
Citation: Wang, L.; Yi, W.; Ma, L.;

Lecea, E.; Hazlehurst, L.A.; Adjeroh,

D.A.; Hu, G. Inflammatory Bone

Marrow Mesenchymal Stem Cells in

Multiple Myeloma: Transcriptional

Signature and In Vitro Modeling.

Cancers 2023, 15, 5148. https://

doi.org/10.3390/cancers15215148

Academic Editors: Takuji Tanaka and

Taketo Yamad

Received: 28 July 2023

Revised: 6 October 2023

Accepted: 24 October 2023

Published: 26 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Article

Inflammatory Bone Marrow Mesenchymal Stem Cells in
Multiple Myeloma: Transcriptional Signature and
In Vitro Modeling
Lei Wang 1,†, Weijun Yi 1,2,†, Li Ma 1, Emily Lecea 1, Lori A. Hazlehurst 3,4 , Donald A. Adjeroh 2

and Gangqing Hu 1,3,*

1 Department of Microbiology, Immunology & Cell Biology, West Virginia University,
Morgantown, WV 26505, USA; lei.wang1@hsc.wvu.edu (L.W.); wy0003@mix.wvu.edu (W.Y.);
li.ma@hsc.wvu.edu (L.M.); eel0009@mix.wvu.edu (E.L.)

2 Lane Department of Computer Science & Electrical Engineering, West Virginia University,
Morgantown, WV 26506, USA; donald.adjeroh@mail.wvu.edu

3 WVU Cancer Institute, West Virginia University, Morgantown, WV 26506, USA; lahazlehurst@hsc.wvu.edu
4 Department of Pharmaceutical Sciences, School of Pharmacy, West Virginia University,

Morganton, WV 26506, USA
* Correspondence: michael.hu@hsc.wvu.edu; Tel.: +1-304-581-1692
† These authors contributed equally to this work.

Simple Summary: Multiple myeloma cells mainly proliferate in the bone marrow (BM). Mesenchy-
mal stem cells (MSCs) in the BM of MM patients are tumor supportive and exhibit an inflammatory
transcription signature and contribute to drug resistance. Due to their rarity in the BM, downstream
functional characterization of the cells requires in vitro expansion. We conducted a systemic anal-
ysis of public expression data and reported the loss of the inflammatory signature during in vitro
expansion. However, further analysis on additional publicly available expression data revealed that
cytokine stimulations and coculture with immune cells or cancer cells were able to reactivate the
transcription signature. Our findings established a crucial foundation for future research into the
contribution of the inflammatory status to the tumor-supportive functions of BM MSCs in disease
progression and resistance to therapy.

Abstract: Bone marrow mesenchymal stem cells (BM MSCs) play a tumor-supportive role in promot-
ing drug resistance and disease relapse in multiple myeloma (MM). Recent studies have discovered a
sub-population of MSCs, known as inflammatory MSCs (iMSCs), exclusive to the MM BM microenvi-
ronment and implicated in drug resistance. Through a sophisticated analysis of public expression
data from unexpanded BM MSCs, we uncovered a positive association between iMSC signature
expression and minimal residual disease. While in vitro expansion generally results in the loss of the
iMSC signature, our meta-analysis of additional public expression data demonstrated that cytokine
stimulation, including IL1-β and TNF-α, as well as immune cells such as neutrophils, macrophages,
and MM cells, can reactivate the signature expression of iMSCs to varying extents. These findings
underscore the importance and potential utility of cytokine stimulation in mimicking the gene expres-
sion signature of early passage of iMSCs for functional characterizations of their tumor-supportive
roles in MM.

Keywords: multiple myeloma; bone marrow; inflammatory MSCs; transcriptional signature; IL-1β

1. Introduction

Multiple myeloma (MM) cancer cells mainly proliferate in the bone marrow (BM)
and are modulated by mesenchymal stem cells (MSCs) [1,2]. Local immune responses
also contribute to tumor progression and resistance to therapy [3]. Targeting immuno-
logical dysregulation has significantly enhanced MM treatment outcomes through recent
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advancements in immunotherapies [4]. However, MM remains a disease characterized by
inevitable relapse [5]. Thus, a comprehensive understanding of the BM tumor microenvi-
ronment, which includes the interactions among MM cells, stromal cells, and immune cells,
is essential for identifying novel therapeutic targets to enhance treatment outcomes.

BM derived MSCs promote MM growth and confer drug resistance [1,2,6,7]. Beyond
multilineage differentiation potential [8,9], MSCs secrete soluble factors that regulate the
immune microenvironment, augment wound healing, and stimulate angiogenesis [10]. A
recent study of BM mononuclear cells has identified a sub-population of MSCs presenting in
the MM microenvironment [11]. These cells, termed inflammatory MSCs (iMSCs), produce
high levels of MM survival factors (IL6 and LIF), MM recruiting ligand CCL2, and immune
cell-attracting chemokines (CXCL2, CXCL3, CXCL5, and CXCL8). Intriguingly, the iMSC
phenotype persists after successful anti-myeloma therapy [11], indicating a potential role
in promoting drug resistance.

