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ARTICLE INFO ABSTRACT

Keywords: Background: Osteomyelitis (OM) is an inflammatory condition of bone characterized by cortical bone devascu-
Bone larization and necrosis. Dysregulation of bone remodelling is triggered by OM. Bone remodelling is precisely
Bone remodelling coordinated by bone resorption and formation via a reversal phase. However, the cellular and molecular
gztzgi;:;cyte mechanisms underlying bone remodelling failure after osteomyelitis remain elusive.

Reversal phase Methods: To elucidate the cellular and molecular mechanism underlying bone healing after osteomyelitis, we

scRNA-seq employed single-cell RNA sequencing (scRNA-seq) to depict the atlas of human cortical bone in normal, infected
and reconstructed states. Dimensionality reduction by t-stochastic neighbourhood embedding (t-SNE) and graph-
based clustering were applied to analyse the detailed clusters of osteoclast lineages. After trajectory analysis of
osteoclast lineages over pseudotime, real-time PCR and immunofluorescence (IF) staining were applied to
identify marker gene expression of various osteoclast lineages in the osteoclast induction model and human bone
sections, respectively. The potential function and communication of osteoclasts were analysed via gene set
enrichment analysis (GSEA) and CellChat. The chemotactic ability of mesenchymal stem cells (MSCs) and
osteoclast lineage cells in various differentiation states was determined by transwell assays and coculture assays.
The effects of various osteoclast lineages on the osteogenic differentiation potential of MSCs were also deter-
mined by using this coculture system. A normal mouse tibia fracture model and an osteomyelitis-related tibia
fracture model were generated via injection of luciferase-labelled Staphylococcus aureus to verify the relationships
between a novel osteoclast lineage and MSCs. Then, the infection was detected by a bioluminescence imaging
system. Finally, immunofluorescence staining was used to detect the expression of markers of MSCs and novel
osteoclast lineages in different remodelling phases in normal and infected bone remodelling models.
Results: In this study, we constructed a cell atlas encompassing normal, infected, and reconstructed cortical bone.
Then, we identified a novel subset at the earlier stage of the osteoclast lineage that exhibited increased expression
of IDO1, CCL3, and CCL4. These IDO1M8hcCL3MECCLAMEN cells, termed osteostaticytes (OSCs), were further
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regarded as the reservoir of osteoclasts in the reversal phase. Notably, OSCs exhibited the highest chemotactic
activity, surpassing other lineage subsets. We also discovered that cells at the earlier stage of the osteoclast
lineage play a significant role in recruiting mesenchymal stem cells (MSCs). Finally, the data revealed that OSCs
might be positively related to the occurrence of bone MSCs and the contribution of bone remodelling.
Conclusion: Collectively, our findings revealed a novel stage (OSC) within the osteoclast lineage, potentially
representing elusive bone reversal cells due to its increased chemotactic ability towards MSCs and potential
contribution to bone remodelling. This study provides valuable insights into the intricate mechanisms of the
reversal phase during bone remodelling and unveils potential therapeutic strategies for diseases associated with
bone uncoupling.

Translational potential of this article: This study identified a new subset, referred to as IDO1(plus symbol) CCL3
(plus symbol) CCL4(plus symbol) osteostaticytes which displayed the highest chemotactic activity among all
osteoclast lineages and may serve as reversal cells in bone remodelling. These findings offer new insights and
insights for understanding bone reversal-related diseases and may serve as novel therapeutic targets for condi-

tions such as osteomyelitis and delayed bone healing.

Translational potential of this article: This study identified a new
subset, referred to as IDO1" CCL3" CCL4" osteostaticytes which dis-
played the highest chemotactic activity among all osteoclast lineages
and may serve as reversal cells in bone remodelling. These findings offer
new insights and insights for understanding bone reversal-related dis-
eases and may serve as novel therapeutic targets for conditions such as
osteomyelitis and delayed bone healing.

1. Introduction

Bone is a dynamic organ that is constantly constructed and recon-
structed throughout human life in response to different environmental
stimuli through two processes: bone modelling and remodelling [1].
Typically, bone remodelling is perceived as a process comprising five
progressive stages that unfold in a synchronized and sequential manner.
These stages include activation, resorption, reversal, formation, and
termination. Osteoclastic bone resorption and osteoblastic bone forma-
tion are the major phases of bone remodelling and are tightly coupled
both spatially and temporally; this process is termed bone reversal [2].
Observations suggesting uncoupling and bone loss have been repeatedly
reported in diverse situations, such as ageing [3], unloading [4], peri-
odontitis [5] and glucocorticoid- and menopause-induced osteoporosis
[6,7]. Thus, it is necessary to investigate the chain of events occurring
after the initiation of resorption and before the initiation of formation
within basic multicelluler units (BMUs) by constructing a balanced or
unbalanced bone remodelling model.

Osteomyelitis (OM) is an infectious disease characterized by unbal-
anced bone remodelling resulting from an infection that poses a signif-
icant threat to human health and has high potential for causing
disability. Antibiotic treatment cannot effectively eliminate the infec-
tion. Surgical debridement is routine for these patients, but the recur-
rence rate and reoperation rate are still high due to the difficulty in
discriminating the severity of infection. The main pathophysiological
change in OM is an inflammatory state of bone, in which bone devas-
cularization and necrosis of cortical bone are the predominant features.
Moreover, systemic dysregulation of bone homeostasis, including un-
balanced bone remodelling, impaired vascular construction, and a pro-
tective host immune response, is triggered by OM. Previous studies have
reported that distinct cell types are involved in changes in bone ho-
meostasis during OM. However, the cell atlas and molecular mechanism
underlying bone healing after osteomyelitis remain elusive.

The reversal phase is defined as a linking stage that temporally and
spatially couples bone remodelling via the recruitment and differentia-
tion of bone marrow mesenchymal stem cells (MSCs) for subsequent
formation [8]. However, the nature of bone reversal remains contro-
versial. In the late 1970s, Roland Baron et al. primarily defined these
reversal cells as large mononucleated cells [9]. However, recent studies
have reported that the reversal cell is from the osteoblast lineage, based
on cell morphology, positive expression of alkaline phosphatase (ALP)
and the absence of the monocyte macrophage marker monocyte +
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macrophage antibody-2 (MOMA-2) [10]. Notably, studies also reported
that other macrophage clusters could express ALP and MOMA-2 [11]. In
addition, Delaisse et al. showed that mononucleated reversal cells were
of the osteoblast lineage and were packed with sparse numbers of
TRACcP- and CatK-positive cells on the resorbed surface of cortical bone
[10]. The reversal phase is short-lived, and it is difficult to continuously
observe reversal phases in vivo. However, until recently, our under-
standing of the cellular and molecular events that occur during reversal
has remained elusive. More recently, single-cell RNA sequencing
(scRNA-seq) has been able to provide molecular definitions and predict
potential cell functions or unveil the underlying cellular communication
of biological processes [12].

Therefore, in this study, we performed scRNA-seq on three different
bone remodelling states, namely, normal cortical bone, infected cortical
bone, and reconstructed cortical bone, to simultaneously observe the
biological features of osteoclast lineage cells in different remodelling
states. Surprisingly, we identified a novel cell set at an earlier stage
during the osteoclasteogenic lineage, named the osteostaticyte (OSC),
which differs from other subsets exhibiting greater chemotactic ability
towards MSCs. To further investigate the biological functions of osteo-
clast lineages during different bone remodelling processes, we per-
formed MSCs coculture on osteoclast induction progression and
determined that the chemotaxis ability of mononuclear osteoclast line-
age cells towards mesenchymal stem cells showed a trend of first
increasing and then decreasing. Interestingly, the osteogenic effect of
osteoclast lineage cells on MSCs gradually increases. Mouse fracture
models revealed that OSCs might be positively related to the occurrence
of bone MSCs and bone remodelling. Collectively, our findings lay a
solid foundation for the use of OSCs as reversal cells in bone remodel-
ling, which offers new therapeutic strategies to improve uncoupling-
related bone diseases.

