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Abstract: Multiple myeloma (MM) is a plasma cell malignancy that resides within the bone marrow
microenvironment, relying heavily on interactions with its cellular components. Among these, endothelial cells
(ECs) play a pivotal role in MM progression and the development of therapeutic resistance. In this study, we
analyzed publicly available single-cell RNA sequencing data to identify unique pathway activations
distinguishing ECs from MM patients and healthy donors. We developed a novel protocol to isolate and culture
endothelial progenitor cells (EPCs) and ECs directly from MM patient bone marrow, demonstrating their
ability to promote myeloma cell proliferation. Validation studies confirmed that these MM-derived ECs exhibit
angiogenic potential as well as expression of characteristic endothelial lineage markers. These findings
underscore the critical role of bone marrow ECs in the MM tumor microenvironment and highlight potential
new therapeutic targets to disrupt MM progression.
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marrow; scRNAseq; angiogenesis

1. Introduction

Multiple myeloma (MM) is a plasma cell neoplasm that develops within the bone marrow,
where malignant plasma cells rely heavily on interactions with the surrounding microenvironment
[1]. This niche comprises various cell types, including endothelial cells (ECs) [2-4], mesenchymal
stem cells [5], and immune cells [6], which collectively support MM cell survival, proliferation, and
drug resistance [1,2]. Previous studies have demonstrated that genetic ablation of bone marrow
endothelial progenitor cells (EPCs) can abrogate MM development [3], underscoring the importance
of ECs in disease progression. Furthermore, increased bone marrow microvascular density correlates
with MM progression from monoclonal gammopathy of undetermined significance (MGUS) and
smoldering multiple myeloma (SMM) to active MM, and serves as a prognostic marker associated
with poor outcomes [7].

Our prior work has shown that bone marrow ECs provide homing cues to MM cells, and that
targeting the endothelial BCL9/eCypA axis can disrupt the supportive interactions between ECs and
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MM cells [2]. While recent single-cell RNA sequencing (scRNAseq) studies have advanced our
understanding of the MM tumor microenvironment, they have largely focused on mesenchymal stem
cells, leaving the EC fraction underexplored [5].

In this study, we leveraged a high-quality scRNAseq dataset of MM and normal bone marrow
samples [5] to perform the first unbiased analysis of transcriptomic changes in MM-derived ECs
compared to normal bone marrow ECs. Additionally, we developed a detailed protocol for the
isolation and characterization of ECs from MM patients, proposing these cells as a novel in vitro
model to investigate EC biology in the context of MM.

2. Results

2.1. Single-cell RN Aseq-based characterization of MM and HD ECs

To investigate the characteristics of endothelial cell populations in MM patients and healthy
controls, we have utilized 4 scRNAseq datasets published previously by de Jong et al. [5]. We merged
scRNA-seq datasets from CD45- cells, CD45+ CD38+ cells, CD45+ CD38- cells, and CD45+ CD38+
multiple myeloma (MM) plasma cells (Figure 1A). Cluster annotations were maintained as defined
in the original study (Figure A1). UMAP projections (Figure 1A) revealed distinct clustering of cells,
including MM patient-derived cells and healthy donor-derived cells, across multiple datasets. Within
these populations, CDH5, an EC marker, was specifically expressed, allowing for the identification
of ECs (green arrow). We identified 502 endothelial cells from healthy donors (HD ECs) and 1,275
endothelial cells from MM patients (MM ECs). MM patient samples showed distinct clustering
compared to healthy controls, indicating possible transcriptional differences between ECs in disease
and normal conditions. Cluster-specific gene expression dot plot recapitulated the original cluster
assignment performed by authors of the original datasets (Figure 1B). The EC population (left-most
column, labeled as EC) exhibited high expression of known EC-associated markers such as CDH5,
PECAM]1, FLT1, KDR and ERG (Figure 1B-C), while other immune and stromal cells expressed their
characteristic lineage-defining genes. PIM3, an oncogenic kinase previously identified by us as a
protein marker of MM ECs using immunohistochemistry [8,9], was highly expressed at mRNA level
across the majority of cell clusters. While its average expression was highest in ECs compared to other
stromal CD45- cells, it was also detected in immune cell clusters, particularly in T cells (Figure 1B).
Further analysis of ECs (Figure 1C) revealed robust expression of EC markers in both MM patients
and HDs. Importantly, this cluster was negative for PTPRC (the gene encoding CD45), ensuring that
the analysis was not confounded by the presence of hematopoietic cells expressing endothelial
markers, which can also reside in the bone marrow [10]. We have not identified a cell cluster that
would correspond to endothelial progenitor cells, therefore our further bioinformatic analysis was
performed on mature endothelial cells.

