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Single-cell RNA sequencing
reveals multiple immune cell
subpopulations promote the
formation of abnormal bone
microenvironment in osteoporosis

Weiwei Yang¢, Yulin Wang?¢, Ke Mo?, Wenyang Chen** & Xiangtao Xie%>"*

With the aging of the population, the incidence of osteoporosis (OP) is on the rise, but the

ecology of immune cell subpopulations in OP is poorly understood. Therefore, identifying cell
subpopulations involved in promoting the development of OP may facilitate the development of

new treatments. Based on bioinformatics analysis, we constructed a single-cell landscape of the OP
microenvironment and identified immune cell subpopulations in OP to further explore the role of
different subpopulations in the abnormal bone microenvironment. Among macrophages (Mac), the
Mac_OLR1 subpopulation has an M1-like phenotype and significantly activates cytokine and osteoclast
differentiation pathways, interacting with osteoclasts via the HBEGF-CD9 axis. In neutrophils (Neut),
the Neut_RSAD?2 subpopulation significantly activated cytokine and osteoclast differentiation
pathways and had a high neutrophil extracellular trap (NET) score, and H1FX was identified as its
potential regulator. In effector memory T (Tem) cells, the Tem_CCL4 subpopulation significantly
activated osteoclast differentiation and immune inflammation-related pathways and highly expressed
proinflammatory molecules such as CCL4, CCL4L2, CCL5 and IFNG. In B cells, the abundance of the
B_ACSM3 subpopulation was significantly increased in the OP group and the osteoclast differentiation
pathway was significantly activated, and MYB was identified as its potential regulator. In summary,
we identified several immune cell subpopulations that may be involved in promoting the formation of
OP, further identified the transcription factors that regulate these subpopulations, and speculated that
the development of OP may be accompanied by immune inflammatory responses mediated by these
subpopulations. These findings provide candidate molecules and cells for future OP research and may
help facilitate the development of new therapies.

Keywords Single-cell sequencing, Abnormal bone microenvironment, Immune cells, Cell communication,
Osteoporosis

Osteoporosis (OP) is a systemic bone disease characterized by reduced bone mass, destruction of bone
microarchitecture, and an increased risk of fractures!. OP-related fractures are particularly harmful and are
among the leading causes of disability and mortality in elderly patients®®. Additionally, the treatment and care
required for OP and its associated fractures place a significant burden on families and society. Current treatments
for OP primarily include drugs that inhibit bone resorption, such as bisphosphonates, and drugs that promote
bone formation, such as parathyroid hormone analogs*-®. While these drugs are beneficial for bone health,
long-term use can result in numerous adverse effects, including nausea, vomiting, joint pain, an increased risk
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of infection, and rashes. Moreover, the use of bisphosphonates may lead to osteonecrosis and atypical femoral
fractures”® Therefore, it is necessary to develop molecular targeted drugs for OP.

The term “osteoimmunology” was introduced twenty years ago to describe the cross-regulation between the
bone and immune systems®. Key research in this field has revealed the significance of the receptor activator of
nuclear factor kB ligand (RANKL)-osteoprotegerin (OPG) axis in the pathophysiology of various bone-related
diseases, including OP'°. Recently, Srivastava et al. introduced the concept of “immunoporosis,” emphasizing
the vital role of immune cells in the progression of OP!2, Increasing evidence indicates that both innate
and adaptive immune cells contribute to OP pathogenesis by producing proinflammatory mediators!>!%. For
instance, inflammatory molecules such as IL-6 and TNF-a can activate the NF-kB signaling pathway, leading to
the upregulation of downstream inflammatory cytokines. This process promotes the survival and differentiation
of osteoclasts (OCs), ultimately harming bone health!>. The CXCL10-CXCR3 axis also plays a role, with T
cells in the bone marrow (BM) promoting OCs differentiation through a RANKL-dependent mechanism!®.
Additionally, in postmenopausal OP, estrogen deficiency-induced changes in immune cells stimulate OCs
activation to varying degrees!”!8. In age-related OP, the aging process leads to chronic low-level activation of the
immune system, disrupting immune balance and eventually resulting in OP'. In diabetic OP, hyperglycemia,
caused by insulin deficiency or resistance, can lead to immune cell dysregulation and excessive production
of proinflammatory factors, further aggravating OP?°. These studies highlight the critical role of the immune
response in the development and progression of OP.

