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ARTICLE INFO ABSTRACT

Keywords: The refined functional cell subtypes in the immune microenvironment of specific titanium (Ti) surface and their
Bone mesenchymal stem cells collaborative role in promoting bone marrow mesenchymal stem cells (BMSCs) driven bone integration need to
Macrophages be comprehensively characterized. This study employed a simplified co-culture system to investigate the dy-
Chem?klnes - namic, temporal crosstalk between macrophages and BMSCs on the Ti surface. The M2-like sub-phenotype of
Osteointegration

macrophages, characterized by secretion of CXCL chemokines, emerges as a crucial mediator for promoting
BMSC osteogenic differentiation and bone integration in the Ti surface microenvironment. Importantly, these
two cells maintain their distinct functional phenotypes through a mutually regulatory interplay. The secretion of
CXCL3, CXCL6, and CXCL14 by M2-like macrophages plays a pivotal role. The process activates CXCR2 and
CCR1 receptors, triggering downstream regulatory effects on the actin cytoskeleton pathway within BMSCs,
ultimately fostering osteogenic differentiation. Reciprocally, BMSCs secrete pleiotrophin (PTN), a key player in
regulating macrophage differentiation. This secretion maintains the M2-like phenotype via the Sdc3 receptor-
mediated cell adhesion molecules pathway. Our findings provide a novel insight into the intricate communi-
cation and mutual regulatory mechanisms operating between BMSCs and macrophages on the Ti surface,
highlight specific molecular events governing cell-cell interactions in the osteointegration, inform the surface
design of orthopedic implants, and advance our understanding of osteointegration.

Cell-cell communication

1. Introduction

Titanium (Ti) and its alloys are widely used in orthopedic implants
[1,2] due to their exceptional mechanical properties, chemical stability,
and biocompatibility [3,4]. A key objective in modifying Ti prostheses is
to enhance the structural and functional connection between the
implant surface and bone tissue, a process known as osseointegration.
Numerous studies have elucidated the close relationship between

osseointegration and the immune environment surrounding the implant
[5-7]. Maintaining an equilibrium between the foreign body response
(FBR) and tissue healing is crucial for optimal osseointegration [8], as
disequilibrium can lead to subpar osseointegration and infection [9].
Macrophages and neutrophils have been identified to possess oste-
ogenic effects [10-13]. Macrophages exhibit plasticity and are often
classified into M1 and M2 subtypes [14,15]. While M1 macrophages
promote inflammation responses [16], M2 macrophages exert
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anti-inflammatory effects and promote tissue healing [17,18]. This
biological heterogeneity can result in different osseointegration out-
comes [19-21], which could be attributed to macrophages occupying
distinct phenotypic states or plasticity. Previous studies have shown that
altering biomaterial surface properties, such as hydrophilicity, rough-
ness [22] ], and size [23], and incorporating certain metal elements,
such as Fe2+ [24], Sr2+ [25], Ag2+ [3], and Mg2+ [26], can induce
diverse macrophage phenotypes and promote bone healing [27]. It is
evident that macrophage phenotypes in this process appear to be far
from uniform, with environmental factors seemingly driving their
diverse range. M2 macrophages are more of a general definition, with
more precise functional subtypes in specific microenvironments [28].

BMSCs play a pivotal role in osseointegration and are regulated by
the immune system, exhibiting immunomodulatory behaviors. For
instance, one study revealed BMSCs’ responsiveness to immunomodu-
latory regulation via soluble factors like PGE2 and TSG-6 [29], while
other studies suggested a direct relationship between
macrophages-secreted BMP-2 and BMSC osteogenic differentiation [30,
31]. Investigations into in vivo bone defects and fracture healing have
elucidated the impacts of intercellular communication between macro-
phages and BMSC on the fate of interstitial progenitors, with specific
signaling molecules such as CCL2, CXCL8, and SDF-1 varying with the
experimental design and model specification [32]. These findings un-
derscore the potential to induce specific functional macrophage phe-
notypes in distinct microenvironments. Nonetheless, the mutual
regulation between macrophages and BMSCs within a particular
host-implant interface microenvironment has yet to be thoroughly
elucidated. Recent advancements in high-throughput sequencing tech-
nologies, including single-cell sequencing, have enabled more refined
phenotypic identification of macrophages. Utilizing advanced bio-
informatic analysis, which has been applied across various diseases [33]
but rarely to periprosthetic cells, allows inference of functional macro-
phages in specific environments and identification of relevant functional
molecules.