We performed a pseudobulk differential gene expression analysis, which revealed robust
transcriptional differences between ECs from MM patients and HDs (Figure 2A). Gene set enrichment
analysis (GSEA) identified key pathways enriched in MM ECs compared to HD ECs. MM ECs
showed significant enrichment in pathways associated with epithelial-mesenchymal plasticity
(EMP), TGF-beta signaling, and angiogenesis (Figure 2B). Analysis of transcription factor targets
revealed enrichment of AP1- and BACH1/2-dependent genes, indicative of angiogenic stimulation
[11,12] (Figure 2C). Additional GSEA on the GO and Reactome collections revealed MM EC-specific
enrichment in adherens junction, integrin signaling and mesenchymal cell activity, while genes
involved in cytoplasmic translation were expressed at higher levels in HD ECs (Figure 2D-E). A
complementary
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Figure 1. scRNA-seq analysis of ECs from MM patients and HDs. (A) UMAP plots showing
merged datasets (left), CDH5 expression (middle), and separated MM patient and healthy donor
cells (right), highlighting endothelial cell clusters (green arrows). (B) Dot plot of cluster-specific
gene expression, showing endothelial cell marker expression (CDH5, PECAM1, FLT1, KDR, ERG,
CD34, VWF, STAB2, APLNR, EFNB2, SOX17, PIM3) in the EC cluster (green). (C) UMAP projections
of ECs from MM patients (orange) and controls (blue), with expression of key cellular markers.

Metascape-based clustering of ontology terms [13] showed that MM ECs exhibit a positive
enrichment in co-clustering terms, such as blood vessel development, VEGFA/VEGFR?2 signaling,
kinase activity, regulation of cytoskeleton organization, migration and signaling by Rho GTPases
(Figure 2F). In contrast, HD ECs exhibited enrichment in eukaryotic translation termination and
scavenger receptor activity (Figure 2G). Visualization of leading edge genes in Hallmark gene sets
positively enriched in MM ECs identified several potential drivers of mesenchymal plasticity, such
as VIM [14], CTNNBI [15], SMAD3 [16], MYC [17] and IL6 [18] (Figure 2H). VIM, along with other
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candidate EMP drivers such as STC1 [19] and SERPINE1 [20], was also among the top upregulated
genes in the pseudobulk differential gene expression analysis (Figure 2A). On the other hand, MM
ECs showed a loss of expression of several regulators of endothelial cell identity and activity, such as
HES1 [21], PTCH?2 [22], PIK3IP1 [23] and BTG2 [24] (Figure 2A).
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Figure 2. Differential expression and gene set enrichment analysis of MM vs HD ECs. (A)
Volcano plot showing differentially expressed genes between MM and HD ECs. Genes with
significant up- or downregulation are labeled with red. (B-E) Gene set enrichment analysis (GSEA)
results using the HALLMARK, TFT LEGACY, GO Biological Process and Reactome pathway
collections. The dot size represents the number of genes in the pathway, and the color corresponds

to the adjusted p-value. Normalized enrichment

score (NES) is plotted on the x axis of each dotplot.

(F-G) Metascape network representation of the most significant positively enriched pathways in
MMECs (F) and HD ECs (G). (H) Heatmap showing the single cell expression of leading edge genes
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from significant differentially enriched HALLMARK gene sets across control (blue) and myeloma
(orange) ECs. Each row represents a gene, and the color scale indicates Z-score normalized
expression, with red representing upregulation and blue indicating downregulation.

2.2. Single-cell RN Aseq-based characterization of cell-cell interactions in MM and HD ECs

Next, we examined the cell-cell communication dynamics of endothelial cells (ECs) in MM bone
marrow and compared them to those of healthy donors (HDs). Using ligand-receptor interaction
analysis vias, we inferred both efferent (outgoing) and afferent (incoming) signaling between ECs
and other cell types within the bone marrow microenvironment (Figures A2, A3 and 3).
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Figure 3. Cell-cell interaction analysis of endothelial efferent and afferent signaling in MM and
HD bone marrow ECs. (A) Endothelial efferent signaling. Dot plots depicting predicted efferent
signaling from endothelial cells to other cell types in the bone marrow of MM patients (left) and
HDs (right). (B) Endothelial afferent signaling. Dotplot showing predicted afferent signaling to
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endothelial cells from other cell types in the bone marrow of MM patients (left) and HDs (right). In
all cases, dot size represents interaction p-value, and color indicates communication probability,
with higher values shown in warmer colors.