Studies that aim to characterize BM MSCs often require in vitro expansion due to the
scarcity of these cells in the BM [11–13]. However, in vitro expansion may not precisely mir-
ror the tumor microenvironment, raising concerns about the preservation of MM-specific
iMSC signature expressions. Specifically, without the environmental inflammatory cues
from the BM, the iMSC signature expression may not persist during in vitro expansion. In-
triguingly, cytokine stimulations could enhance immunoregulatory functions of MSCs [14].
We, therefore, wondered whether cytokine stimulations could restore the in vivo iMSC
signatures or not. Addressing these questions may help to lay down a solid foundation for
an in vitro modeling of iMSCs, supporting future investigation into their roles linked to
tumor growth, drug resistance, and immunoregulation.

In this study, we conducted a meta-analysis of public whole-genome gene expression
data for BM MSCs from MM patients and healthy donors. The results showed a gen-
eral decline in the expression of MM-specific iMSC signatures during in vitro expansion.
We further investigated the reactivation of the iMSC signature through cytokine stimula-
tion (IL-1β, IFN-γ, TGF-β1, and TNF-α) and coculture with immune cells (neutrophils,
macrophages, and T cells). There was a significant activation of the iMSC signature expres-
sion with IL-1β and TNF-α stimulations, lesser activation with TGF-β1, but no change with
IFN-γ exposure. Neutrophils, macrophages, and T cells also activated the iMSC signature
expression, albeit in different gene subsets. Our findings demonstrate the potential of using
cytokine stimulation to establish in vitro models of iMSCs and warrant a reevaluation of
BM MSC-induced drug resistance by considering their inflammatory status.

2. Materials and Methods
2.1. Gene Expression Datasets

Single-cell RNA sequencing datasets of FACS isolated BM MSCs of newly diagnosed
individuals with MM and healthy donors (HDs) were downloaded from ArrayExpress
(E-MTAB-9139) [11]. Gene expression matrices for bulk RNA-sequencing datasets of FACS
isolated BM MSCs for HDs and MM patients at diagnosis and after induction therapy
were also downloaded (E-MTAB-9285) [11]. For in vitro expanded BM MSCs contrasting
MM with HDs, we downloaded gene expression data from GSE113736 [15], GSE137369 [16],
GSE146649 [17], GSE46053 [18], GSE78235 [19], GSE36474 [20], GSE80608 [21],
GSE196297 [22], and GSE108159 [23] via the Gene Expression Omnibus (GEO). We also
obtained gene expression data from GEO or ArrayExpress for HD BM-MSC in vitro ex-
panded and stimulated by various cytokines: GSE129165 by IL-1β, IFN-γ, and TNF-α [24],
GSE161762 by IL-1β and TNF-α [25], GSE33755 by IL-1β [26], GSE35331 by TNF-α [27], and
GSE77814 by IFN-γ, and TNF-α [28], as well as E-MTAB-5420 by TGF-β1 and E-MTAB-5421
for TNF-α [29]. Gene expression data for HD BM-MSC stimulated by different immune cells
were accessible from GEO: GSE62782 by neutrophils [30], GSE75749 by activated T cells,
and GSE93970 by macrophages [31]. Lastly, we downloaded from GEO gene expression
data for MM/HD BM-MSC cocultured with MM cell line MM.1S (GSE46053) [18] or INA-6
(GSE87073) [32].
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2.2. Data Analysis

We reanalyzed the single-cell RNA sequencing data generated previously [11] to
identify signature genes for inflammatory MSCs from BM of MM patients compared to
HDs [11]. Briefly, alignment of the short reads to the human reference genome (hg38) was
performed using CellRanger (version 3.0.2, 10× Genomics). Cell type annotation on MSCs
from the single-cell data were downloaded from https://github.com/MyelomaRotterdam/
de-Jong-et-al.-2021 (accessed on 11 December 2022) [11]. Genes upregulated in BM MSCs
of MM compared to HDs were identified using the FindAllMarkers function from Seu-
rat 4.2.1 (Wilcoxon test) with adjusted p-value < 0.05 and fold change (FC) > 1.5. Bulk
RNA-Seq expression matrix data for E-MTAB-9285 from the same study were downloaded
and quantile normalized. Differentially expressed (DE) genes of MM patients vs. HDs
were predicted by using t-test (p-value < 0.05 and FC > 2). To compare MRD positiv-
ity or negativity to the same MM patients at diagnosis, we applied paired t-test with
p-value < 0.05 and FC > 2.