1.1. Methods and materials

Cell culture. Mouse bone marrow mesenchymal stem cells (BMSCs)
were obtained from Procell Life Science & Technology Co., Ltd. (Wuhan,
China) and grown in DMEM (Gibco, Carlsbad, California, United States).
The media used in this study contained 10 % foetal bovine serum (FBS;
Gibco) and 1 % antibiotics. The cells were cultured in a humidified
environment with 5 % CO- at 37 °C. Mouse bone marrow mononuclear
cells were isolated from the hind limbs of 11-week-old male C57BL/6
mice (femur and tibia) and incubated with macrophage colony-
stimulating factor (M-CSF, 50 ng/ml, R&D Systems, Minneapolis, MN,
USA) for 48 h to obtain bone marrow-derived macrophages (BMMs). To
induce osteoclasts, adherent monocytes were incubated with M-CSF (50
ng/ml) and RANKL (50 ng/ml, R&D Systems, Minneapolis, MN, USA) or
Staphylococcal Protein A (SPA) (20 ng/mL, USCN, Wuhan, China) for 6
consecutive days, and the medium was changed every other day.

Transwell assay and ALP staining. The chemotactic ability of
osteoclast lineages was assessed by transwell assays, which were carried
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out with 24-well Transwell plates (8-pm pore size; Millipore, Bedford,
Massachusetts, United States); 1 x 10° MSCs were seeded in the upper
chamber, whereas 1 x 10° cells of the osteoclast lineage from days 1, 2,
3, 4, 5 or 6 were seeded in the lower chamber during osteoclast induc-
tion. The cells were cultured in osteoclast induction medium. After in-
cubation for 24 h, the cells on the bottom surface of the filter were fixed
with 4 % paraformaldehyde, stained with haematoxylin-eosin dye, and
counted. To identify the crucial chemokines of OSCs, 0.5 pM maraviroc
(MCE, USA) was added to the medium. The impact of osteoclast lineages
on the osteogenic differentiation of MSCs was assessed by cell-cell
coculture with a 0.4-pm pore size chamber. A total of 1 x 10° cells of
osteoclast lineage from days 1, 2, 3, 4, 5 or 6 during osteoclast induction
were seeded in the upper chamber, whereas 1 x 10° MSCs were seeded
in the lower chamber. The cells were cultured in osteogenic induction
medium for 24 h, after which the chambers were removed. After culture
for another 4 days, the cells on the bottom surface of the filter were fixed
with 4 % paraformaldehyde and stained with ALP, and the replicate
wells were tested. ALP assays were performed using an alkaline phos-
phatase assay kit (Beyotime, Shanghai, China).

Bone resorption assay For the bone resorption assay, cells were
cultured on Osteo Assay Surface plates (3988; Corning). Cells were
seeded in plates according to the osteoclast induction protocol. Photo-
graphs were taken on days 3 and 6 of induction to compare the ab-
sorption of inorganic calcium phosphate on the bone plates. After the
plates were washed with deionized water and completely air-dried, bone
resorption pits were observed by using a light microscope, and resorp-
tion areas were evaluated by ImageJ software.

Participants and clinical material collection. Five specimens
were collected from 4 patients who were prospectively enrolled in this
study and hospitalized from August 2020 to November 2021 at the Army
Medical University First Affiliated Hospital; the study was approved by
the Army Medical University First Affiliated Hospital Ethics Committee
((A)KY2021084). Patient care and research were conducted in accor-
dance with the Care Guidelines and Declaration of Helsinki. Samples for
scRNA-seq were derived from the cortical tibia or femur sites of four
patients who had received debridement for primary OM and second-
stage tibial internal fixation and removal via surgery. The clinical data
of the patients, including case information, X-ray, radionuclide bone
imaging and MRI, were collected from the Army Medical University First
Affiliated Hospital (SM. Table 1).

Sample preparation and cell isolation for scRNA-seq. Fresh
normal, infected or reconstructed cortical bone tissue was obtained by
bone nipper or chisel surgery, stored in tissue preservation solution
(CapitalBio Technology, China) and transported in an ice box with real-
time temperature surveillance within 4 h. Then, the specimens were
washed with 0.9 % NaCl balanced salt solution three times and further
minced into 0.2 cm bone fragments with a rongeur on a sterile operation
platform. The bone tissue was digested in 0.25 % trypsin solution
(Gibco) at 37 °C for 5-10 min. Next, the trypsin was discarded, and the

Table 1
q-PCR primers.

Gene names Primers (5-3")

Ccl3 Forward: TTCTCTGTACCATGACACTCTGC
Reverse: CGTGGAATCTTCCGGCTGTAG

Ccl4 Forward: TTCCTGCTGTTTCTCTTACACCT
Reverse: CTGTCTGCCTCTTTTGGTCAG

F4/80 Forward: TGACTCACCTTGTGGTCCTAA
Reverse: CTTCCCAGAATCCAGTCTTTCC

Idol Forward: GCTTTGCTCTACCACATCCAC
Reverse: CAGGCGCTGTAACCTGTGT

Ctsk Forward: GAAGAAGACTCACCAGAAGCAG
Reverse: TCCAGGTTATGGGCAGAGATT

Acp5 Forward: CACTCCCACCCTGAGATTTGT
Reverse: CATCGTCTGCACGGTTCTG

Hprt Forward: TCAGTCAACGGGGGACATAAA

Reverse: GGGGCTGTACTGCTTAACCAG
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cells were washed once with balanced salt solution. The bone tissue was
transferred to a 15 ml centrifuge tube, and then, the tissue digestive
solution (CapitalBio Technology, China), which contained collagenase
11, calcium chloride, foetal bovine serum and 1640 medium, was added,
and digestion was performed at 37 °C for 14 h. After digestion, the
samples were filtered through 40-um sterile strainers and centrifuged at
1500xg for 5 min. Subsequently, the supernatants were discarded, and
the cell pellets were suspended in 1 mL of phosphate-buffered saline
(PBS; Biotime, China). To remove red blood cells, 2 mL of red blood cell
lysis buffer was added, and the cells were incubated at 25 °C for 10 min.
The solution was then centrifuged at 800xg for 5 min and resuspended
in PBS. The samples were stained with trypan blue (Sigma, United
States), and the cellular viability was evaluated under a phase contrast
light microscope (Nikon, Japan).

Quantitative real-time PCR (qRT-PCR). Total cell RNA was
extracted with TRIzol reagent (Invitrogen) according to the manufac-
turer’s recommendations. Two hundred nanograms of RNA was used to
synthesize first-strand cDNA using a PrimeScript RT Kit (Takara, Dalian,
China). Quantitative real-time PCR was performed using TB Green
Premix Ex Taq (Takara) following the manufacturer’s protocol. The
indicated gene expression was normalized to GAPDH expression by the
272AC method. The primers used are listed in the SM. Table 2.

Single-cell RNA sequencing, cell capture and cDNA synthesis.
Using the Single Cell 3' Library and Gel Bead Kit V3 (10x Genomics,
1000075) and Chromium Single Cell B Chip Kit (10x Genomics,
1000074), the cell suspension (300-600 living cells per microlitre, as
determined by Count Star) was loaded onto a Chromium single-cell
controller (10x Genomics) to generate single-cell gel beads in the
emulsion according to the manufacturer’s protocol. Briefly, single cells
were suspended in PBS containing 0.04 % BSA. Approximately 10,000
cells were added to each channel, and the target cell recovery was
estimated to be approximately 7000 cells. The captured cells were lysed,
and the released RNA was barcoded through reverse transcription in
individual GEMs. Reverse transcription was performed on an S1000TM
Touch Thermal Cycler (Bio-Rad) by heating at 53 °C for 45 min, fol-
lowed by heating at 85 °C for 5 min and then holding at 4 °C. cDNA was
generated and then amplified, and the quality was assessed using an
Agilent 4200 (performed by CapitalBio Technology, Beijing). Single-cell
RNA-Seq library preparation was performed according to the manufac-
turer’s instructions for the Single Cell 3’ Library and Gel Bead Kit V3. The
libraries were finally sequenced using an Illumina NovaSeq 6000
sequencer with a sequencing depth of at least 100,000 reads per cell
with a paired-end 150-bp (PE150) reading strategy (performed by
CapitalBio Technology, Beijing).

1.2. Single-cell gene expression quantification and subcluster detection

CellRanger pipeline. Cell Ranger software was obtained from the
10x Genomics website (https://support.10xgenomics.com/single-ce
ll-gene-expression/software/downloads/latest.) Alignment, filtering,
barcode counting, and UMI counting were performed with the cell-
ranger count module to generate a feature-barcode matrix and deter-
mine clusters. Dimensionality reduction was performed using PCA, and
the first ten principal components were used to generate clusters via the
K-means algorithm and a graph-based algorithm.