The number of predicted cell-cell interactions was significantly higher across many clusters in
MM bone marrow compared to HD bone marrow (Figure A2). Notably, mesenchymal stem cell
(MSC) clusters 1-5 and endothelial cells exhibited the largest increase in predicted interactions in MM
bone marrow (Figure A3C) relative to HD (Figure A3D). The analysis of aggregated signaling
pathways (Figure A3) revealed major differences between MM ECs and HD ECs, including pathways
predicted to be active exclusively in MM bone marrow. Robust interactions were predicted between
MM endothelial ligands such as PDGFA, LAMA4, JAM3, COL4A1, CD46, and ANGPTL4 and their
corresponding receptors on other bone marrow cell types (Figure 3A). For instance, PDGFA was
predicted to primarily affect MSCs, which express high levels of PDGFRA/PDGFRB [5], while
COL4A1 was predicted to engage the SDC1 (CD138) receptor on malignant plasma cells. Other
efferent pathways included ANXA1/FPR1 and CD99, predicted to influence receptors on immune
cells such as monocytes.

In addition, signaling directed toward MM ECs showed a marked increase, with notable
enrichment in angiogenesis-related pathways. VEGF signaling, mediated by ligands such as
VEGFA/B/C and PGF, was predicted to activate receptors VEGFR1/2/3. Inflammatory signaling via
JAGI-NOTCH, TNF, and SPP1-CD44 was also enhanced in MM ECs compared to HD ECs.
Interestingly, the majority of proangiogenic signals targeting ECs in MM were predicted to originate
from MSCs, not malignant plasma cells. While plasma cells were predicted to promote endothelial
growth through VEGFB secretion, the primary sources of VEGFA, VEGFC, PGF, and angiopoietin-
like cytokines (ANGPTL2/4) were MSCs, particularly the MM-exclusive MSC1 cluster.

2.3. Isolation and ex vivo characterization of ECs from MM patients

We developed and optimized a protocol to reliably isolate and characterize both early outgrowth
endothelial cells (composed primarily of endothelial progenitor cells) [25] as well as mature
endothelial cells from bone marrow aspirates of multiple myeloma (MM) patients (Figure 4A). The
detailed protocol can be found in the Materials and Methods section. Briefly, after density gradient
centrifugation to separate mononuclear cells, CD138+ plasma cells were positively selected and
removed. The remaining CD138- cells were cultured on fibronectin-coated plates in endothelial
growth media for 7-10 days, facilitating the attachment, colony formation, early cellular outgrowth,
and subsequent differentiation and proliferation of mature ECs. Over the course of 9 days, CD138-
cells cultured on fibronectin-coated plates progressively adopted an endothelial-like morphology, as
shown in the bright-field images (Figure 4B). By day 9, the cells formed sparse colonies assuming the
growth pattern of a confluent monolayer with a cobblestone-like appearance typical of endothelial
cells, confirming successful culture and expansion. In some MM patients, bone marrow cells also
formed mesenchymal-like colonies with spindle-shaped cells, often growing in multiple layers,
emphasizing the necessity of CD31-positive selection to ensure purity. CD31+ ECs were purified
using CD31-specific magnetic beads. To evaluate the angiogenic potential of the isolated cells, tube
formation assays were performed in Matrigel. The bone marrow endothelial cell line (BMEC60),
along with two independent MM endothelial cell populations (MMEC1 and MMEC2), demonstrated
robust tube formation and tip cell-like structures, characteristic of active angiogenesis (Figure 4C). By
contrast, bone marrow stromal cells (BMSC1 and BMSC2) showed much less pronounced tube
formation, supporting the endothelial identity of the MMECs. Flow cytometry analysis confirmed
the endothelial identity of the isolated MMECs. Cells were gated for live single cells, and histograms
showed strong expression of endothelial markers, including CD31, VEGFR1, and CD144 (encoded
by CDHS5), compared to IgG controls (Figure 2D). This validated the purity and identity of the
isolated ECs.
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Figure 4. Isolation and characterization of endothelial progenitor cells and culture of endothelial
cells from MM patient bone marrow aspiration biopsy. (A) Schematic workflow illustrating the
isolation of CD31+ endothelial cells and CD138+ plasma cells from bone marrow aspirates of
multiple myeloma patients. Bone marrow mononuclear cells were separated by density gradient
centrifugation, followed by positive selection of CD138+ plasma cells. The remaining non-plasma
bone marrow cells were cultured on fibronectin-coated plates for 7-10 days, after which CD31+
endothelial cells were positively selected by magnetic beads. (B) Representative bright-field images
showing the morphological progression of CD138- bone marrow cells seeded on fibronectin-coated
plates over 9 days. Cells displayed typical endothelial-like morphology, forming a monolayer by
day 9. (C) Bright-field images of bone marrow endothelial cells (BMEC60 cell line), multiple
myeloma endothelial cells (MMEC1 and MMEC2), and bone marrow stromal cells (BMSC1 and
BMSC2) during culture. The second and third rows show tube formation and tip cell-like structures
in Matrigel assays. (D) Flow cytometry plots confirming the purity of isolated MMECs. The plots on
the left represent cell gating, while histograms show expression of CD31, VEGFR1, and CD146 on
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the isolated endothelial cells compared to IgG controls, confirming their endothelial identity.
EGM2—endothelial growth medium 2.