For gene set enrichment analysis (GSEA) [33], we constructed GCT and CLS files from
the gene expression matrices downloaded from GEO or ArrayExpress. One of the outputs
from GSEA includes a so-called “rnk” file, which has gene symbol in the first column
and FC of expression in the second column. To compare FC of expression across different
studies, quantile normalization was conducted across the “rnk” files. For RNA-seq data
where gene expression matrix was not provided, we downloaded the raw sequencing
file, applied RNA-Seq pipeline established previously [34], and calculated the FC to con-
struct “rnk” files GSEA. Estimation of the contribution of cytokines in deriving expression
changes, measure by CytoSig score, was calculated using the online CytoSig webserver
(https://cytosig.ccr.cancer.gov/; accessed on 13 February 2023) [35].

3. Results
3.1. Transcriptional Signature of Primary MSCs from MM Patients

A recent study by others [11] utilized single-cell RNA-Seq analysis to characterize
cellular heterogeneity of BM MSCs sorted from newly diagnosed MM patients. The study
found that a sub-population of the cells, termed as inflammatory BM MSCs (iMSCs), exhibit
an inflammatory transcriptional signature unique to the MM BM microenvironment. We
reanalyzed their single-cell RNA-Seq data and identified 279 upregulated genes in BM
MSCs from MM patients as compared to healthy donors (HDs) (Table S1). These genes
comprise 82% of the top 50 iMSC-specific genes defined by others [11]. In the rest of the
manuscript, we refer to the 279 genes as “iMSC signature genes”.

The previous study [11] also generated bulk-cell RNA-Seq gene expression data for
in vivo isolated BM MSCs of MM patients. After downloading and reanalyzing the bulk-
cell RNA-Seq data, we identified 667 upregulated and 844 downregulated genes in MM
vs. HDs (Figure S1A). Consistent with previous findings [11], common immune-related
genes such as CCL2, CD44, CXCL3, CXCL5, CXCL8, IL6, and LIF were upregulated in the
patient samples (Figure S1A). As expected from scRNA-Seq analysis, the expression of
iMSC signature genes was also elevated in the patient samples from the gene set enrich-
ment analysis (GSEA) (Figure S1B). Further GSEA against the MSigDB hallmark gene set
collection [36] identified “TNF-α signaling via NF-κB” and “inflammatory response” as
top upregulated pathways (Figure S1C). These results reassured the signature expression
of iMSC in MM patients and supported bulk-cell RNA-Seq as a reasonable alternative to
single-cell RNA-Seq for investigating iMSCs in MM [11].

BM MSCs from MM patients showed impaired differentiation capabilities as compared
to those from HDs [12,37]. The RNA-Seq data from de Jong et al. [11] enabled an examina-
tion of the underlying molecular pathways through GSEA. Signature genes for adipogenic,
osteogenic, and chondrogenic cells in human BM MSCs are from a previous work [38]. The
expression of adipogenic signature genes was lower in MM than in HDs (Figure S1D), with
examples including APOD, a preadipocyte/adipose stem cell marker [39], and ADIPOQ, a
gene highly expressed in preadipocytes [40]. Similarly, the expression of osteogenic signa-
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ture genes was downregulated (Figure S1E), including ALPL, an early marker of osteogenic
differentiation [41], and COL1A1/2, two pathogenic genes for osteogenesis imperfecta [42].
In contrast, chondrogenic signature genes were upregulated (Figure S1F), including SOX9
and SOX6 with known functions in promoting chondrogenesis [43,44]. The results sug-
gested that primary MSCs in MM patients downregulated transcription programs related
to adipogenesis and osteogenesis, while upregulating those related to chondrogenesis.

Cancer-associated fibroblast cells (CAFs) play a critical role in solid tumors and a
subset displays an inflammatory phenotype [45–48]. To compare with iMSCs, we collected
signature genes for inflammatory CAFs (iCAFs) from single-cell RNA-Seq analysis of
pancreatic cancer [45] and colorectal cancer [48]. GSEA revealed that iCAF signature genes
were generally overexpressed in the BM MSCs of MM compared to HDs (Figure S1G).
Although signature genes shared by iMSCs and iCAFs were enriched in immune-related
genes, most of the signature genes were cancer type-specific (Figure S1H). These findings
indicate that iMSCs from MM patients are distinct from iCAFs in solid tumors and warrant
further investigation.

3.2. Expression of iMSC Signature Genes during Minimal Residual Disease

Minimal residual disease (MRD) refers to the presence of cancer cells in complete
remission at a rate of no more than 10−5 among normal BM cells for MM patients [49].
MRD negativity is a strong prognostic factor for improved outcomes in various MM treat-
ments [50,51]. The work by de Jong et al. [11] generated gene expression data from bulk
RNA-Seq analysis for BM MSC samples paired at diagnosis and during MRD. We reana-
lyzed their expression data to link the expression of iMSC signature genes to MRD status.