The bone microenvironment is a complex system primarily composed of osteoblasts (OBs), OCs, and bone
marrow mesenchymal stem cells (BMSCs). It also includes hematopoietic stem cells and various mature immune
cells?22, which play crucial roles in regulating bone formation and resorption®*. For example, monocytes
regulate bone remodeling by secreting various cytokines?!; resting T cells protect bone health?>; activated
T cells promote OCs formation and subsequent bone loss*%; and B cells can also regulate OCs generation?’.
However, most studies primarily focus on the functions of bone cells, with limited exploration into the specific
roles of immune cell subpopulations in OP. This gap in research has restricted our understanding of how the
immune microenvironment affects bone remodeling and the progression of OP. Additionally, existing studies
often emphasize individual cell types, lacking a comprehensive analysis of the interactions between various
immune cell subpopulations, especially their dynamic changes throughout disease progression. Moreover,
many studies overlook the complex signaling pathways between cells, hindering a deeper understanding of the
underlying disease mechanisms. Therefore, further investigation into the immune cell ecology within the OP
microenvironment and identifying potential therapeutic targets is crucial.

The advent of single-cell RNA sequencing (scRNA-seq) technology offers researchers a high-resolution
perspective at the single-cell level, allowing for the identification of new cell subtypes and rare cell populations,
the exploration of heterogeneity within cell populations, and the identification of cell states and dynamic
transitions?®-30. In this study, we constructed a single-cell landscape of the OP microenvironment using scRNA-
seq data from human femoral heads. We identified several immune cell subpopulations potentially involved in
OP formation and pinpointed the transcription factors (TFs) regulating these subpopulations. These findings
provide potential molecular and cellular targets for future OP research and may contribute to the development
of new therapeutic strategies.

Method

Data collection

OP-related scRNA-seq data were obtained from the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.
nih.gov/geo/). The GSE169396 dataset, based on the GPL11154 platform, includes scRNA-seq data from four
live human femoral heads. Osteopenia is characterized by lower-than-normal bone density, while OP involves
significant bone loss and structural deterioration. Osteopenia can be an early stage of OP, potentially progressing
to the more advanced condition. To explore the cellular interactions and dynamic changes during the progression
of OP, this study excluded one sample with an unspecified diagnosis and included one OP sample (61-year-old
female) and two osteopenia samples (45-year-old female and 31-year-old male) for analysis. The corresponding
clinical information is available in the GSE169396 dataset.

Unsupervised dimensionality reduction and clustering
To ensure data quality, this study implemented quality control measures on the nFeature (total gene count),
nCount (total gene expression count), and mitochondrial gene expression ratio of Seurat subjects. Specifically,
the top and bottom 1% of cells based on feature number were filtered out, as well as cells with a mitochondrial
gene expression ratio exceeding 10%. After quality control, the cells were clustered using the Seurat
package?!,followed by dimensionality reduction and visualization using the Uniform Manifold Approximation
and Projection (UMAP) algorithm?®2. The markers for each cell cluster were identified using the FindAllMarkers
function (log fold change > 0.25). Based on previously reported classical cell markers, cell clusters with common
marker expressions were merged and annotated into corresponding cell types. Each cell was referenced with
more than three markers?>??, including: endothelial cells (VWE PECAM1, ENG); pan-osteocytes (COL1A1,
LEPR, RUNX2); erythrocytes (HBB, GYPA, GYPB); macrophages (HLA-DRA, CD14, CD68); neutrophils
(CEACAMS, FCGR3B, CEACAM1); pDCs (IL3RA, CLEC4C, NRP1); T cells (CD3D, CD3E, CD3G); B cells
(CD79A, CD79B, CD19); and plasma cells (XBP1, CD38, CD27). Additionally, pan-osteocytes were further
annotated based on specific marker genes34‘37, including pericytes (ACTA2, MCAM), OBs (RUNX2, BGLAP),
chondrocytes (COL2A1, SOX9), MSCs (LEPR), and OCs (CTSK).