We then asked the question whether these cultured MM ECs resemble in situ bone marrow
endothelial cells from MM patients. To address this, we have measured the expression levels of a
gene panel using real-time quantitative PCR (Figure 5A). RNA was isolated from early outgrowth
cells (EOCs) that appeared in fibronectin-coated wells after 5 days of culture, as well as magnetically
sorted mature endothelial cells (CD31+) and the remaining mesenchymal cells (CD31-). Two
endothelial cell lines (BMEC60, HUVEC) were used as positive controls. We found that EOCs express
high levels of PTPRC (encoding CD45), while other cell types exhibited near undetectable levels of
this transcript (Figure 5A), suggesting that the EOCs may contain early endothelial progenitor cells,
which have been described to be CD45+ [26].
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Figure 5. Expression of endothelial and mesenchymal markers in different cell populations and the

effect on primary CD138* MM cell proliferation. (A) qPCR analysis of cell lineage markers (PTPRC,

CD34, PECAMI, CDHS, FLT1, KDR, PROM1, EFNB2, STAB2, SOX17, APLNR, and VCAM1) across
different cell populations, including HD-EOCs, MM-EOCs, HD-CD31*, MM-CD31*, HD-CD31,
MM-CD31- and endothelial cell lines. Statistical significance was assessed using Brown-Forsythe

and Welch ANOVA tests with Dunnett’s T3 correction for multiple comparisons. (B) Proliferation of
primary CD138* MM cells in the presence of various cell types. MM CD31* cells (#1 and #2), MM

CD31* cells, and BMEC60 cells were used to collect conditioned medium, which was then added to

primary CD138* MM cells. Proliferation was measured over time (12h, 48h, 72h). Data are presented

as a percentage of control proliferation.

In addition, we observed the expression of CD34, PECAM1, CDH5, FLT1 and KDR in both EOC
and CD31+ populations, with a trend towards lower transcript levels in CD31- fraction. PROM1
(encoding CD133) was expressed at overall higher levels in EOCs than in CD31+ or CD31- cells
(Mann-Whitney test, p <0.0001), consistent with CD133’s role as a marker for endothelial progenitor
cells [27-29]. Both EOC and CD31+ populations expressed genes characteristic of type H ECs
(APLNR, EFNB2, SOX17, FLT1) as well as type L ECs (STAB2, VCAMI) [30]. KDR (encoding
VEGFR2) was expressed in both EOCs and CD31+ cells, with clearly higher levels in MM-derived
CD31+ cells compared to HDs. These findings confirm the predominantly endothelial phenotype of
both EOC and CD31+ populations.

We then evaluated their potential to support the survival and proliferation of ex vivo cultured
CD138+ MM cells (Figure 5B). While cells cultured in an empty medium did not proliferate,
conditioned medium from MM CD31+ cells, BMEC60 cells, and MM CD31- cells supported the
growth of patient-derived MM cells (p < 0.001).

Given our scRNA-seq characterization of MM endothelial cells (ECs), which indicated increased
expression of epithelial-mesenchymal plasticity-related genes (VIM, STC1), we investigated whether
the in vitro MM EOCs and CD31+ ECs recapitulate this process when compared to HD bone marrow
cells. While there was a trend towards higher STC1 expression in MM-derived cells, compared to
HD, the differences were not statistically significant. Moreover, VIM expression did not align with
the scRN A-seq findings.