We first focused on MM patients with MRD positivity. Two patients were excluded
due to high PTPRC (CD45) expression, an indication of insufficient depletion of immune
cells during MSC isolation. The reanalysis identified hundreds of differentially expressed
genes (Figure 1A). Notably, MRD positivity was associated with elevated expression of
iMSC signature genes such as IL6 and CXCL3 (Figure 1B). At the pathway level, GSEA
revealed an overall upregulation in “TNF-α signaling via NF-κB” (Figure 1C). This was
further supported by the upregulation of iMSC signature genes (Figure 1D). Therefore, BM
MSCs from MRD-positive patients exhibited an enhanced expression of iMSC signatures
compared to those at diagnosis.

We then repeated the analysis for patients who achieved MRD negativity after treat-
ment, identifying ~600 differentially expressed genes (Figure 1E). Remarkably, the expres-
sion of iMSC signature genes such as IL6 and CXCL3 decreased after a full elimination
of the cancer cells (Figure 1F). Unlike MRD positivity, “TNF-α signaling via NF-κB” was
downregulated during MRD negativity (Figure 1G). As expected, iMSC signature genes
were downregulated as well (Figure 1H). Therefore, MRD negativity is concurrent with an
attenuated expression of iMSC signature genes in the BM MSCs.

3.3. Diminished Expression of iMSC Signature Genes during In Vitro Expansion

MSCs are rare in BM aspirates [11,12]. In vitro expansion is necessary to obtain
sufficient cell numbers for downstream functional characterization [12]. Several recent
studies have analyzed genome-wide transcriptome for in vitro expanded BM MSCs of MM
patients [15–23,37,52,53]. We downloaded expression data from these studies if publicly
accessible and conducted a meta-analysis to identify molecular pathways specific to BM
MSCs in MM patients compared to HD. We excluded studies optimized for long noncoding
RNAs [23] or studies with control subjects including other cancers [21,22]. Six studies
remained for the meta-analysis [15–20] (Table S2). The expression changes were quantile
normalized and included in Table S3.
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Figure 1. Expression changes in iMSC signature genes associated with MRD status. (A) Volcano plot
displaying fold changes of expression and p-values from bulk-cell RNA-Seq analysis of BM MSCs to
differentiate MM samples during MRD positivity from those matched at diagnosis. Red: upregulated
genes during MRD positivity. Blue: downregulated genes. Gray: other expressed genes. Indicated
by orange dots and arrow heads are examples of immune-related genes. (B) Expression level of
IL6 (upper panel) and CXCL3 (lower panel) in BM MSCs comparing MM patients during MRD
positivity to matched samples at diagnosis, indicated by dot lines. p-value by paired t-test. (C) GSEA
of expressed genes sorted by expression changes from high (red) to low (blue) in MSCs collected
at MRD+ compared to at diagnosis (calculated from bulk-cell RNA-Seq data) against MSigDB
hallmark gene set “TNF-α signaling via NF-κB” (vertical bars). Highlighted are top 10 leading genes.
NES: normalized enrichment score. (D) GSEA like panel C but against iMSC signature genes defined
for MM patients from single-cell RNA-Seq analysis. (E) Volcano plot like panel A but comparing
BM MSC samples collected during MRD negativity to matched samples at diagnosis. (F) Expression
level of IL6 (upper panel) and CXCL3 (lower panel) comparing MM patients during MRD negativity
to those matched at diagnosis. (G) GSEA like panel C but comparing BM MSC samples collected
during MRD negativity to those matched at diagnosis. (H) GSEA like panel D but comparing BM
MSC samples collected during MRD negativity to those matched at diagnosis.

We first checked the expression of several genes coding for soluble factors associated
with the pathophysiology of MM, including IL6, DKK1, and GDF15. ELISA results from the
literature confirmed the increased protein abundance of the three genes in BM MSCs of
MM patients [20,52,54,55]. Consistently, at mRNA levels the expression of the three genes
was generally upregulated (Figure S2A).