For the analysis of cell subpopulations, we first used the subset function to extract subsets of each cell type
and performed clustering analysis on the scRNA-seq data using the Seurat package. Initially, we normalized
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the data and selected key features, followed by dimensionality reduction using PCA. Based on this, we applied
the FindNeighbors and FindClusters functions to identify cell subpopulations, and subsequently used UMAP
for visualization. The FindAllMarkers function was then employed to identify characteristic genes for each cell
subpopulation, allowing for precise annotation of the subpopulations.

Functional enrichment analysis and gene set score calculation

To investigate the potential biological roles of immune cell subpopulations, the clusterProfiler package*®was
used for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analyses. Additionally, M1 and M2 macrophage feature gene sets were derived from previous studies® and the
M1 and M2 feature scores for macrophage subpopulations were calculated using the AddModuleScore function
in the Seurat package. The neutrophil extracellular traps (NETs) scores for neutrophil subpopulations were
calculated using the KEGG gene set (https://www.kegg.jp/entry/hsa04613).

Pseudotime trajectory analysis

Pseudotime analysis is a powerful approach that enables the reconstruction of cell lineage trajectories by
analyzing gene expression changes across different cell subpopulations over time. In this study, we employed
the Monocle 3 method* to construct pseudotime trajectories for cell subpopulations within the human femoral
head. Using default parameters, we generated these trajectories and visualized them through the UMAP method,
providing a clear depiction of the developmental pathways. Furthermore, we explored the dynamic expression
patterns of key genes of interest along the pseudotime trajectories, offering deeper insights into their roles during
the progression of cellular development.

Gene regulatory network analysis

Gene regulatory networks (GRNs) were analyzed using the pySCENIC tool, a robust Python module designed
for single-cell data analysis*!. The process begins with a count matrix that quantifies the abundance of all genes
across cells, followed by the inference of co-expression modules using the GRNBoost2 algorithm, which employs
a per-target regression method to identify gene regulatory interactions. To refine these modules, indirect targets
were filtered out through cis-regulatory motif discovery, utilizing the cisTarget approach. Finally, the activity of
each regulator was quantified by calculating the enrichment scores (AUCell) of their target genes, providing a
comprehensive view of the regulatory landscape within the cell populations.

Cell communication analysis

Ligand-receptor binding is a crucial mechanism for signal transduction, facilitating communication between
neighboring and distant cells. To delve deeper into the synergistic roles of immune cells in the development of an
abnormal bone microenvironment, this study utilized the iTALK package*? to identify high-confidence ligand-
receptor interactions between different cell populations. These interactions were categorized based on their
primary functions into four distinct groups: cytokines/chemokines, immune checkpoint genes, growth factors,
and other signaling molecules. This classification allows for a more detailed understanding of how immune cells
contribute to the complex signaling network within the bone microenvironment.

Data analysis and statistics
All bioinformatics analyses in this study were performed based on the Bioinforcloud platform (http://www.bioi
nforcloud.org.cn). Pvalue <0.05 was considered to indicate statistical significance.