Seurat pipeline. Raw gene expression matrices were imported and
processed using the Seurat R package (version 4.0) [13]. Low-quality
cells were removed following two measurements: 1) cells that had
fewer than 200 unique molecular identifiers (UMIs), more than 6000 or
less than 500 expressed genes, or more than 20 % UMIs derived from the
mitochondrial genome; and 2) cells that had an average expression level
of less than 2 for a curated list of housekeeping genes. The gene
expression matrices of the remaining high-quality cells were normalized
to the total cellular UMI counts. The normalized expression was scaled
(scale factor = 1e4) by regressing out the total cellular UMI counts and
percentage of mitochondrial genes. Highly variable genes were
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identified using the Seurat FindVariableGenes function with default
parameters except for “x.low.cut-off” = 0.0125 and y.cut-off = 0.5.
Then, we performed PCA using the highly variable genes, and significant
PCs (top 100) were selected to perform dimension reduction. Clusters
were found using the FindClusters function (dims.use = 1:50, resolution
= 0.2). tSNE analysis was used for dimension reduction and visualiza-
tion of gene expression [14].

Enrichment analysis To identify biological functions associated
with each cluster, we performed GO and KEGG enrichment analyses on
the top 100 genes specifically expressed in each cell population using the
clusterProfiler package. The top 3 pathways with p values < 0.05 were
selected, and ggplot2 was used for histogram plotting. The results were
visualized using the R package.

Cell type annotation Unbiased cell type recognition from single-cell
RNA sequencing data was performed by leveraging reference tran-
scriptomic datasets of pure cell types to infer the cell of origin of each
single cell independently. For humans, Blueprint_Encode or HPCA was
used. Highly variable genes were identified as those with a normalized
expression between 0.125 and 3 as well as quantile-normalized variance
exceeding 0.5. Thereafter, PCA was used to reduce the number of di-
mensions representing each cell. We adopted the first 20 principal
components to further conduct tSNE dimensionality reduction using the
default settings of the Run tSNE function. Cell types in the resulting two-
dimensional representation were annotated to known biological cell
types using canonical marker genes and the putative CNV signal.

Osteostaticyte induction assay. For osteostaticyte induction, ac-
cording to our trajectory results, we hypothesis that OSC is lying in the
differentiation process of monocytic osteoclast. Mouse bone marrow
macrophage (BMM) were flushed from 8 to 10 weeks C57BL/6 mouse’
femoral bone marrow cavity and then incubated in 24-well plates at a
density of 1 x 10° cells per well with M-CSF (50 ng/mL) for the former 3
days. Then the cells were co-stimulated with M-CSF (50 ng/mL) and
RANKL (50 ng/mL). Cells were collected as the schematic showed. Total
cell RNA was extracted by TRIzol reagent (Invitrogen) according to the
manufacturer’s recommendations.

Trajectory analysis of single cells. The single-cell pseudotime
trajectories were generated with the Monocle2 package (v2.8.0) in R
[15]. The gene-cell matrix at the scale of the raw UMI counts derived
from the Seurat processed data was used as the input. The new-
CellDataSet function was applied to create an object with the parameter
expressionFamily = negbinomial.size. Only genes with a mean expres-
sion >0.1 were used in the trajectory analysis. DEGs with g-values <0.01
between the cell groups were subjected to dimension reduction, and the
reduceDimension function was used with the parameters reduc-
tion_method = “DDRTree” and max_components = 2. The cells were
ordered and visualized with the plot_cell_trajectory function. Genes that
changed with pseudotime were identified (q-val <107'°) and visualized
with plot_pseudotime_heatmap, and the genes were clustered into sub-
groups according to their gene expression patterns.

Gene Set Enrichment Analysis. Gene set enrichment analysis
(GSEA) was performed using GSEA software (https://www.broad
institute.org/gsea/). The R package (junjunlab/GseaVis https://gith
ub.com/junjunlab/GseaVis) was used to visualize the GSEA enrich-
ment results.

Cell-Cell Communications CellChat 1.1.0 (https://github.
com/sqjin/CellChat) was used for the analysis of cell-to-cell communi-
cation in each sample. First, LMC-derived cells were subsetted from the
total cell population and annotated according to their cell type: “OSC”,
“macrophage”, “pre-OC”, “osteoclast” (OC), “osteomorph”, “osteocyte”,
“MSC_adipo”, “osteoblast” and “MSC_osteo” cells. The CellChat model
was constructed using the “createCellChat” function. After annotating
the object with relevant labels and identifying overexpressed genes, the
communication probability was inferred using the “computeCommun-
Prob” function. Cell-cell communications for each cell signalling
pathway were generated with the “computeCommunProbPathway”
function. Graphs were generated using the “netVisual chord_gene”
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function.

Mouse fracture model. Eight-to ten-week-old C57BL/6 mice were
purchased from the Laboratory Animal Centre of Third Military Medical
University (Chongging, China). All mice were bred under SPF conditions
in the Laboratory Animals Center of Army Medical University (Third
Military Medical University, Chongqing, China). Age- and sex-matched
littermates were used as control mice. All experiments were conducted
according to the Third Military Medical University Sciences Guide for
Laboratory Animals. Eight-week-old male or female mice were used for
the model. The mice were anaesthetized using 0.5 % sodium pento-
barbital (P3761, Sigma-Aldrich). A closed, transverse fracture was
induced in the tibia through the three-point bending method: two
tweezers were used to clamp the mouse’s lower limb at positions 1 mm
on each side of the tibia-fibula junction, and then the located area was
pressed against a triangular pyramid. The standard for bending is to feel
a sense of bone fracture. Postoperatively, we used imaging to confirm
the fracture.

Bioluminescence imaging of Staphylococcus aureus in the mouse
tibia infection model. C57BL/6 mice (n = 4 for each group) were fully
anaesthetized with 1 % (m/v) pentobarbital sodium (50 mg/kg). A
mixture containing 2 pL of 1 x 10° CFU of S. aureus USA300/Eno-
Antares2 and 50 pL of hydrofurimazine (HFZ) (100 pM) was injected
into the fractured lesion of a mouse. BL signals were measured every
four days using the IVIS® Lumina LT system.

Micro-CT analysis. Mice were anaesthetized using 0.5 % sodium
pentobarbital and then scanned using a Bruker micro-CT SkyScan 1276
system (Kontich, Belgium). At the indicated endpoints, the mice were
euthanized, and their lower limbs were collected, fixed with 4 % para-
formaldehyde for 24 h and then scanned using the MicroCT system at a
high resolution. The main parameters used during microCT scanning
were as follows: source voltage (Kv) = 50, source current (pA) = 200,
exposure (ms) = 684, and filter = AI 0.25 mm. NRecon v1.6 software
(Bioz, Inc., United States) was used to reconstruct the scanned image.
The reconstruction was analysed using CTAn v1.9 software (Bruker
micro-CT), and CTVol v2.0 software (Bruker micro-CT) was used to
visualize the 3D model (SM. Fig. 1). All the calluses in the fracture area,
as the area of interest (ROI), were defined according to the “fracture
callus analysis” section of the Bruker micro-CT method annotation as
follows: The entire outer boundary of both normal bone (high-density)
and callus (low-density) was identified, and the entire callus was defined
as the ROI by subtracting the boundary of the normal bone (SM. Fig. 1A
and B). After selecting the ROIL, we further calculated the density within
this ROI and performed a morphological analysis of the ROI after
binarizing the image (SM. Fig. 1C and D).