BM MSCs from MM patients exhibit reduced proliferation compared to healthy
MSCs [20,37,54]. We used GSEA to assess the overall expression changes against MSigDB
hallmark gene sets [36]. As expected, the analysis revealed a downregulation of cell
proliferation-related gene sets in all studies except one (Figure S2B). Examples were shown
for G2M checkpoint genes (Figure S2C; first six panels). The expression downregulation
of G2M checkpoint genes was further confirmed by comparing to house-keeping genes
(Figure S2D). In contrast, G2M checkpoint genes were upregulated in MSCs isolated
from MM patients without in vitro expansion (Figure S2C; bottom panel). Thus, in vitro
expansion resulted in a downregulation of proliferation-related genes in contrast to the
observation made with in vivo BM MSCs.
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In vivo BM MSCs from MM patients exhibit high expression of inflammatory genes
such as CCL2, CXCL2, CXCL3, CXCL5, CXCL8, and PTGS2 [11]. However, the expression
upregulation of the immune-related genes was generally lost during in vitro expansion
(Figure 2A). Consistently, an overall increase or decrease in the expression of iMSC signature
genes from GSEA was not observed for in vitro expanded cells (Figure 2B). Visual inspection
of the expression changes by heatmap further supported this conclusion (Figure 2C).
Therefore, MSCs expanded in vitro lost the patient-specific expression of iMSC signature
genes in the absence of the BM microenvironment.
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Figure 2. Loss of expression upregulation in inflammatory genes in expanded MM MSCs. (A) Fold
change of expression (MM/HD) for inflammatory genes highlighted in de Jong, et al. [11] from
studies based on expanded MSCs (GSE#s) or sorted primary MSCs (E-MTAB-9285). (B) GSEA of
expressed genes sorted by expression changes in in vitro expanded MSCs (MM/HD) from high (left)
to low (right) against iMSC signature genes. NES: normalized enrichment score. GEO accession
numbers indicated for each study. (C) Heatmap visualization of expression fold change (MM/HD)
for iMSC signature genes (rows) across studies (columns).

3.4. Expression Activation of iMSC Signature Genes by Cytokine Stimulation

In addition to self-renewal and multipotency, MSCs exhibits immune regulatory
functions. Common factors impacting the immunomodulatory potential of MSCs are IL-1β,
IFN-γ, TGF-β, and TNF-α [14]. A survey of public expression data was conducted on BM
MSCs stimulated with various cytokines to determine their potential in activating the iMSC
signature expression in vitro. Six studies were identified [24–29] (Table S4). Expression
changes induced by these stimulations were compiled and quantile normalized (Table S5).

Hierarchical clustering analysis based on correlations of expression changes segregated
the samples into two major clades corresponding to the use of IFN-γ or others, and then
further into sub-clades coincident with the studies (Figure 3A). GSEA revealed an overall
upregulation in immune function-related gene sets such as “TNF-α signaling via NF-κB”,
“IFN-γ response” (with the exception to TGF-β1 stimulation), and “inflammatory response”
regardless of cytokine use, doses, and duration of the stimuli (Figure S3A). To minimize
confounding effects in results interpretation, we narrowed down to mono-stimulations.
Gene clustering analysis based on expression changes within the gene set “TNF-a signaling



Cancers 2023, 15, 5148 7 of 16

through NF-κB” revealed more dramatic expression upregulation by TNF-α or IL-1β
than by IFN-γ or TGF-β1 (Figure S3B). Similar analysis of IFN-γ response (Figure S3C)
and inflammatory response (Figure S3D) revealed preferential activation of subsets of
genes within each gene set by different cytokines. Additionally, expression changes were
generally similar between the stimulations of TNF-α and IL-1β, especially for “TNF-a
signaling through NF-κB” (Figure S3B–D).
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Figure 3. Expression activation of iMSC signature genes by cytokines. (A) Hierarchy clustering
analysis for cytokine(s) based on Pearson correlation of genome-wide expression changes induced
by the stimulations. Indicated are cytokine, doses, and durations from different studies with ac-
cession numbers. (B) Bubble plots for NES and FDR q values of GSEA applied to genes sorted by
expression changes induced by cytokines against signature genes of iMSCs in MM patients (leftmost
column) and iCAFs in colorectal cancer patients (middle column) or pancreatic cancer patients
(rightmost column). Each row represents a cytokine stimulation with annotation aligned with panel A.
(C) Representative results for GSEA from panel B for stimulations by IL1-β (top panel), TNF-α
(middle panel), and IFN-γ (bottom panel). (D) Heatmap visualization of expression changes induced
by mono-treatment of cytokines such as IFN-γ, IL1-β, TNA-α, and TGF-β for iMSC signature genes
defined for MM patients. (E) Bar plots for expression changes of TNFA, IFNG, TGFB1, and IL1B in BM
MSCs stimulated by IL1-β, IFN-γ, TNF-α, or TGF-β1. (F) Heatmap visualization of CytoSig score,
which predicts cellular response to cytokines (columns), based on expression changes induced by
external stimulations (rows). Black arrow heads: cellular response to IL-1β was upregulated when
stimulated by TNF-α or IL-1β; White arrow heads: cellular response to IL-1β was further upregulated
when co-stimulated by TNF-α and IL-1β; Blue arrow heads: cellular response to TNF-α was not
activated when stimulated by IL-1β.
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We next examined the impact of cytokines on the expression of iMSC signature genes.
GSEA showed an overall upregulation of these genes under most cytokine stimulations,
except for TGF-β1 and a high dose of IFN-γ (Figure 3B), with examples from specific studies
shown in Figure 3C. Similar observation was made for iCAF signature genes (Figure 3B).
A heatmap analysis of transcription responses to mono-cytokine confirmed the overall
upregulation of iMSC signature genes, particularly for immune-related genes such as CCL2,
CXCL3, CXCL5, CXCL8, IL6, and PTGS2, upon TNF-a or IL-1β stimulation (Figure 3D).
To determine the interdependence between cytokines, we analyzed expression changes
for genes IL1B, IFNG, TGFB1, and TNF (Figure 3E). The results showed that INFG and
TGFB1 remained insensitive to stimulations, while TNF and IL1B were upregulated by their
corresponding cytokines (Figure 3E; blue rectangles). Intriguingly, TNF-α substantially
activated the transcription level of IL1B (Figure 3E; red rectangle), suggesting a role of IL-1β
in the transcription response to TNF-α. Indeed, CytoSig cytokine response analysis [35]
revealed that cellular response to IL-1β was upregulated when stimulated by TNF-α or
IL-1β (Figure 3F; black arrow heads) and was further elevated by combined stimulations
(Figure 3F; white arrow heads). In contrast, IL-1β did not activate or only modestly
activated the cellular response to TNF-α (Figure 3F; blue arrow heads). These findings
highlighted the complex and dynamic nature of cytokine-induced transcription regulation
in BM MSCs.