Gene set enrichment analysis for transcription factors (Figure 2C) suggested enrichment of AP1
target genes in MM ECs compared to HD. Since AP1 activity in ECs was shown to be inhibited by
the BET inhibitor JQ1 [31], we tested whether JQ1 could reverse the mesenchymal features of in vitro
cultured MM CD31+ cells. However, JQ1 treatment did not affect the morphology of MM CD31+ cells
(Figure 6B). While JQ1 downregulated the expression of FLT1 and KDR, known endothelial super-
enhancer genes, dependent on BET-domain proteins [32,33], it did not affect the expression of either
STC1 or VIM.
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Figure 6. JQ1 treatment’s effect on the expression of select mesenchymal and angiogenic markers.
(A) qPCR analysis of STC and VIM expression levels in indicated cell populations. Statistical
significance was assessed using Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3

correction for multiple comparisons. (B) Representative bright-field images of cells treated with

DMSO (left) or JQ1 500nM (right) for 24 hours, showing no major morphological changes. (C) gPCR
analysis of the expression levels of mesenchymal markers STC1 and VIM in cells treated with

DMSO or JQ1 (500nM) for 24 hours. (D) qPCR analysis of MM-upregulated angiogenic markers
FLT1 and KDR upon DMSO or JQ1 (500nM) treatment for 24 hours. Unpaired t-test has been used
to assess statistical significance.

3. Discussion

In this study, we conducted a comprehensive analysis of bone marrow endothelial cells (ECs)
derived from multiple myeloma (MM) patients and healthy donors (HDs) (Figures 1-3) using
previously published single-cell RNA sequencing (scRNA-seq) datasets [5]. Our findings revealed
significant transcriptional differences between MM-derived ECs and normal bone marrow ECs,
highlighting pathways associated with epithelial-mesenchymal plasticity (EMP), TGF-beta signaling,
angiogenesis as well as actin cytoskeleton and Rho protein activity (Figure 2). These results point at
a more activated, proangiogenic phenotype of MM ECs, consistent with their expansion at advanced
disease stages [2,34]. The overexpression of mesenchymal genes, such as VIM or STCI, suggests that
the MM ECs undergo EMP or endothelial-mesenchymal transition (EndMT), a process often
associated with cancer progression [35]. Interestingly, increased protein levels of Vimentin have
already been associated with MM ECs and proposed as an MM-associated pathogenic mechanism
[36]. However, this is the first study to detect a broader transcriptional signature characterizing MM
EC transitioning from epithelial to a more mesenchymal state. Leveraging our scRNAseq analysis
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results, we also predict enhanced cell-cell interactions (Figure 3) mediated by ligands such as PDGFA,
angiopoietin-like, and other angiogenic factors, underscoring the complex communication between
ECs and other cells within the MM bone marrow microenvironment.

Our ligand-receptor interaction analysis demonstrated that MM ECs exhibit increased outgoing
and incoming signaling pathways compared to HD ECs (Figures 3, A2 and A3). Specifically, MM ECs
were predicted to produce higher levels of PDGFA, LAMA4, JAM3, COL4A1, CD46, and ANGPTL4,
which may interact with receptors on mesenchymal stem cells (MSCs), malignant plasma cells, and
immune cells. For instance, PDGFA secreted by ECs was predicted to primarily affect MM MSCs
expressing PDGFRA/PDGFRB, potentially enhancing stromal support for MM cells. This cytokine
axis has not been explored experimentally before and will be verified in a follow-up study.
Discovering ways to target MSCs in MM is of high importance since these cells have been shown to
be highly supportive towards myeloma cells [37-40]. Similarly, COL4A1 interactions with SDC1
(CD138) on malignant plasma cells may facilitate cancer cell adhesion and survival. These findings
warrant further functional validation in subsequent studies.

Incoming signals targeting MM ECs were also markedly increased. VEGF signaling mediated
by ligands such as VEGFA/B/C and placental growth factor (PGF) was predicted to engage VEGF
receptors on ECs, promoting angiogenesis. Inflammatory signaling via TNF, and SPP1-CD44 was
also enhanced, suggesting that MM ECs are responsive to pro-angiogenic and pro-inflammatory cues
within the microenvironment. Interestingly, one of the ligand-receptor pairs predicted to be activated
in MM ECs compared to HD ECs is JAG-NOTCH. The Jagged-Notch pathway has previously been
linked to EMP [41] as well as MM progression [42] and therefore warrants to be prioritized during
exploration of MM microenvironment-targeting strategies in future studies. Notably, MSCs, rather
than malignant plasma cells, were the primary source of these pro-angiogenic signals, highlighting
the crucial role of stromal cells in MM progression. Our analysis results could also explain the lack of
response to bevacizumab [43], a VEGFA inhibitor, since other types of vascular growth factors are
highly expressed in MM tumor microenvironment, leading to possible compensation and drug
resistance.