Tartrate-resistant acid phosphatase (TRAP) staining, safranin
O/fast green staining and haematoxylin-eosin (H&E) staining For
TRAP staining, TRAP activity was detected in the paraffin sections using
a TRAP staining kit (SLBT1113, Sigma, USA) according to the manu-
facturer’s instructions. For Safranin O/fast Green staining, the slices
were stained with 0.1 % Safranin O solution and 0.1 % Fast Green so-
lution. H&E staining was performed, including dewaxing, immersion,
staining, differentiation, blue promotion, dehydration, transparency,
etc. To quantify TRAP staining, we randomly selected five fields at a
magnification of 400 x , counted the number of TRAP-positive cells (No.
0CQ), and calculated the trabecular bone volume (BV) via ImageJ soft-
ware. The number of TRAP-positive cells per unit area was determined
by the number of OCs/BV. For quantification of safranin-O and fast
green staining, we randomly selected five 400 x high-power fields. The
blue area of each field was considered the trabecular bone volume and
was calculated via ImageJ. The whole field of each image was consid-
ered the total bone volume (TV). BV/TV was calculated from these two
values. For quantification of HE staining, we randomly selected five
fields at a magnification of 400 x and counted the number of osteoblasts
(No. OB) through morphological identification. Moreover, the trabec-
ular bone volume was measured via ImageJ software. Then, the number
of osteoblasts per unit of trabecular bone area was determined by the
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Figure 1. Cell atlas among normal, infected, and reconstructed cortical bone tissues A) Schematic workflow of the experimental strategy. Single-cell suspensions
were collected from the lesions of patients with normal long bone fracture, patients with osteomyelitis and patients subjected to removal of internal fixation after
bone reconstruction. B) Representative preoperative radiographs of patients with lesions, including X-ray, radionuclide bone imaging and MRI. C) The t-distributed
stochastic neighbour embedding (t-SNE) plot of the 18 identified main cell types in human cortical bone lesions. D) Heatmap of selected lineage cell marker genes in
each cell cluster. Relative expression map of known marker genes associated with each cell subset. Mean expression values were scaled by mean centering and
transformed to a scale from —2 to 2. E) The t-SNE plot divided by 3 distinct sample states (normal bone, infected bone, and reconstructed bone) depicting all
identified main cell types in human cortical bone lesions. F) Histogram depicting the proportion of cells from different sample sources in each cell cluster. G)
Histogram depicting the relative proportion of each cell cluster among the respective sample states in all cortical bone lesions as indicated. The values of the detailed

relative proportion of each cell cluster are provided in the supplementary data file.

number of OBs/BV.

Immunofluorescence (IF) assay. Bone tissues were collected from
clinical surgery were the same as scRNA samples (SM. Table. 2). Then
tissues were fixed in 4 % paraformaldehyde for 48 h. The cortical bone
tissue was decalcified with 10 % EDTA decalcifying solution every other
day for 50-60 days. The tibia of mice is only decalcified for one week
with 0.5M EDTA decalcification. Then, through dehydration, embed-
ding and sectioning, the decalcified bone tissue is made into paraffin
sections. The blocks were sectioned at 4 pm or 10 pm (for immunoflu-
orescent staining) intervals using a Paraffin Microtome (for paraffin
blocks). We incubated the slides at 37 °C for 30 min and washed the
sections three times with PBS. The sections were incubated with a
blocking solution for 1 h and then with primary antibodies to human
CD14 (sc-58951, 1:100, Santa Cruz Biotechnology Inc.), human MIP-1a
(CCL3, sc-166942, 1:50, Santa Cruz Biotechnology Inc.), human IDO1
(sc-53978, 1:50, Santa Cruz Biotechnology Inc.) overnight at 4 °C in a
humidified chamber, followed by incubation for 1 h at room tempera-
ture. The sections were washed three times with Tris-buffered saline. We
then used secondary antibodies conjugated with fluorescence at room
temperature for 1 h while avoiding light. The sections were mounted in
ProLong Gold Mounting Reagent with DAPI (P36935, Life Technolo-
gies). We used isotype-matched controls under the same concentrations
and conditions as the negative controls.

For mouse tibia sections, paraffin sections were stained four-color-
multilabeled immunofluorescence staining kit (Absin, abs50012) ac-
cording to the manuffacture’s protocols. Antibodies used include rabbit
anti-CD90 (1:500 dilution, Proteintech, 27178-1-AP), and rabbit anti-
IDO1(1:500 dilution, Proteintech, A1614). Immunofluorescence imag-
ing was performed using an LSM 710 inverted confocal microscope
(Zeiss). CD14 is considered a surface marker of monocytes and macro-
phages. MIP-1a and IDO1 are considered cell markers of osteostaticytes.
And CD90 is the canonical surface of MSCs.

Quantification and statistical analysis. Data are presented as
mean + SD. The differences between two groups were determined by
two-sided, unpaired Student’s t-test. p values smaller than 0.05 are
considered significant. For in vivo experiments, all p values are spelled
out. Sample size for all animal experiments was between 3 and 5 per
group while all in vitro experiments were repeated at least three times.

2. Results

2.1. Cellular heterogeneity among normal, infected, and reconstructed
cortical bone tissues with scRNA-seq

We performed scRNA-seq on 5 bone samples, including 2 normal
cortical samples, 2 infected bone samples and 1 reconstructed bone
sample (SM. Table 1), to investigate the cellular heterogeneity between
the physical and pathological bone environments (Fig. 1A). Cases were
diagnosed as OM by X-ray, CT, MRI, and radionuclide bone imaging
(Fig. 1B). After quality control and data filtering, we obtained 30,947
deeply sequenced cells, consisting of 12,921 cells from the normal
cortical limb samples, 12,435 cells from the osteomyelitis lesions, and
5591 from the reconstructed sample. After tabulation of the cell-by-gene
expression matrix, we performed dimensionality reduction by t-sto-
chastic neighbourhood embedding (t-SNE) and graph-based clustering
(see method “Cell type annotation”). Overall, 20 cell clusters were
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identified when all 30,947 cells were considered as a whole (Fig. 1C)
[16]. The defining individual clusters were defined by comparison to
known lineage or canonical markers (Fig. 1D). As a result, the 20 clusters
could be divided into 15 cell types, including 13 canonical and 2 non-
canonical cell types (Fig. 1D and SM. Fig. 2). The bone tissue consisted of
13 canonical cell types: (1) osteocytes with high expression of LUM and
COL1A2; (2) T cells specifically expressing CD3D and CD3E; (3) endo-
thelial cells characterized by high SELE, FABP4 and vWF expression; (4)
B cells with high expression of CD79A and CD79B; (5) pericytes with
high expression of ACTA2, RGS5 and MCAM; (6) erythrocytes with
characteristic high HBB and HBA1 expression; (7) neutrophils specif-
ically expressing BCL2A1, S100A8 and CXCLS; (8) plasma blasts with
high expression of JCHAIN; (9) osteoblasts with high expression of
COL3A1 and COL1A1; (10) macrophages specifically expressing CD14
and HLA-DRA; (11) adipocytes with high expression of PPARy and AHR;
(12) MSC-osteo with high expression of THY1, COL1A2, and ENG; and
(13) MSC-adipo characterized by relatively high expression of PPARy,
THY1, and ENG (Fig. 1D and SM. Fig. 3). To reveal the specific char-
acteristics of these clusters, we performed gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment an-
alyses using the top 100 DEGs of each identified cell cluster, consistent
with the well-known functions of those canonical cell types (SM. Fig. 4).
In addition to the 13 classic cell types, we next focused on the two
noncanonical types of cells. Cluster 4 was termed CcD14M AcpsM
CTSK™9 osteoclast-like cell 1 (OCL1), as it expressed high levels of
CD14, which was not expressed in classic osteoclasts (Fig. 1D). The
biological functions of OCL1 were enriched in Cell chemotaxis, Myeloid
leukocyte migration and cytokine—cytokine receptor interaction (SM.
Fig. 4). Cluster 12 was characterized as CD14"° ACP5™d CTSKM
osteoclast-like cell 2 (OCL2), as ACP5 expression in this cluster was not
the highest among the clusters (Fig. 1D). The biological functions of
OCL2 were enriched in extracellular matrix organization, cartilage
development and collagen fibril organization (SM. Fig. 4).