Result

Abnormal single-cell landscape in osteoporosis patients

In this study, we constructed a single-cell RNA landscape of the abnormal bone microenvironment in OP
patients, identifying immune cell subpopulations and investigating their synergistic roles in promoting this
pathological state. After rigorous data quality control and standardization, we obtained a total of 20,734 high-
quality single-cell expression profiles. These cells were classified into nine major types (Fig. 1A), including
osteocytes, endothelial cells (En), plasmacytoid dendritic cells (pDCs), macrophages, B cells, and T cells. Each
cell type was identified using more than three specific markers (Fig. 1B), such as En: VWF, PECAMI1, and ENG;
osteocytes: COL1A1, LEPR, and RUNX2; erythrocytes: HBB, GYPA, and GYPB; macrophages: HLA —DRA,
CD14, and CD68; neutrophils: CEACAMS8, FCGR3B, and CEACAM1; pDCs: IL3RA, CLEC4C, and NRP1; T
cells: CD3D, CD3E, and CD3G; B cells: CD79A, CD79B, and CD19; and plasma cells: XBP1, CD38, and CD27.
These markers were exclusively expressed in the corresponding cell types, aligning with previous single-cell and
laboratory studies (Fig. 1C).

Compared to the control group, OP patients exhibited a decrease in the proportions of neutrophils and T
cells, while the proportions of macrophages, B cells, and plasma cells increased (Fig. 1D). Cell communication
analysis revealed frequent ligand-receptor interactions among these cell types (Fig. 1E). Additionally, immune
cells such as macrophages, T cells, and plasma cells in the OP group showed significant upregulation of immune-
inflammatory molecules compared to the control group (Fig. 1E Table S1). These findings suggest that the
interaction between immune cells and immune inflammation plays a crucial role in fostering the formation of
an abnormal bone microenvironment.

There is an imbalance in the proportion of bone cells in osteoporosis
We further categorized bone cells into five groups: OBs, OCs, chondrocytes, mesenchymal stem cells (MSCs),
and pericytes (Fig. 2A). In OP patients, the abundance of MSCs and OCs increased, while the numbers of
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Fig. 1. Single-cell overview of the abnormal bone microenvironment. (A) Single-cell landscape of the
abnormal bone microenvironment. En: endothelial cells; pDCs: plasmacytoid dendritic cells; OP: osteoporosis.
(B) Bubble plot showing cell markers guiding cell annotation. (C) Density plot mapping of cell marker
expression in different cell types. (D) Bar plot showing differences in cell abundance between the control and
osteoporosis groups. (E) Overview of cell communication in the bone microenvironment. (F) Differentially
expressed genes in cells of the bone microenvironment.
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Fig. 2. Bone cell subpopulations in the abnormal bone microenvironment. (A) Bone cell subpopulations
in the bone microenvironment. (B) Bar plot showing differences in cell abundance between the control and
osteoporosis groups. (C) Density plot mapping of cell marker expression in the bone cell subpopulations.
(D-E) Bubble plots showing biological processes and pathways that are significantly activated in bone cell
subpopulations. GO BP: Gene Ontology Biological Process; KEGG: Kyoto Encyclopedia of Genes and
Genomes. (F) Regulator activity scores of bone cell subpopulations. RAS: regulator activity score.

chondrocytes and pericytes decreased compared to the control group (Fig. 2B). During bone metabolism, OBs
form new bone, while OCs resorb old bone. Thus, an increase in OCs abundance may disrupt the balance
between OCs and OBs, contributing to the development of OP. The markers expressed by these bone cells align
with previous studies: pericytes: ACTA2 and MCAM; OBs: RUNX2 and BGLAP; chondrocytes: COL2A1 and
SOX9; MSCs: LEPR; and OCs: CTSK (Fig. 2C).

Additionally, functional enrichment analysis revealed distinct roles for these cells: chondrocytes primarily
activated pathways related to chondrocyte differentiation and cartilage development; MSCs and OBs were
involved in myeloid cell differentiation, ossification, and bone development; and pericytes were linked to the
regulation of blood circulation, consistent with their known biological functions. To further investigate the
key regulators governing the differentiation and development of these cells, we conducted GRN analysis. This
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identified the most specific regulators for each cell type, including PAX5, KLF4, EZH2, IRF2, and SRF, based on
the regulator specificity score (RSS). These regulators are likely to play crucial roles in the biological activities of
bone cells.