We have developed and described a new protocol allowing for reliable isolation and in vitro
culture of ECs directly from MM patient bone marrow (Figure 4). This model allows for the study of
MM ECs in a controlled environment and has demonstrated the capacity of these ECs to promote
myeloma cell proliferation both in vitro (Figure 5B) and in vivo [2]. The optimized model facilitates
the in vitro differentiation of endothelial progenitor cells (EPCs) into mature ECs (Figure 5A),
providing a valuable tool for investigating endothelial biology in the context of MM and for testing
anti-angiogenic therapies.

Despite these insights, our in vitro model does not fully recapitulate all features of MM biology
(Figure 6A). One limitation is its inability to study EMP comprehensively, possibly due to the absence
of the complex cytokine milieu and extracellular matrix present in the MM bone marrow
microenvironment. Cytokines and growth factors play critical roles in modulating EMP [44], and
their absence may limit the physiological relevance of the model. This limitation could explain why
certain expected gene expression changes, such as elevated VIM and STC1 levels observed in scRNA-
seq data, were not replicated in vitro (Figure 6A). Our attempt at reversing the EMP in MM ECs using
JQ1 [45] was not successful (Figure 6B-C), even though BRD4, a JQ1 target, has been shown to activate
key EMP transcription factors in certain cancers [46]. Therefore, other therapeutic strategies and more
faithful cellular models should be tested in the future to confidently study this plasticity in MM ECs.

Nonetheless, our model remains valuable for specific applications. It can serve as a platform for
testing anti-angiogenic therapies, given that the cultured MM-derived ECs exhibit robust angiogenic
activity, as evidenced by tube formation assays (Figure 3C). Anti-angiogenic agents targeting
pathways such as VEGF and PDGF could be assessed for their efficacy in disrupting EC-mediated
support of MM cells or other cells present in MM microenvironment, such as MSCs. Additionally,
our protocol facilitates the in vitro differentiation of early outgrowth cells (EOCs) likely containing
endothelial progenitor cells (EPCs) into mature ECs, providing a useful tool for studying endothelial
biology in MM.
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To address the limitations of our current model, future research should explore the development
of three-dimensional organoids that better mimic the MM bone marrow environment. Incorporating
extracellular matrix components and cytokine gradients [47] could enhance the physiological
relevance of this model, allowing for a more comprehensive study of EMP and cell-cell interactions.
Murine models also remain indispensable for in vivo studies of MM [48-50], enabling the
investigation of complex systemic interactions and the evaluation of therapeutic interventions in a
whole-organism context.

In conclusion, our findings underscore the critical role of bone marrow ECs in supporting MM
progression through enhanced cell-cell interactions and activation of angiogenic pathways. While
our current in vitro model has limitations, it provides a valuable tool for specific studies and sets the
stage for developing more comprehensive models that can facilitate the discovery of effective
therapies against MM. Future studies should focus on refining these models and further
characterizing the proposed cell-cell interactions within the MM bone marrow niche to identify novel
therapeutic targets.

4. Materials and Methods

Data acquisition and preprocessing

Single-cell RNA sequencing (scRNA-seq) datasets were obtained from de Jong et al. [5],
encompassing bone marrow samples from multiple myeloma (MM) patients and healthy donors
(HDs). Specifically, we utilized datasets comprising CD45 cells, CD45* CD38* cells, CD45* CD38"
cells, and CD45* CD38* MM plasma cells. The datasets were provided as Seurat objects and were
merged using Seurat version 5.1.0 [51].