2.2. Identification of Ido1™8"CCL3"8"CCL4"8" osteostaticytes at the
earlier stage during osteoclast differentiation

We next set out to determine the compositional differences of cell
types among the three sample groups (Fig. 2A, B and 2C). Both the
normal and reconstructed cortical bone tissue consisted of only 11 out of
the 15 cell types identified. Macrophages and adipocytes were not
identified, suggesting a low level of inflammation in normal cortical
bone tissue (Fig. 2A and C). Specifically, endothelial cells accounted for
21 and 27 % of the total cell population in normal and reconstructed
bone tissue, respectively. In addition, pericytes also contributed 11 %
and 6 % of the cell population in normal and reconstructed bones,
respectively (Fig. 2C), highlighting that blood supply is of great
importance in these bone tissues [17]. More interestingly, in both
normal and reconstructed bone samples, immune cells remained a large
component, constituting over 30 % of the total cells. Among the immune
cells, T cells were the most abundant (Fig. 2C). The infected bone tissues
consisted of all 15 cell types (Fig. 2A and C). Compared with the normal
and reconstructed bone samples, macrophages, adipocytes, and osteo-
blasts existed only in OM tissue (Fig. 2C). In addition, the percentages of
B cells, plasma blasts and OCL2 increased significantly in OM samples,
and the percentages of endothelial cells and OCL1 decreased
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Figure 2. Identification of IDO1"#"CCL3"¢"CCL4" 8" osteostaticytes during osteoclast lineage differentiation A) t-SNE plot showing the three main cell types
of osteoclast lineage cells. B) Monocle 2 trajectory plot showing the pseudotime curve of the whole osteoclast lineage. C) Monocle pseudospace trajectory revealing
the dynamics and distribution of macrophage, OCL1 and OCL2 subclusters. D) Pseudotemporal expression dynamics of specific marker genes (ACP5, CD14, CD74 and
CTSK). All single cells in the macrophage, OCL1 and OCL2 cell lineages are ordered based on pseudotime. E) t-SNE plot showing 5 reclustered subclusters of the
osteoclast lineage in cortical bone lesions (osteostaticytes 0, macrophages 1, osteomorphs 2, preosteoclasts 3 and osteoclasts 4). F) Heatmap depicting the average
expression levels per cluster of the top differentially expressed markers in 5 subclusters. G) Monocle 2 trajectory revealing the distinct pseudospace distribution and
order of 5 subclusters. H) Dot plots showing the expression of the 11 signature genes across the 5 subclusters. The size of the dots represents the proportion of cells
expressing the particular marker, and the colour spectrum indicates the mean expression levels of the markers. I) Monocle 2 trajectory revealing distinct marker gene
expression patterns along with pseudotime (ACP5, AXL, CCL3, CCL4, IDO1, CD14 and CTSK). J) The t-SNE plot divided by 3 distinct sample states (normal bone,
i‘nfected bone and reconstructed bone) depicting 5 subclusters in human cortical bone lesions.

<

significantly. However, osteocytes, pericytes and erythrocytes were not
identified in the OM tissue. The cell component changes in infected bone
tissues suggested pathological changes, including bone destruction,
impaired blood supply and avascular tissue [18]. However, the inflam-
mation and remodelling of bone were obviously increased due to
increased macrophage, osteoblast and OCL2 infiltration [19,20].
Moreover, there was a subtle increase in the number and proportion of
MSC_osteo cells in reconstructed bone samples (Fig. 2B).

We then shifted our attention to osteoclast lineage cells (Fig. 2D). To
determine whether these three clusters of cells (OCL1, OCL2, and mac-
rophages) belong to the same cell lineage, we constructed a pseudotime
developmental tree via the inferred differentiation trajectories among 3
distinct clusters (Fig. 2E). The results revealed a trajectory starting with
macrophages, bifurcating into the OCL1 subset, and ending in the OCL2
subset, suggesting that these cells belong to the same lineage (Fig. 2F).
According to the Monocle 2 algorithm, myeloid markers such as CD14
and mature osteoclastic markers, including ACP5 and CTSK, exhibited
distinct expression patterns along the trajectory axis (Fig. 2G). The re-
sults showed that the expression of CD14 and CD74 continuously
decreased along the pseudodifferentiation axis, and macrophages were
mainly applied early in the lineage (Fig. 2G). The expression of ACP5,
the most critical marker of osteoclasts, started at a low level, reaching a
peak followed by a gradual decrease to an undetectable level upon full
OC differentiation. Interestingly, the level of CTSK was similar to that of
ACPS5, with only a small reduction at the end (Fig. 2G). The trend of the
changes in the transcription of these key genes is very consistent with
the process of osteoclast differentiation. To increase the resolution in
defining the cell components among macrophages, OCL1 and OCL2, we
obtained all osteoclast lineage cells and performed dimensionality
reduction by t-distributed stochastic neighbour embedding (t-SNE) and
graph-based clustering again. The original three subsets formed five
distinct clusters (Fig. 2H). We then compared the results with the pre-
vious dimensionality reduction map and found that there was no sig-
nificant difference in the number or distribution of macrophages or
OCL2 after the refined dimensionality reduction (Fig. 2H). However, the
previously identified OCL1 was further divided into three subclusters,
namely, clusters 0, 3, and 4 (Fig. 2H). We annotated the five clusters by
comparing the top 10 DEGs defining each lineage marker to known
lineage markers (Fig. 2I). According to the results of the pseudotime
developmental tree analysis, the trajectory differentiation order of these
5 clusters was macrophages (1), cluster 0 (0), cluster 3 (3), cluster 4 (4),
and cluster 2 (2) (Fig. 2J). Here, we compared the expression trends of
several specific markers of the osteoclast lineage along with clusters and
pseudotime, including those of CD14, CCL3, CCL4, IDO1, ACP5, CTSK
and AXL (Fig. 2K and L). As expected, the expression of CD14, a
monocyte/macrophage-specific marker, continuously decreased during
differentiation and eventually became undetectable. In contrast, the
level of AXL, a marker of osteomorphs, continued to increase over time
(Fig. 2L) [21]. CCL3 is a macrophage inflammatory protein known to
stimulate osteoclastogenesis [22,23]. CCL3 expression started at a
moderate level, reaching a peak, followed by a sharp decrease to un-
detectable levels upon full OC differentiation (Fig. 2L). Compared with
the other 4 clusters, we identified IDO1 as a specific marker gene in
cluster 0. , the expression pattern of IDO1 was similar to that of CCL3
and CCL4, and its peak point was slightly ahead of the ACP5 peak
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(Fig. 2L). Strikingly, the expression pattern of ACP5 was concordant
with that of CCL3, suggesting that ACP5 is important for early osteoclast
lineage differentiation (Fig. 2L). Last, the expression trajectory of CTSK
was similar to that of CCL3 and ACP5 despite an apparent phase lag
(Fig. 2L). Therefore, we could still observe a rather high level of CTSK
expression at the end of pseudotime (Fig. 2L). We speculated that CTSK
is important for the late stage of macrophage-OC lineage differentiation
and OC maintenance. Based on the expression level of the key marker
genes, cluster 3 cells fit the functional requirement of preosteoclasts
(pre-OCs) with the characteristic ACP5™ CD14™4 CTSK™ expression.
Supporting this notion, cluster 3 cells originated from macrophages
(cluster 1) in the pseudotime course (Fig. 2K) [20,24]. In addition, we
speculated that cluster 4 cells serve as bona fide osteoclasts because
cluster 4 cells exhibited the highest expression of osteoclast markers
(CTSK, MMP9 and ACP5) (Fig. 2K). Osteoclasts are multinucleated cells
that need to be maintained at only a small amount in bone tissue to play
a role in bone resorption [25]. Indeed, there were only 65 osteoclasts in
all the samples, and most of them were found in the infected bone tissues
(Fig. 2M). Osteomorphs are a distinct cell type that are produced by
fission from osteoclasts to prevent apoptosis and keep osteoclasts alive
[21]. Multiple osteomorphs can quickly fuse to form OCs if necessary
[21]. Pseudotime analysis showed that OCL2 was derived from OC (or
cluster 4), therefore fitting the description of osteomorph cells (Fig. 2J).
We then examined the expression of two osteomorph markers (AXL and
CADM1) in cluster 2 cells and found that their expression was the
highest among the other subclusters (Fig. 2K) [21].

While 4 out of 5 cell clusters could be assigned to a known cell type
along the macrophage-OC axis, cluster_0 represented a novel cell subset
at the earlier stage. In particular, cells in cluster O expressed high levels
of macrophage inflammatory proteins (CCL3 and CCL4) and moderate
levels of a matrix degradation protein (MMP9) but low levels of
monocyte (CD14) and OC (CTSK or ACP5) markers and hence could not
be defined as any specific classic cell type (Fig. 2K and L). RANK is the
specific receptor for RANKL. We also compared the relative mRNA
expression of TNFRSF11A (RANK) among osteoclast lineages. In the
osteoclast lineage, all the subsets showed varying levels of TNFRSF11A
expression. However, osteoclasts exhibited the highest expression of the
TNFRSF11A gene. OSCs had lower expression levels than osteoclasts but
still had higher expression levels than other subsets (SM. Fig. 5). This
indicates that OSC cells also express the RANKL receptor at a significant
level and respond to RANKL. Given that cluster_0O cells were positioned
between macrophages and pre-OC in the pseudotime analysis, they may
represent a pool of cells critical for bone homeostasis. More strikingly,
most of the cluster 0 cells existed in the normal and reconstructed
cortical bone tissues, and they were more abundant than OCs in those
samples (Fig. 2J). While cluster_0 cells are clearly needed for normal
bone homeostasis, it is plausible that the reservoir of cluster 0 cells is
partially/fully depleted as cluster_ O cells shift towards OC differentia-
tion under infection conditions. We therefore named the cluster_0 cells
“osteostaticytes” or OSCs for short. Moreover, compared with other cell
types among cortical bone tissues, the mRNA expression of IDO1, CCL3
and CCL4 was highest in OSCs; thus, we named these cells IDO1-"8h
ccL3-"h ccL4-Meh 0sCs (Fig. 2J).