3.5. Expression Activation of iMSC Signature Genes by Immune Cells

MSCs are known as a sensor of the inflammatory environment through a tight interac-
tion with immune cells. BM MSCs from MM patients secrete a high level of CXCR1/CXCR2
ligands such as CXCL2, CXCL3, CXCL5, and IL-8 (CXCL8) [11], which attract neutrophils,
monocytes, and natural killer cells [56]. We next explored the possibility of activating the
iMSC signature expression in BM MSCs with neutrophils or macrophages (Table S6). The
expression data generated by Gregoire et al. [30] allows us to address the possibility for
neutrophils. We downloaded their expression data generated for BM MSCs cocultured
with neutrophils. Our reanalysis revealed that “TNF-α signaling via NF-κB” (Figure 4A)
and iMSC signature genes (Figure 4B) were upregulated in the presence of neutrophils.
Immune-related genes significantly upregulated by neutrophils included iMSC signature
genes such as CCL2, CXCL3, CXCL5, CXCL8, and IL6 (Figure 4C). CytoSig analysis ranked
IL-1β and TNF-α as the top two cytokines driving the expression changes induced by
neutrophils in BM MSCs (Figure 4D).

Espagnolle et al. [31] generated expression data for BM MSCs cocultured with pro-
inflammatory or anti-inflammatory macrophages. Consistent with previous findings [31],
coculture with anti-inflammatory macrophages induced a minimal level of expression
changes in MSCs. In contrast, the presence of pro-inflammatory macrophages upregu-
lated the expression of “TNF-α signaling via NF-κB” (Figure 4E) and iMSC signature
gene (Figure 4F). However, pro-inflammatory macrophages failed to upregulate the ex-
pression of CXCR1/CXCR2 ligand genes such as CXCL2, CXCL3, CXCL5, and CXCL8
(Figure 4G). CytoSig analysis indicated IFN-γ and IFN1 as the top two cytokines driving
the expression changes (Figure 4H). Consistently with the results from in vitro stimulation
by IFN-γ (Figure 3D), CD74, HLA-DRA, and HLA-DRB1 are among the leading genes ac-
counting for the most expression changes in iMSC signatures induced by pro-inflammatory
macrophages (Figure 4F).

Differentially expressed genes in BM MSCs in response to CD3/CD28 activated T
cells in a mouse model are publicly available in the GEO database (accession number
GSE75749). We identified 649 genes upregulated by activated T cells (fold change > 2 and
adjusted p-value < 0.05): enrichment analysis by Metascape [57] revealed that these genes
were linked to functions linked to “INF-γ response” and “TNF-α signaling via NF-κB”
(Figure S4A). Activated T cells upregulated 36.5% and 17.5% of the genes in the two gene
sets, respectively (Figure S4B). GSEA demonstrated that the 649 upregulated genes were
also upregulated in the BM MSCs of MM patients when compared to HDs (Figure S4C). We
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observed similar upregulation after excluding genes annotated with either “INF-γ response”
or “TNF-α signaling via NF-κB” (Figure S4D), suggesting additional pathways relevant to
the iMSC signature activation. In fact, leading-edge genes in Figure S4D were enriched in
iMSC-relevant gene sets, such as “TGF-β signaling” and “UV response downregulation”
(Figures S1C and S4E).
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Figure 4. Expression activation of iMSC signature genes with neutrophils or macrophages. (A) GSEA
of expressed genes sorted by expression changes in BM MSCs induced by neutrophils (NP) from high
(red) to low (blue) against hallmark gene set “TNF-α signaling via NF-κB” (vertical bars). Highlighted
are top 10 leading genes. NES: normalized enrichment score. (B) Like panel A, but against iMSC
signature genes for MM patients. (C) Venn diagram for genes upregulated by neutrophils and
iMSC signature genes. (D) Bar plot for CytoSig score, which predicts cytokines contributing to the
expression changes in BM MSCs as induced by neutrophils. (E) GSEA of expressed genes sorted by
expression changes of BM MSCs induced by inflammatory macrophages (MΦ) from high (red) to low
(blue) against hallmark gene set “TNF-α signaling via NF-κB” (vertical bars). Highlighted are top
10 leading genes. (F) Like panel E, but against iMSC signature genes. (G) Venn diagram for genes
upregulated by inflammatory macrophages and iMSC signature genes. (H) Bar plot for CytoSig
score, which predicts cytokines contributing to the expression changes in BM MSCs as induced by
inflammatory macrophages.