Identification of myeloid cell subpopulations in the osteoporotic microenvironment

To further investigate the role of immune cells in the abnormal bone microenvironment, we first identified
subpopulations of myeloid macrophages and neutrophils. We identified five macrophage subpopulations
(Fig. 3A, Table S2), with the Mac_C1QC subpopulation showing a significantly increased abundance in OP
patients (Fig. 3B). These subpopulations expressed specific markers, such as ARL4C, C1QC, and MS4A3
(Fig. 3C). Functional enrichment analysis revealed that the Mac_OLRI subpopulation significantly activated
cytokine- and osteoclast-related pathways (Fig. 3D-E). Pseudotime analysis further explored the developmental
trajectory of these macrophage subpopulations within the abnormal bone microenvironment, revealing that the
Mac_C1QC and Mac_ARLA4C subpopulations were located at the terminal stages of this trajectory (Fig. 3F).
Additionally, the expression of genes like APOE, C1QA, C1QB, and C1QC increased with the progression of
pseudotime (Fig. 3G).

When evaluating macrophage phenotype scores, we found that the Mac_ARL4C subpopulation had a higher
MI score, the Mac_C1QC subpopulation had a higher M2 score, and the Mac_OLR1 subpopulation exhibited
both elevated M1 and M2 scores (Fig. 3H). This suggests that the Mac_OLRI subpopulation may represent an
intermediate state of M1-to-M2 transdifferentiation. Moreover, APOE, a gene with a crucial regulatory role in
osteocytes, was specifically expressed in the Mac_C1QC subpopulation, while the inflammatory chemokine
CXCL2 was specifically expressed in the Mac_OLR1 subpopulation (Fig. 3I). This distinction reflects the
differential roles of these subpopulations in modulating inflammation. Through further analysis, we found that
the Mac_OLRI subpopulation may play a pro-inflammatory role through cytokine and chemokine ligands such
as IL1B, CXCL2, CXCL3 and CXCL8 (Fig. 3)).

Additionally, we identified five neutrophil subpopulations (Fig. 4A, Table S3), with the Neut_RSAD2
subpopulation showing a significantly increased abundance in OP patients (Fig. 4B). These subpopulations
expressed specific markers, including LCN2, RSAD2, and DEFA3 (Fig. 4C). Functional enrichment analysis
revealed that the Neut_RSAD2 subpopulation significantly activated cytokine- and osteoclast-related pathways
(Fig. 4D-E), suggesting a potential role in promoting inflammation and the progression of OP. Pseudotime analysis
indicated that the Neut_RSAD?2 subpopulation was located at the terminal end of one developmental trajectory
branch (Fig. 4F) and exhibited high NETs scores (Fig. 4G), implicating NETs formation in the progression of OP.
Through GRN analysis (Fig. 4H), we identified several TFs regulating each myeloid subpopulation, with HIFX
emerging as the most specific TF for the Neut_RSAD2 subpopulation (Fig. 41), highlighting it as a potential
therapeutic target for OP.

Identification of lymphocyte subpopulations in the osteoporotic microenvironment

We also investigated the roles of lymphocyte subpopulations, including B cells and T cells. Cluster analysis
initially identified four T-cell subpopulations (Fig. 5A, Table S4), which were classified into effector memory
T cells (Tem) and central memory T cells (Tcm) based on cell markers (Fig. 5B). Specifically, the Tem_LTB
subpopulation was only observed in the control group, while the percentage of the Tem_CCL4 subpopulation
significantly increased in the OP group compared to the control group (Fig. 5C). These T-cell subpopulations
expressed specific markers, such as CCL4, LTB, and RGS1 (Fig. 5D). Notably, the Tem_CCL4 subpopulation
significantly activated pathways related to immune inflammation and osteoclast (OC) differentiation (Fig. 5E-F)
and was positioned at the terminal stage in the T-cell development trajectory (Fig. 5G). Immune-related genes
like CCL4, CCL4L2, CCLS5, and IFNG were significantly upregulated at this stage (Fig. 5H), suggesting that this
subpopulation may play a crucial role in enhancing the inflammatory microenvironment in OP.

