by enrichment
in functions that are compromised in elderly HD-MSC
but are inducible by tumor cells, such as secretion of pro-
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Figure 2. Impact of multiple myeloma on the mesenchymal stromal cell transcriptional program according to minimal residual disease status. (A) Principal
component analysis (PCA) of gene expression profiles from mesenchymal stromal cells (MSC) from patients with multiple myeloma (MM) at the time of diagnosis
and matched samples during minimal residual disease (MRD). Data for PCA were transformed to account for the paired design. Gene expression dispersion was
measured as mean absolute deviation (MAD). (B, C) Volcano plot of differentially expressed genes in MSC during the stage of MRD positivity. Paired differential
expression analysis showed that three genes were downregulated in MRD+ MSC compared to their counterpart MSC at diagnosis of MM (B) and 56 were deregulated in MRD– MSC compared to the counterpart MSC at MM diagnosis (C). (D) Semi-supervised k-mean clustering (k=4) of genes significantly up- or down-regulated in (B) and (C). Adjusted P<0.1 and |log2FC| >1.
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tein and RNA metabolism required for microenvironment modulation to promote MM growth. Taken together, our data demonstrate that freshly isolated MM-MSC
are transcriptionally different from their normal counterpart and partially influenced by aging, potentially leading
to a rewiring of their differentiation capacity and the contribution to a permissive immune microenvironment.
Since our results demonstrated that MM onset modulates gene expression in MSC, we hypothesized that
eradication of tumor cells (i.e., undetectable MRD) may
revert the transcriptional profile of MSC to normal. We,
therefore, collected paired MSC samples from MM
patients at diagnosis and while positive for MRD (n=8) or
negative for MRD (n=8) (Online Supplementary Table S2).
Intriguingly, gene expression PCA revealed that MSC
from MRD– patients emerged as an independent group
while MRD+ MSC remained similar to their corresponding cells at the time of diagnosis since most of the transcriptional variability between samples (PC1, 35.72%)
supported the gap between MRD– and the rest of the
MM stages (Figure 2A).
In fact, differential expression analysis showed that
only three genes (DUSP2, MZB1 and TSPAN7) were significantly altered in MSC isolated from MRD+ patients
(Figure 2B) as compared to their diagnostic counterparts.
By contrast, 56 genes were significantly deregulated in
MRD– MSC compared to the time of diagnosis (adjusted
P<0.1; |log2FC|>1) (Figure 2 C,D). These results suggest
that even residual numbers of tumor cells in MRD+
patients are capable of maintaining a MM-MSC transcriptional signature. This observation becomes relevant
when considering the use of immunotherapies to eradicate persistent MRD, which could have their efficacy
diminished by an immune suppressive microenvironment maintained, at least in part, by MSC.
In summary, we present striking new data on the
impact of aging on HD-MSC and how tumor cells from
patients with active MM may block MSC differentiation
and promote their expansion to support a protective
microenvironment. Moreover, these data indicate that
MSC would have the capacity to modulate the effect of
conventional therapy and immunotherapy, which should
be investigated in both pre-clinical and clinical studies.
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