3.6. Expression Activation of iMSC Signature Genes by Multiple Myeloma Cells

Genome-wide expression profiling of BM MSCs cocultured with MM cancer cells has
been previously conducted [18,32]. Garcia-Gomez et al. [18] cocultured BM MSCs from
HDs or MM patients with the MM.1S cell line and compared to a monoculture of BM
MSCs. Similarly, Dotterweich et al. [32] cocultured BM MSCs with the INA-6 cell line. We
reanalyzed the expression data from both studies to investigate the impacts of MM cells on
the expression of iMSC signature genes in BM MSCs.

In the reanalysis of expression data generated by Garcia-Gomez et al. [18], we observed
an overall upregulation of “TNF-α signaling via NF-κB” in MM.1S-cocultured BM MSCs
from both MM patients and healthy donors as compared to monoculture (Figure 5A).
MM.1S induced expression changes in this pathway were highly correlated between MM
patients and HDs (Figure 5B). Likewise, MM.1S upregulated the expression of iMSCs
signature genes (Figure 5C), with consistent expression changes between MM and HDs
(Figure 5D). We next explored the impact of MM cells on the expression of immune-related
genes in BMSCs. For monocultured BM MSCs, the expression of CCL2, CXCL2, IL6, and
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LIF was slightly higher in MM patients compared to healthy donors (pink vs. gray). In
coculture with MM.1S, expression of the immune-related genes increased to comparable
levels between MM and HDs (red vs. black) (Figure 5E).
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Figure 5. Expression activation of iMSC signature genes by MM.1S. (A) GSEA of expressed genes
sorted by expression changes induced by MM.1S (as compared to monoculture; Mono) in BM MSCs
of MM patients (MM; red line) or healthy donors (HD; black line) from high (left side) to low (right
side) against MSigDB hallmark gene set “TNF-α signaling via NF-κB”. NES: normalized enrichment
score. (B) Scatter plot comparing the expression changes in genes from “TNF-α signaling via NF-κB”
induced by MM.1S in BM MSCs from MM (x-axis) to those from HDs (y-axis). (C) Like panel A,
but against iMSC signature genes. (D) Like panel B, but for iMSC signature genes. (E) Dot plots
for the expression of immune-related genes in BM MSCs from MM and HDs in coculture with
MM.1S or in monoculture. (F) Pearson correlation measuring the similarity of expression changes
induced by MM.1S (in HD MSCs and MM MSCs) and those induced by cytokines, with an example
comparing a stimulation by MM.1S to by IL1-β. (G) Normalized ChIP-seq read density for histone
post-translational modifications H3K4me3 and H3K27me3 across gene locus IL1B (upper panel) and
TNF (lower panel) in BM MSCs.
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The MM.1S-induced expression changes in iMSC signature genes demonstrated a
positive correlation with those stimulated by cytokines, such as IL-1β and TNF-α, but not
IFN-γ (Figure 5F). Intriguingly, IL1B expression in MSCs was substantially upregulated by
MM.1S, while TNF expression remained unaltered (Figure 5E). In line with this observation,
we analyzed public ChIP-Seq data for BM MSCs [58]. We observed the presence of active
histone marker H3K4me3 and the absence of repressive histone marker H3K27me3 at
the IL1B promoter region, meaning that IL1B is primed for transcriptional activation
upon external stimuli. In contrast, the TNF promoter displayed an opposite chromatin
configuration (Figure 5G). Thus, MM.1S may activate inflammatory signature genes in
MSCs through the activation of IL1B expression.

Lastly, we reanalyzed expression data from BM MSCs cocultured with the IL-6 de-
pendent MM cell line, INA-6, and in monoculture [32]. GSEA revealed no significant
upregulation in the “TNF-α signaling via NF-κB hallmark” gene set (Figure S5A) or in
the iMSC signature genes (Figure S5B). In line with these findings, a close examination
of individual immune-related genes revealed minimal expression changes, with only a
few exceptions (Figure S5C). Thus, unlike MM.1S, INA-6 did not upregulate the iMSC
signature expression.