According to the pseudotime results, OSC cells exist at an earlier
stage of osteoclast differentiation. Therefore, we constructed an
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Figure 3. Validation of the existence of OSCs in vitro and in vivo. A) OSC induction schematic in vitro with 25 ng/ml M-CSF and 100 ng/ml RANKL. B) Relative
mRNA expression of monocyte/macrophage lineage marker genes (ACP5, CCL3, CCL4, IDO1, CD14 and CTSK) at 6 different time points during OSC induction via
RT-qPCR analysis of mouse bone marrow monocytes. All the data are shown as the means + SDs. **P < 0.01, *P < 0.05; NS, not significant (P > 0.05) C) Histogram
depicting the relative proportion of each osteoclast lineage subset among the respective sample states in all cortical bone lesions as indicated. D) Immunofluorescence
staining of OSC markers in normal cortical bone tissues. Serial sections were stained for CCL3 (red) and IDO1 (green); serial sections were stained for CD14 (red),
CCL4 (pink) and IDO1 (green); and infected cortical bone sections were stained for CD14 (red). Scale bars: 20 pm (upper and bottom). The area indicated by the red
arrow is the colocated area.

A C
150+ ns *k *k ns *
® 100 | 1?
[0}
e}
5
c 504 2
N
0 1 1 1 1 ?
1 2 3 4 5 ¢ (Day)
B

ns * %% k% NS

Osteoclast lineage

ALP activities
8

E
L
E
e ‘
o
c
©
o
s
o
: - -
J >Ar
1 1 >

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6

Figure 4. Cells at the earlier stage of osteoclast lineage contribute to MSC recruitment A) Schematic diagram of the Transwell assay. MSCs were seeded in the upper
well, and osteoclast lineage cells were seeded in the lower well; B) Transwell migration assay of each osteoclast lineage at different time points; C) Analysis of the
number of migrated MSCs when cocultured with different osteoclast lineage cells (from day 1 to day 6); Scale bars: 200 um; D) Schematic diagram of the coculture
assay. MSCs were seeded in the upper well, and osteoclast lineage cells were seeded in the lower well; E) Representative images of ALP staining (panoramic and local)
of MSCs under osteogenic and adipogenic induction. Scale bars: 200 pm (upper), 50 pm (bottom). F) Quantification of integrated optical density (I0D) for ALP
staining for the six groups (n = 3). All data are shown as the mean + SD. **P < 0.01, *P < 0.05; NS, not significant (P > 0.05).
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Figure 5. Functional investigation via GSEA and CellChat analysis of osteoclast lineage. A) GSEA of distinct pathways of 5 subsets among osteoclast lineages,
including bone resorption, bone mineralization, mesenchymal cell differentiation, bone development, chemotaxis activity, and mesenchymal cell chemotaxis. The red
line refers to OSC, the purple line refers to osteoclast, the blue line refers to pre-OC, the green line refers to osteomorph, and the brown line refers to macrophage. B)
NES scores of individual pathways among 5 subsets. (# represents that the p value of this pathway is over 0.05). C) Violin plot of the gene expression distribution of
chemotaxis signature-related genes, including CCL3, CCL4, CCL20, CCL22, CCL3L1, CXCL8, and CXCL12, among 5 distinct subsets. D) Violin plot of the gene
expression distribution of osteogenesis signature-related genes, including COL1A1, BMP2, BGN, MMP13, and SIGLEC15, among 5 distinct subsets. E and F) Com-
parison of the outgoing and incoming interaction strengths in 2D space to identify the cell populations with significant changes in sending or receiving signals in the
ECL pathway (E) and PERIOSTN pathway (F). The size of the dots represents the counts of signal density.

osteoclast induction model using bone marrow monocytes and detected
dynamic changes in the expression of genes related to osteoclast lineage
differentiation, including F4/80, Ido1, Ccl3, Ccl4, Ctsk, Lyz1 and Acp5,
in vitro (Fig. 3A). The results showed that CD14 expression constantly
decreased during differentiation. OSC highly expressed genes, including
IDO1, CCL3 and CCL4, were significantly upregulated at the earlier
stages and then downregulated (Fig. 3B). The specific OC marker genes
ACPS5 and CTSK were highly expressed at the later stage (Fig. 3B). These
results were nearly in accordance with the scRNA-seq results in the
pseudotime trajectory, suggesting that OSCs indeed existed at the stage
of osteoclast differentiation. In addition, we analysed the distribution of
osteoclast lineage cells among the three different states. OSCs account
for the vast majority of normal and reconstructed bones (Fig. 3C). The
macrophages, pre-OCs and osteomorphs were mainly present in infected
bone (Fig. 3C). To further confirm the presence of OSCs in cortical bone,
we used immunofluorescence (IF) staining to detect the protein
expression of several genes highly expressed in OSCs, including IDO1
and CCL3 (Fig. 3D). The IF staining results in normal cortical bone
revealed that CCL3 and IDO1 were coexpressed mainly in the same re-
gions (Fig. 3D). However, almost no expression of IDO1 in infected
cortical bone was detected, suggesting that there were few OSCs under
these conditions, consistent with the scRNA-seq results (Fig. 3D). To
preliminarily investigate the relationship between infection and the
presence of OSCs, we opted to use Staphylococcal Protein A (SPA) as a
virulence factor substitute for S. aureus in our cocultures. We conducted
cocultures for 2, 4, and 6 days. The results indicated that SPA treatment
significantly downregulated IDO1 gene expression after both 2 and 4
days of osteoclast induction, suggesting that infection may inhibit the
development or formation of OSC cells (SM. Fig. 6). In addition, we
reanalyzed the sequencing dataset deposited from the human femoral
head [26]. Notably, the highest expression of IDO1 was detected in
Cluster 6 (SM. Fig. 7A and 7B). Pseudotime analysis suggested that the
temporal trends of key marker genes across all osteoclast lineage cells
perfectly aligned with our data (SM. Fig. 7C). These results further
validated the existence of OSC cells within the osteoclast lineage.

2.3. Cells at the earlier stage of osteoclast lineage contribute to MSCs
recruitment

To assess the dynamic function of the osteoclast lineage, we first
isolated bone marrow monocytes and then induced them with M-CSF
and RANKL for 6 days to obtain cells at different differentiation stages
from monocytes to osteoclasts. We then performed a transwell assay to
test the migration of MSCs cocultured with these cells at each time point
(Fig. 4A). Quantitative analysis revealed that the migration of MSCs
induced by the cells on day 3 (98 + 7.55 cells/day) was significantly
greater than that induced by the other time points (Fig. 4B and C) and
then decreased after day 4 (Fig. 4C). We also investigated the impact of
osteoclast lineage on the osteogenic differentiation of MSCs at different
time points via another coculture system (Fig. 4D). The ALP activity
results suggested that during the differentiation of osteoclast lineage
cells, the effect of these cells on osteogenic induction gradually
increased (Fig. 4E and F). CCL3 and CCL4 are highly expressed in OSCs,
and these chemokines may serve as crucial factors in the chemotactic
function of OSCs. To investigate this possibility, we used maraviroc, a
specific CCR5 antagonist that inhibits the chemokine receptors CCL3,
CCL4, and CCL5, on early-stage mononuclear cells induced in vitro. As
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CCL5 was nearly expressed in OSCs, maraviroc mainly blocked the ef-
fects of CCL3 and CCL4 in this assay. Following treatment, OSCs, along
with MSCs, were subjected to a transwell migration assay (SM. Fig. 8).
The results demonstrated that the addition of Maraviroc significantly
reduced the chemotactic ability of mononuclear cells towards MSCs.
This finding suggested that CCL3 and CCL4 are key chemotactic factors
in OSCs (SM. Fig. 8). Taken together, our results suggest that these cells
in the early stage of osteoclast lineage differentiation might be critical
for the reversal phase through recruiting MSCs.