Additionally, we identified four major B-cell subpopulations (Fig. 6A, Table S5). Among these, the abundance
of the B_ACSM3 subpopulation significantly increased in the OP group (Fig. 6B). These B-cell subpopulations
expressed specific markers, such as ACSM3, DNTT, PLPP5, and GPR183 (Fig. 6C). Functional enrichment
analysis indicated that the B_ACSM3 subpopulation activated pathways related to B-cell activation, cytokine
signaling, OCs differentiation, and B-cell receptor signaling (Fig. 6D-E). Pseudotime analysis revealed that
this subpopulation was in the middle of the B-cell development trajectory, suggesting that this subpopulation
may be in an active proliferation stage (Fig. 6F). GRN analysis revealed several TFs regulating each lymphoid
subpopulation (Fig. 6G). Among them, MYB was the TF with the highest regulatory score in the B_ACSM3
subpopulation (Fig. 6H) and was specifically expressed in this subpopulation (Fig. 6I).

Overview of cell communication in the abnormal bone microenvironment

Although we identified multiple OP-related immune cell subpopulations and outlined their potential roles in
promoting OP and modulating immunity, the crosstalk between these cells remains unclear. To address this,
we conducted cell communication analysis to further explore the interactions between these myeloid and
lymphoid immune cell subpopulations and bone cells. Among the ligand-receptor pairs associated with immune
checkpoints (Fig. 7A), the LGALS9-HAVCR?2 axis was commonly observed across immune cell subpopulations.
Regarding cytokine/chemokine interactions (Fig. 7B), mesenchymal stem cells (MSCs) may interact with
osteoclasts (OCs) and osteoblasts (OBs) through the CXCL12-ITGB1 axis. Additionally, the Mac_OLR1
subpopulation interacts with chondrocytes via the IL1B-IL1R1 axis, indicating that the proinflammatory effects
of the Mac_OLRI1 subpopulation may disrupt chondrocyte homeostasis. In the context of growth factor-related
interactions (Fig. 7C), OBs communicate with various macrophage subpopulations through the CTGF-ITGB2
axis, and the Mac_OLR1 subpopulation may interact with OCs via the HBEGF-CD?9 axis. Since excessive OCs
activity is a key factor in bone loss in OP, macrophages may promote osteoclast activation and maintenance
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Fig. 3. Identification and analysis of macrophage subpopulations. (A) Macrophage subpopulations in the

OP microenvironment. (B) Bar graph showing the difference in macrophage abundance between control

and osteoporosis patients. (C) Density map mapping of cell subpopulation-specific marker expression

in macrophage subpopulations. (D-E) Bubble plots showing biological processes and pathways that are
significantly activated in macrophage subpopulations. GO BP: Gene Ontology Biological Process; KEGG:
Kyoto Encyclopedia of Genes and Genomes. (F) Pseudotime developmental trajectories of macrophage
subpopulations. (G) Dynamic expression of genes of interest along the differentiation trajectory of macrophage
subpopulations. (H) Expression of M1 and M2 signatures of macrophage subpopulations. (I) Density map of
the expression of APOE and CXCL2 in macrophage subpopulations. (J) Violin plots show cytokine expression
of macrophage subpopulations.
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Fig. 4. Identification and analysis of neutrophil subpopulations. (A) Neutrophil subpopulations in the OP
microenvironment. (B) Bar graph showing the difference in neutrophil abundance between controls and
osteoporosis patients. (C) Density plot mapping of cell subpopulation-specific marker expression in neutrophil
subpopulations. (D-E) Bubble plots showing biological processes and pathways that are significantly activated
in neutrophil subpopulations. GO BP: Gene Ontology Biological Process; KEGG: Kyoto Encyclopedia of Genes
and Genomes. (F) Pseudotime developmental trajectories of neutrophil subpopulations. (G) Violin plots
showing neutrophil extracellular traps (NET) scores of neutrophil subpopulations. (H) Coexpression modules
of transcription factors in myeloid cell subpopulations. (I) Most specific regulators of the Neut_RSAD2
subpopulation.
through HBEGF signaling. Chondrocytes, which specialize in producing extracellular matrix (ECM) to form
cartilage tissue, primarily interact with OBs, OCs, MSCs, and other cells through the COL2A1-ITGB1 and FN1-
ITGBI axes (Fig. 7C). In summary, our findings suggest that the roles of myeloid and lymphoid immune cell
subpopulations in contributing to bone microenvironment abnormalities are interrelated.
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Fig. 5. Identification and analysis of T-cell subpopulations. (A) T-cell subpopulations in the OP
microenvironment. (B) Single-cell plot mapping of T-cell subpopulation marker expression. (C) Bar graph
showing the difference in T-cell abundance between controls and osteoporosis patients. (D) Density map
of the expression of cell subpopulation-specific markers in T-cell subpopulations. (E-F) Bubble plots
showing biological processes and pathways that are significantly activated in T-cell subpopulations. GO BP:
Gene Ontology Biological Process; KEGG: Kyoto Encyclopedia of Genes and Genomes. (G) Pseudotime
developmental trajectories of T-cell subpopulations. (H) Dynamic expression of genes of interest along the
differentiation trajectory of T-cell subpopulations.