Single-cell RNA-seq data processing and analysis

Cells with low-quality metrics were filtered out based on the criteria defined in the original
study [5]. The Seurat objects were normalized using the NormalizeData function with default
parameters. Uniform Manifold Approximation and Projection (UMAP) was performed using
RunUMAP for dimensionality reduction and visualization. Cluster identities were assigned based on
canonical marker genes and the annotations provided in the original datasets. Endothelial cells (ECs)
were identified by expression of specific markers such as CDH5, PECAM1, and FLT1. Cells expressing
these markers and lacking expression of hematopoietic marker PTPRC (CD45) were subsetted for
further analysis. To identify differentially expressed genes (DEGs) between MM-derived ECs (MM
ECs) and HD-derived ECs (HD ECs), a pseudobulk approach was employed. Gene expression counts
were aggregated using the AggregateExpression function, grouping by “state” (MM or HD) and
“source” (patient identifier). DESeq2 with Benjamini-Hochberg multiple testing correction was
conducted using the FindMarkers function. Full list of differentially expressed genes is available in
Table S1.

Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) was conducted using the fgsea package 3 [52] and
clusterProfiler [53]. Gene sets were obtained from the Molecular Signatures Database (MSigDB),
including Hallmark, Reactome, Gene Ontology Biological Processes (GO), and transcription factor
targets. Ranked gene lists were generated based on the stat parameter. Enrichment scores and
normalized enrichment scores were calculated with 10,000 permutations, considering gene sets with
a minimum size of 10 genes.

Cell-cell communication analysis

Cell-cell interaction networks were inferred using the CellChat package 5 [54]. The built-in
CellChatDB.human database was used as the reference for ligand-receptor interactions.
Overexpressed genes and interactions were identified using identifyOverExpressedGenes and
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identifyOverExpressedInteractions. =~ Communication probabilities were computed with
computeCommunProb, and significant interactions were filtered with filterCommunication
(minimum of 10 cells per group). Pathway-level communication analysis was performed with
computeCommunProbPathway, and aggregated networks were visualized using circle plots and
heatmaps.

Isolation and culture of endothelial cells from bone marrow samples

Bone marrow aspirates were obtained from MM patients following informed consent and in
accordance with institutional ethical guidelines, as approved by the Institute of Hematology and
Transfusion Medicine Bioethical Committee (43/2016) and DFCI IRB #07-150. Mononuclear cells were
isolated using density gradient centrifugation with Histopaque-1077 (Sigma) performed for 20 mins
at 250 RCF. No RBC lysis was performed on the samples. CD138* plasma cells were purified using
magnetic-activated cell sorting (MACS) with CD138 MicroBeads (Miltenyi Biotec). The remaining
CD138" fraction was cultured on fibronectin-coated 24-well plates (Sigma-Aldrich) in Endothelial
Basal Medium-2 (EBM-2; Lonza), supplemented with growth factors from the EGM-2 BulletKit
(Lonza) and 10% human AB serum (Fisher). Typically, one bone marrow sample was divided and
seeded across 12 wells of a 24-well plate. Fibronectin (F2006-5MG, Sigma-Aldrich) was applied at a
concentration of 50 pg/mL, with 300 uL per well, and incubated in a cell culture incubator for 1 hour.
After incubation, the fibronectin solution was aspirated, and the plate was air-dried. At 24 hours post-
seeding, the medium was gently replaced, removing the suspended cells while adherent cells
remained attached. Thereafter, the medium was exchanged every 48 hours. Early outgrowth
endothelial colonies were observed between 5-7 days, and around day 10, subconfluent cell sheets
were visible. CD31* endothelial cells were further purified using CD31 MicroBeads (Miltenyi Biotec)
and cultured under the same conditions (EBM-2 + EGM-2) on fibronectin-coated plasticware. Purity
was confirmed by flow cytometry, with high expression of endothelial markers CD31, VEGFR1, and
CD144. The BMEC60 cell line was kindly provided by Ellen van der Schoot [55], and HUVEC-TERT2
cells were obtained from ATCC. Both endothelial cell lines were cultured on 0.2% gelatin-coated
plates in EBM-2 (Lonza) with EGM-2 BulletKit (Lonza) supplementation. All cells were maintained
in a standard incubator at 37°C with 5% CO; and 95% relative humidity. Conditioned medium was
obtained by incubating adherent, confluent cells (pre-washed with PBS) in OptiMEM (Gibco) for 24h.

Endothelial cell characterization

Morphological assessment was performed using bright-field microscopy. Tube formation assays
were conducted by seeding ECs (40,000 cells) onto Matrigel (Corning) solidified in 24-well plates and
incubating in a 37°C cell incubator for 6 hours. Tube-like structures were visualized and imaged using
phase-contrast microscopy. Flow cytometry analyses were carried out on a BD FACSCanto II
cytometer. Cells were stained with fluorophore-conjugated antibodies against CD31 (WM59),
VEGFR1 (A16083C), CD144 (BV9), and corresponding isotype controls (BioLegend). Data were
analyzed using Flow]o.