2.4. OSCs may serve as reversal cells in bone remodelling

To further estimate the chemotaxis ability or osteogenic potential of
osteoclast lineage subsets, we performed gene set enrichment analysis
(GSEA) on the DEGs among these five subsets. The GSEA results showed
that the DEGs in macrophages obtained the highest normalized enrich-
ment scores (NES) in gene sets, including the regulation of phagocytosis
and regulation of leukocyte apoptosis, compared to the other four sub-
sets (Fig. 5A and B). Additionally, we compared the NESs of the bone
resorption gene sets, and the results showed that the DEGs in osteoclasts
had the highest score, followed by those in pre-OCs (Fig. 5A and B). To
determine the relationship between OSCs and osteoclast-related path-
ways, we analysed the enriched pathways and signals and found that
there were no pathways related to NF-kB or osteoclast differentiation in
OSC cells. Moreover, we performed a bone resorption assay to evaluate
the potential role of the OSC, which indicated that calcium phosphate
absorption was minimal after 3 days of induction. However, significant
bone resorption was observed on day 6. These findings suggest that OSC
cells may not possess strong bone resorption capabilities (SM. Fig. 9).
The DEGs in the OSC had the only positive and highest scores in gene
sets, including mesenchymal cell chemotaxis and chemokine activity
(Fig. 5A and B). These two gene sets showed a trend of first increasing
and then decreasing if all five subsets were ordered in trajectory pseu-
dotime (Fig. 5A and B), consistent with the results of transwell experi-
ments in vitro (Fig. 4B). A violin plot showed that the genes enriched in
chemotaxis signatures, including CCL3, CCL4, CCL20, CCL22, CCL3L1,
CXCL8 and CXCL12, were highly expressed in OSCs (Fig. 5C). We also
analysed several osteogenesis-related gene sets, including genes related
to osteoblast differentiation, bone development, mesenchymal cell dif-
ferentiation, and bone mineralization, and found that the NES tended to
gradually increase among these five subsets, consistent with the in vitro
results of cell-cell coculture assays (Fig. 5A, B and Fig. 4B). As expected,
genes enriched in osteoblast differentiation and bone development sig-
natures, such as BMP2, SIGLEC15, COL1A1, and POSTN, were highly
expressed in osteomorphs and osteoclasts (Fig. 5D). We further inves-
tigated the cellular interactions among osteoclast lineage subsets and
osteoblast lineage subsets in bone environments using CellChat, a cell
ligand/receptor pairing-based database. The results showed that OSCs
were the dominant communication source in the outgoing signals of
CCL, which suggested that OSCs might be the most significant chemo-
tactic cells (Fig. 5E). We then focused specifically on the periostin signals
related to osteogenesis and observed a pronounced increase in the
number of outgoing signals in the osteomorphs (Fig. 5F). The CellChat
and GSEA results indeed suggested that OSCs might play an important
role in MSC chemotaxis, which might function in bone reversal.

Due to the potential critical role of OSCs in bone reversal and the
significant decrease in the number of infected cortical bone, we propose
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Figure 6. OSCs are sufficient for the occurrence of bone mesenchymal stem cells during bone remodeling A) Schematic diagram of the tibia fracture model. B)
Representative radiographs of the mouse fracture model via X-ray. C) USA300/Eno-Antares2 tracing bacteria showed the infection condition of fracture lesions every
4 days. D) Bar plot of infection conditions among each time point with USA300/Eno-Antares2 tracing bacteria. All data are shown as the mean + SD, n = 5. **P <
0.01, *P < 0.05; NS, not significant (P > 0.05). E, F and G) Immunofluorescence staining of IDO1 (red) and CD90 (purple) in normal fracture lesions and infected
fracture lesions were stained in sections; E for 2 weeks after fracture, F for 3 weeks after fracture, G for 4 weeks after fracture; Scale bars: 50 pm. H and I) The violin
graph shows the statistical results of purple fluorescence intensity (CD90-AF647 nm) representing the number of MSCs (H) and red fluorescence intensity (IDO1-
AF568 nm) representing the number of OSCs (I). (n = 5) P values are displayed over the data. BF represents the normal fracture group, and OBF represents the
infected fracture group.
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Figure 7. Schematic diagram showing the role of osteostaticytes (OSC). Monocyte-derived macrophages, primarily in the form of OSCs, stably reside in cortical bone.
When bone remodelling is initiated, OSCs can recruit many osteoprogenitor cells to the site of reconstruction via chemotaxis. OSCs themselves can further differ-
entiate into osteoclasts, facilitating bone resorption while simultaneously undergoing osteocytic coupling. As bone resorption is completed, the recruited osteo-
progenitor cells can be induced by osteoclasts or osteomorph cells to differentiate into mature osteoblasts, thereby achieving a coordinated process of bone resorption
and formation (upper diagram). If the survival stage of OSCs in the bone remodelling microenvironment is shortened or restricted, osteoprogenitor cells cannot be
effectively recruited to the site of reconstruction, leading to delayed or impaired bone repair due to failure reversal (bottom diagram).

that fewer OSCs triggered by infection might be responsible for the among MSCs marked with CD90 and OSCs marked with IDO1 during

impaired bone remodelling. Thus, we constructed tibia fracture models bone remodelling progression via multiplex fluorescence staining. The
with/without infection to determine the relationship between the OSC results revealed that the expression level of CD90 was obviously greater
and bone remodelling. First, a closed lower-shaft tibia fracture mouse in the 2-week normal fracture group but significantly decreased in the 2-
model was generated via three-point bending (Fig. 6A). Next, 2 pl of week infected bone fracture group (Fig. 6E and H). Moreover, the
S. aureus solution at 1*1% CFU/ml was injected into the fracture site of expression level of IDO1 was similar to that of CD90 (Fig. 6E and I). After
the infected group. The fracture status was detected by microcomputed 3 weeks, the infection was nearly eliminated, and the levels of CD90 and
tomography (micro-CT) (Fig. 6B). We employed a fusion luciferase- IDOL1 started to increase in the infected bone fracture group (Fig. 6F, H
labelled S. aureus tracing system to detect infection in real time in and 6I). The fluorescence staining results revealed that the levels of
vivo (Fig. 6C and D). The fluorescence intensity results revealed that the CD90 and IDO1 continuously increased in the 4-week infection group
S. aureus infection dramatically increased in the first week, gradually (Fig. 6H and I). These data indicated that OSCs and MSCs returned and
decreased in the second week, and finally disappeared in the third week functioned regularly in bone remodelling progression after infection
after injection (Fig. 6D). MicroCT analysis revealed that the bone callus elimination. By week 4, the number of osteoclasts in the control fracture
at the fracture site of the infected group of mice was not fully mineral- group was significantly lower than that in the infected fracture group,
ized, suggesting that impaired bone remodelling occurred in the infected indicating that the normal fracture group had already progressed to
group (SM. Fig. 10). Then, we aimed to determine the relationship mineralization. Consequently, the bone trabeculae begin to reshape, and
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excess callus is absorbed by osteoclasts (SM. Fig. 11). The infection
group seemed to have experienced delayed union compared to the
normal group (SM. Fig. 11). The dynamic results indicated that the
presence of OSCs seems to be related to the presence of MSCs and may
play a critical role in bone reversal coupled with the presence of MSCs.

3. Discussion

In bone remodelling, the well-orchestrated coupling phase maintains
bone homeostasis, including balanced bone resorption and formation,
appropriate regulation of calcium and phosphorus metabolism, and
regulation of individual bone cell activity [27]. However. The mecha-
nism of bone reversal remains elusive. In particular, the nature of the
original dispute of reversal cells. In this study, we found that early-stage
osteoclast lineage cells recruit MSCs and that their osteogenic induction
ability increases with the differentiation of the osteoclast lineage in
vitro. Using scRNA-seq, we identified an earlier stage called IDO1-
highccp,3MehCCL4M 8P OSCs within the osteoclast lineage by analysing the
differentiation trajectory pseudotime. Then, we confirmed the presence
of OSCs via immunofluorescence staining of cortical bone tissue and
real-time PCR of differentiated osteoclast lineage cells. To our surprise,
bioinformatic analysis revealed that OSCs exhibited the highest
chemotactic activity, which was confirmed by GSEA and CellChat
analysis. In a mouse model, OSCs were found to be positively related to
bone MSC occurrence and bone remodelling. Combining these findings,
we propose that OSCs are a novel subset at an earlier stage during the
osteoclast lineage and might be reversal cells. Consequently, the name
“osteostaticytes” derives from combining “osteo” (related to bone) and
"-static” (suggesting stability or maintaining balance), reflecting their
proposed function in maintaining bone homeostasis and structure.