Discussion

In this study, we constructed a single-cell landscape based on OP-related scRNA-seq data and identified immune
cell subpopulations potentially involved in promoting OP development, including Mac_OLR1, Neut_RSAD2,
B_ACSM3, and Tem_CCL4, which predominantly exhibit proinflammatory phenotypes. Previous studies have
shown that OP can increase the risk of osteoarthritis (OA), and conversely, OA can accelerate the onset of OoP%,
highlighting the role of inflammation in OP formation. Since chondrocyte aging promotes OA development,
the reduced abundance of chondrocytes observed in OP in this study may be related to OA progression.
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Fig. 6. Identification and analysis of B-cell subpopulations. (A) B-cell subpopulations in the OP
microenvironment. (B) Bar graph showing the difference in neutrophil abundance between controls and
osteoporosis patients. (C) Density map of the expression of cell subpopulation-specific markers in B-cell
subpopulations. (D-E) Bubble plots showing biological processes and pathways that are significantly activated
in B-cell subpopulations. GO BP: Gene Ontology Biological Process; KEGG: Kyoto Encyclopedia of Genes and
Genomes. (F) Pseudotime developmental trajectories of B-cell subpopulations. (G) Coexpression modules of
transcription factors in lymphoid cell subpopulations. (H) Specific regulators of the B_ACSM3 subpopulation.
(I) Densified expression of MYB in B-cell subpopulations.

Additionally, the abundance of MSCs in the OP group increased compared to the control group. Under normal
conditions, MSCs differentiate into OBs, playing a crucial role in bone formation and homeostasis. However,
under abnormal microenvironmental conditions, the differentiation function of MSCs may be impaired,
reducing their osteogenic capacity and leading to an imbalance between OBs and OCs.

The interaction between macrophages and OBs is vital for bone formation and repair*, and they play a key
role in inflammation-driven bone diseases®. Tissue damage from various factors can activate macrophages,
disrupting bone homeostasis and leading to bone destruction®. Moreover, macrophages can promote
osteoporosis by supporting OC-mediated bone resorption?’. In this study, the Mac_OLR1 subpopulation
significantly activated cytokine- and OC-related pathways and may be in a state of M1 polarization. Oxidized
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low-density lipoprotein receptor 1 (OLR1) serves as a molecular marker for OC activity*®, and OLR1 knockout
impairs cell-cell fusion in OC-like cells®, indicating that the Mac_OLRI1 subpopulation may contribute to a
proinflammatory environment by mediating abnormal bone microenvironment formation and stimulating OC
formation and activation. Additionally, this study revealed a significant increase in the Mac_C1QC subpopulation
in the OP group, which specifically expressed APOE. As a key apolipoprotein, ApoE can indirectly influence
bone metabolism by regulating hyperlipidemia®. Its anti-inflammatory and antioxidant effects may inhibit OP
development. The C1QC-positive macrophage subpopulation has been previously identified in various diseases
and exhibits an M2 phenotype®!~33. Therefore, the increased abundance of this subpopulation may be related to
the body’s immune response to the microenvironment, and promoting its differentiation could help regulate the
abnormal inflammatory microenvironment.