Gene expression validation

Quantitative real-time PCR (qRT-PCR) was used to validate the expression of key genes
identified from scRNA-seq analysis. Total RNA was extracted using Trizol and cDNA was
synthesized using the SuperScript IV First-Strand Synthesis System (Thermo Fisher Scientific). qRT-
PCR was performed with SYBR Green Master Mix (Bio-Rad) using a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad). Gene expression levels were normalized to the expression of 3
housekeeping genes YWHAZ, ACTB and RNA18S and calculated using the 2°(-ACt) method.
Oligonucleotide sequences have been listed in Table Al.

Statistical analysis
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All statistical analyses utilizing scRNAseq data were performed using R version 4.4.1 and
associated packages. Differential expression results were corrected for multiple testing using the
Benjamini-Hochberg method. Statistical significance was set at an adjusted p-value < 0.05. qPCR
results’ significance was assessed using Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3
multiple comparisons test, Mann-Whitney test or unpaired t-test in GraphPad Prism 9.5.1.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.preprints.org/, Table S1: Differentially expressed genes between MM and HD ECs in pseudobulk
scRNAseq analysis.
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Appendix A
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Figure A1l. UMAP projection illustrating the full cluster annotation of the merged datasets.
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Figure A2. Summarized incoming and outgoing cluster-cluster interactions in MM (A) and HD (B)
BM. Heatmaps depict the number of predicted cell-cell interactions in the bone marrow of multiple
myeloma patients, with interactions classified as incoming (afferent, vertical axis) and outgoing
(efferent, horizontal axis) signaling. The intensity of the color represents the number of interactions,
with darker colors indicating more interactions.
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Figure A3. Aggregated efferent and afferent signaling pathways in MM and HD BM. Heatmaps
depicting aggregated efferent (A) and afferent (B) signaling pathways which are predicted to be
present in ECs from MM bone marrow (left) and HD bone marrow (right). The strength of
interactions is displayed, with darker shades of green representing stronger interactions. The y-axis
lists aggregated pathway names. Bar plots at the top represent the number of interactions per cell
type, with relative strength shown on the x-axis. Summary of interaction strength for each cluster in
MM bone marrow (C) and HD bone marrow (D).
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Table A1. Oligonucleotide sequences used for Real-Time qPCR.

Gene symbol Oligonucleotide sequences
PTPRC F: ACCACAAGTTTACTAACGCAAGT
R: TTTGAGGGGGATTCCAGGTAAT
PECAM1 F: AACAGTGTTGACATGAAGAGCC
R: TGTAAAACAGCACGTCATCCTT
CD34 F: CTACAACACCTAGTACCCTTGGA
R: GGTGAACACTGTGCTGATTACA
KDR F: GGCCCAATAATCAGAGTGGCA
R: CCAGTGTCATTTCCGATCACTTT
PROM1 F: AGTCGGAAACTGGCAGATAGC
R: GGTAGTGTTGTACTGGGCCAAT
CDH5 F: TTGGAACCAGATGCACATTGAT
R: TCTTGCGACTCACGCTTGAC
STAB2 F: GTGCCCGGATGGTTACACC
R: CTTCCTACAAATATGGCGGCAT
VCAM1 F: GGGAAGATGGTCGTGATCCTT
R: TCTGGGGTGGTCTCGATTTTA
APLNR F: CTCTGGACCGTGTTTCGGAG
R: GGTACGTGTAGGTAGCCCACA
EFNB2 F: TATGCAGAACTGCGATTTCCAA
R: TGGGTATAGTACCAGTCCTTGTC
SOX17 F: GTGGACCGCACGGAATTTG
R: GGAGATTCACACCGGAGTCA
FLT1 F: TTTGCCTGAAATGGTGAGTAAGG
R: TGGTTTGCTTGAGCTGTGTTC
VIM F: GACGCCATCAACACCGAGTT
R: CTTTGTCGTTGGTTAGCTGGT
STC1 F: GTGGCGGCTCAAAACTCAG
R: GTGGAGCACCTCCGAATGG
YWHAZ F: AGGAGATTACTACCGTTACTTGGC
R: AGCTTCTTGGTATGCTTGTTGTG
ACTB F: CATGTACGTTGCTATCCAGGC
R: CTCCTTAATGTCACGCACGAT
RNA18S F: CGTCTGCCCTATCAACTTTG

R: TGCCTTCCTTGGATGTGGTAG
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