4. Discussion

Mesenchymal stem cells (MSCs) play an important role in supporting MM cells in the
BM microenvironments [1,2]. Intriguingly, BM inflammatory MSCs (iMSCs) are unique
to MM patients compared to healthy donors [11]. Their transcription signatures can be
robustly identified using both single-cell and bulk-cell RNA-Seq analysis [11,12]. Our data
reanalysis identified additional features of iMSCs, such as downregulation of adipogenic
or osteogenic genes, upregulation of chondrogenic genes, and upregulation of signature
genes corresponding to inflammatory CAF cells (iCAFs) identified from solid tumors. Our
reanalysis further showed that at gene set level, the expression of iMSC signature genes
was upregulated during MRD positivity and downregulated during MRD negativity. This
reenforced presence of iMSCs during MRD positivity implied a role in drug resistance and
disease relapse.

Considering that MSCs are scarce in bone marrow aspirates, they are often expanded
in vitro for downstream functional characterizations. Once removed from the MM bone
marrow microenvironment, MSCs are expected to lose the expression of iMSC signature
genes during regular in vitro expansion due to the absence of proinflammatory signals.
This prediction was confirmed by our meta-analysis of expression data from BM MSCs
expanded from MM patients and controls across multiple studies.

TNF-α and IL-1β are the two major cytokines predicted to drive the observed inflam-
matory transcriptional signatures in BM MSCs of MM patients [11]. We confirmed this
observation by assessing the transcriptional response of bone marrow MSCs to these two
cytokines or their combinations using expression data from other studies [24–26,28,29].
These findings suggest activation of the NF-κB pathway possibly by TNF-α or IL-1β as a
potential target to normalize iMSCs [11,59]. In contrast, stimulation with TGF-β1 and high
doses of IFN-γ failed to activate the iMSC signatures. Interestingly, TNF-α stimulation up-
regulated the mRNA expression of IL1B but the inverse was not true. Further experiments
with IL1B knockdown or knockout are necessary to clarify the potential dependency on
IL1B activation for the transcriptional response to TNF-α.

The secretion of CXCR1/CXCR2 ligands by BM MSCs from MM patients [11] at-
tracts neutrophils and monocytes [56]. Our data analysis indicated that the presence of
neutrophils increased the expression of CXC1/CXCR2 ligand genes in BM MSCs, potential-
izing a positive feedback loop for neutrophil recruitment and stromal cell activations [60].
Unlike neutrophils, pro-inflammatory macrophages activated a different subset of iMSC
signature genes, including those responsive to IFN-γ stimulation. Similar observations
were made for BMSCs when stimulated with CD3/CD28 activated T cells.
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BM MSCs promote drug resistance in MM cells through the secretion of soluble fac-
tors and physical interaction [2,61]. The persistent presence of iMSCs in MRD suggests
a link to drug resistance and disease relapse. Similarly, iCAFs in solid tumors enhance
therapy resistance [48]. Interestingly, the presence of MM cells activated the iMSC signa-
ture in BMSCs, although this varied with cancer subtypes. As exemplified with MM.1S,
the presence of MM cells upregulated the expression of IL1B other than TNF in the BM
MSCs, indicating a differential role of IL-1β in activating the iMSC signature expression.
Considering the connection of iMSCs with MRD, it is worth reevaluating the role of BM
stroma-induced drug resistance in MM cells by considering the contribution from the
inflammatory state in the MSCs. Equally important is to examine their roles in modulating
the immune microenvironment, as recently demonstrated in the iMSC-specific activation of
neutrophils [62]. Establishing an in vitro model for iMSCs through cytokine stimulations
such as IL-1β represents an important step to address this issue. Further research into
the role of iMSCs in modulating drug resistance should clearly differentiate the effects of
cytokine-induced iMSCs from the cytokines themselves. For example, while it is common to
prime MSCs with cytokines and then remove the cytokine from the culture condition, MM
cells stimulated by the cytokines provide an essential control to account for any residual
cytokines from the priming process. In addition to drug resistance, BM MSCs protect MM
cells from CAR T cell-mediated cytotoxicity [63]. While other studies, such as the one by
Dhodapkar, et al. [64], have explored the effects of CART therapy on the BM tumor/immune
cells from MM patients, they have not specifically focused on BM MSCs. As a result, the
exact influence of iMSCs on CART T therapy, and vice versa, remains an open question
that warrants further investigation.

5. Conclusions

Our work has systematically characterized the molecular signatures of iMSCs in
MM patients and confirmed a general loss of this signature during in vitro expansion.
Importantly, we observed a robust activation of iMSC signature expression in BM MSCs
with IL-1β and/or TNF-α stimulation, as well as coculture with neutrophils. Our work
represents a significant advancement towards the establishment of in vitro models for
iMSCs and future work to understand their role in BM MSC-induced drug resistance in
MM cells.
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