The origin of reversal cells is still a controversial topic. Our findings
are in accordance with some studies indicating that the “reversal” cells
are from osteoclast lineage cells. Initially, “reversal” cells were sug-
gested to be monocytic phagocytes based on morphological assessment
[9]. Studies have shown that macrophages contribute to the recruitment
of MSCs and osteoprogenitors to fracture sites by secreting CCL2, CXCL8
and SDF-1 [28]. Studies have also reported that macrophages engage in
both intramembranous bone formation and endochondral bone forma-
tion by regulating osteoblast mineralization and gene expression [29,
30]. Chang and colleagues reported that resident bone macrophages
were located immediately adjacent to mature osteoblasts at sites of
active bone modelling [31]. Impressively, more than 75 % of osteoblasts
on the endosteal surface of cortical bone are covered by a canopy-like
structure of F4/80", CD681, Mac-3", or TRAP™ macrophages [32]. A
similar population was described in human bone, suggesting a signifi-
cant role in supporting bone formation [31]. In addition, both pre-
osteoclasts and osteoclasts play critical roles in promoting osteogenesis
by secreting extracellular vesicles [33]. These data provide clear evi-
dence that the monocytic osteoclast lineage plays significant roles in the
recruitment and differentiation of osteoblastic cells, which is potentially
helpful in bridging the transition between bone resorption and forma-
tion. Nevertheless, the opposite view insists that the reversal cell is from
the osteoblast lineage based on its morphology and local positive
markers, ALP positive and MOMA2 negative [10,34]. However, studies
have reported that MOMAZ2-positive cells and F4/80-positive cells are
distinct monocytic cells [35]. Recently, macrophages have been shown
to exhibit alkaline phosphatase expression [11]. Our results revealed
that some osteoclast lineage cells had positive ALP expression (SM
Fig. 12). Previous studies have found that the NF-xB pathways were
critical in osteoclast formation [36]. Here, our results revealed that
differentiated expressed genes in OSCs were also enriched in canonical
NF-kB pathway and the key genes such as TRAF6 and SQSTM1 were also
relatively higher in OSC cells (SM Fig. 13). These data suggested that
OSCs indeed had similar signalling activities such as NF-kB pathway
with osteoclast. The communication mechanism by which bone forma-
tion follows bone resorption is referred to as coupling, which is
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analogous to how a train carriage follows an engine. From the
perspective of functional needs, some authors suggest that reverse cells
are phagocytic macrophage-like cells, as they can phagocytose demin-
eralized collagen or other matrix molecules left by osteoclasts in the
resorption lacuna [37-39]. Osteoclasts serve as the driving force behind
remodelling, acting as the engine, while osteoblasts, through coupling,
act as the cellular carriage that follows. Therefore, according to the
sequence of events related to bone remodelling, bone coupling should
logically be undertaken by osteoclast lineage cells.

After determining the nature of the reversal cells, the exact nature of
the coupling signal that coordinates this transition and directs bone
formation specifically to sites of bone resorption is still a subject of
debate and controversy. The initial proposed mechanism for coupling
signals was the release of growth factors stored in significant quantities
within the bone matrix during the process of resorption. Insulin-like
growth factors I and II, as well as TGF-B, are examples of factors that
are involved in the coupling mechanism. The active regulation of TGF-f
seems to play a crucial role in signalling the recruitment of mesenchymal
stem cells to sites of bone resorption [40]. However, this hypothesis was
neglected because in mice and humans with dysfunctional osteoclasts
that cannot resorb bone, osteoblast bone formation remains intact
despite the absence of matrix-bound growth factors [41]. Thus, the
hypothesis that osteoclasts produce coupling factors has emerged. Two
main coupling mechanisms have been proposed, including the soluble
molecule sphingosine 1-phosphate (SGPP1) and the cell-anchored
EphB4-ephrin-B2 bidirectional signalling complex. SGPP1 is secreted
by osteoclasts, induces osteoblast precursor recruitment, and promotes
the survival of mature osteoblasts [42]. Hence, our results showed that
SGPP1 was more highly expressed in macrophages other than osteo-
clasts than in those of osteoclast lineages (SM. Fig. 12). This finding
suggested that osteoclasts do not play critical roles in osteoblast pre-
cursor recruitment. EphB4 receptors are expressed on osteoblasts,
whereas osteoclasts express the ligand ephrin-B2 (EFNB2). Forwards
signalling through EphB4 to osteoblasts enhances osteogenic differen-
tiation [43]. Our data indicated that EFNB2 was significantly highly
expressed in osteomorphs (SM. Fig. 12). These results suggest that cells
located in the late stage of osteoclast differentiation produce more
EFNB2, thereby promoting osteogenesis. Overall, determining the real
origin of reversal cells is the key to investigating the detailed coupling
mechanism.

OM is a bone inflammatory disease characterized by bone remodel-
ling failure. The detailed mechanism of bone erosion in OM is still un-
clear. Previous studies have reported that bacteria directly mediate bone
destruction by inducing osteoblast apoptosis in vitro [44]. Moreover,
osteoclasts were stimulated with surface-associated material in an
S. aureus-infected murine model [45,46]. However, we believe that the
mechanism of bone destruction associated with osteomyelitis cannot be
explained solely by one factor, such as the enhanced bone resorption
ability of osteoclasts or the weakened osteogenic ability of osteoblasts.
We speculate that this is due to the imbalance of the bone remodelling
process caused by the damage of the reversal phase, resulting in bone
destruction.

Our study preliminarily explored the potential role of OSCs in bone
remodelling. However, our research has several limitations. (1) We
collected and dissociated only five cortical bone samples, including two
normal, two infected, and one reconstructed sample, resulting in a
relatively small overall sample size. This may not adequately represent
the state of cells during bone remodelling under different pathological
conditions. (2) We need to further characterize OSCs in more detail,
including identifying the cytokines that mediate their high chemotactic
ability through sorting these living cells by specific surface markers or
constructing IDO1-2A-EGFP fluorescence-labelled mice in the future. (3)
There is only a causal correlation between the OSC and the fracture
healing process. Currently, we are afraid that we cannot investigate the
direct role of the OSC in bone remodelling. We have not identified the
key regulators of OSCs, which could be helpful for evaluating the role of
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OSCs in bone remodelling by performing gain/loss assays in vivo. After
using ATAC-seq, CUT-Tag-seq and RNA-seq assays to identify key tran-
scription factors of OSCs, we can further investigate the specific roles of
OSCs by regulating the expression of key regulators. (4) Pseudotime
analysis of the osteoclast lineage indicated that the timing of the dif-
ferentiation of OSC cells was positioned between macrophages and
osteoclast precursors. Normally, inducing osteoclast precursors requires
4-5 days. Therefore, we refined the induction period and compared the
expression levels of genes characteristic of OSCs after 1, 2, 3, 4, 6, and 8
days of osteoclast induction to estimate the approximate time point at
which OSC cells appeared. However, 72 h was not an exact induction
time for OSC cells but should be an approximate time deduced from the
peak expression of genes such as IDO1, CCL3 and CCLA4.

Based on these findings, we propose a novel bone remodelling hy-
pothesis (Fig. 5). Monocyte-derived macrophages, primarily OSCs, sta-
bly reside in cortical bone (Fig. 7). When bone remodelling is initiated,
OSCs can recruit many osteoprogenitor cells to the site of reconstruction
(Fig. 7). OSCs themselves can further differentiate into osteoclasts,
facilitating bone resorption while simultaneously undergoing osteocytic
coupling. As bone resorption is completed, the recruited osteoprogenitor
cells can be induced by osteoclasts or osteomorph cells to differentiate
into mature osteoblasts, thereby achieving a coordinated process of bone
resorption and formation (Fig. 7). If the survival stage of OSCs in the
bone remodelling microenvironment is shortened or restricted, osteo-
progenitor cells cannot be effectively recruited to the site of recon-
struction, leading to delayed or impaired bone repair (Fig. 7).

4. Conclusion

In this study, we created a comprehensive cell atlas that covers
normal, infected, and reconstructed cortical bone. Within the osteoclast
lineages, we identified a new subset, referred to as OSCs, in the early
stage via trajectory pseudotime analysis. Subsequently, we confirmed
the presence of OSCs, which displayed the highest chemotactic activity
among all lineage subsets. We revealed the significant role of cells in the
early stage of the osteoclast lineage in recruiting MSCs. Our data suggest
that OSCs may have a positive correlation with the presence of bone
MSCs and their contribution to bone remodelling. These findings offer
new insights and insights for understanding bone reversal-related dis-
eases and may serve as novel therapeutic targets for conditions such as
bone infection and delayed bone healing.
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