Among neutrophils, we identified the Neut_RSAD2 subpopulation, which may be associated with the
formation of an abnormal bone microenvironment. The protein encoded by RSAD?2 is an interferon-induced
antiviral protein involved in cellular antiviral responses and innate immune signaling®*. Downregulation of
RSAD?2 has been shown to inhibit osteoclastogenesis®, suggesting that the Neut_RSAD2 subpopulation may
affect bone homeostasis by promoting OC formation, leading to an abnormal bone microenvironment. We also
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identified a specific regulator of this subpopulation, H1FX, a recently discovered and less-characterized member
of the H1 histone family. Histone H1 plays an important role in the structure of chromatin and in regulating gene
expression. It regulates the compaction and decompression of chromatin by binding to nucleosomes, thereby
affecting the accessibility of DNA. Previous studies have shown that inhibition of HIFX triggers DNA damage,
thereby inducing cellular senescence®. Our study found that H1FX is involved in regulating the development
and differentiation of the Neut_RSAD2 subpopulation and may be a potential target for OP treatment.

Among lymphocyte subpopulations, the Tem_CCL4 subpopulation showed a significant increase in
abundance in the OP group. CCL4 is a CC chemokine known for promoting tumor development and
progression by recruiting regulatory T cells and tumor-promoting macrophages®’. It is also closely related
to CD8 T cell infiltration®®. Our study revealed that this subpopulation significantly activated immune-
inflammatory pathways, indicating its involvement in fostering an inflammatory environment. We also observed
a significant increase in the B_ACSM3 subpopulation in the OP group, which activated the OC differentiation
pathway. ACSM3 expression is associated with various tumors®. This study preliminarily confirmed that this
subpopulation may be related to bone diseases and potentially regulated by MYB. MYB plays a crucial role
in hematopoietic regulation and has been found to be abnormally expressed in various malignant tumors®.
Moreover, c-Myb plays a critical role in lymphocyte specification and B-cell development®!62. c-Myb controls
the upregulation of a subset of lymphocyte genes in multipotent progenitors and is required for the normal
development of committed B-cell progenitors®®. Additionally, c-Myb precisely regulates the spatiotemporal
expression of the Rag genes during B lymphocyte development by inhibiting the expression of the Rag activator
Foxol and directly occupying the Erag enhancer, preventing untimely DNA damage®*. Therefore, as a regulator
of the B_ACSM3 subpopulation, MYB may also be a potential therapeutic target for OP.

In summary, this study identified several ligand-receptor axes as potential therapeutic targets for OP.
However, it has several limitations. First, the small sample size due to limited data may affect the generalizability
and reliability of the findings. Second, the participants in the control group were not matched in terms of age,
gender, and other potential confounders that could influence the bone microenvironment, which may introduce
bias and impact the interpretation of the results. Additionally, while this study identified immune cell subsets
associated with OP and their potential mechanisms of action, the specific molecular pathways through which
these subsets promote OP development remain to be fully elucidated. Further research is needed to clarify the
functions of these subsets and their precise roles in OP formation. Finally, the absence of long-term follow-up
data complicates the assessment of dynamic changes in immune cell subsets and their long-term effects on the
progression of OP.

Conclusion

In conclusion, we identified several immune cell subpopulations that may play a role in promoting the formation
of OP and further elucidated the transcription factors regulating these subpopulations. We hypothesize that the
development of OP may be associated with immune inflammatory responses mediated by these subpopulations.
These findings offer potential candidate molecules and cells for future OP research and may aid in the
development of new therapeutic strategies.
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