To accurately mimic the native environment and unravel the
communication mechanisms underlying microenvironment-mediated
macrophage-mesenchymal stem cell interaction, co-culture models are
often employed [34]. While prior studies have established various
co-culture models, such as 3D-scaffolds [35], trans-well insert systems
[36], mini-pillar chips [37,38], 3D-spheroids [39], and indirect
co-cultures [40], many of these designs are static or pertain to a single
cell type, overlooking the dynamic feedback and crosstalk between main
cell types on Ti prosthesis surfaces. In this study, we constructed a
temporal dynamic co-culture model to investigate the interaction be-
tween BMSCs and macrophages. Through RNA sequencing and related
in vivo and in vitro experiments, we evaluated the role of different types
of macrophages in promoting osteogenesis and examined the biological
interactions between BMSCs and macrophages on Ti surfaces. Our
findings may provide further insights into cell subtypes and molecular
mechanisms relevant to Ti interface osseointegration, guiding the design
and development of novel bio-functional Ti prosthesis materials.

2. Materials and methods
2.1. Sample preparation

Titanium foils of average dimensions of 20.0 mm x 20.0 mm x 1.0
mm and 10.0 mm x 10.0 mm x 1.0 mm and titanium rods with a
diameter of 1.0 mm, length of 8 mm, and purity of 99.7 % (Aldrich, USA)
were polished using SiC (silicon carbide) sandpapers. Subsequently, the
foils were ultrasonically cleaned for 10 min at a frequency of 100 Hz,
followed by rinse in turn with acetone, ethanol (>99.7 %), and deion-
ized water (DI). All materials were sterilized by high-pressure steam
before commencing experimental procedures.
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2.2. Surface characteristic

A field emission scanning electron microscope (FE-SEM) (FEI Nova
400 Nano) and an Energy- Dispersive X-ray Spectrometer (EDX, Nova
Nano 450, Thermo FEI, USA) were used to observe the surface
morphology and elemental composition of the Ti samples, respectively.

2.3. Isolation of BMSCs and bone marrow macrophages (BMMs)

BMSCs were isolated from the femur and tibia of 4-week-old
(60-80g) male Sprague-Dawley (SD) rats. The cells obtained from the
marrow cavity were cultured in the F12 medium containing 10 % fetal
bovine serum in a 10 cm petri dish. After 24 h, the supernatant sus-
pension was removed, and the adherent cells were retained and cultured
by replenishing the medium every three days. Cells of three to five
passages were used as BMSCs in the subsequent experiments.

BMMs were also derived from the femur and tibia of 4-week-old
(60-80g) male SD rats. Cells from the marrow cavity were cultured in
alpha-modified eagle medium (a-MEM, Gibco), supplemented with 10 %
fetal bovine serum and 50 ng/mL macrophage colony-stimulating factor
(M-CSF). After 16 h, the supernatant suspension was transferred to
another 10 cm petri dish, while the adherent cells after 24 h were
considered as BMMs and were further cultured with regular medium
refreshing every two days. Primary BMMs were utilized for the subse-
quent experiments.

2.4. Co-culture of BMMs and BMSCs

BMSCs were seeded onto a designated Ti plate, whereas BMMs were
seeded onto another. Upon cell attachment, the two Ti plates were
placed in the same culture dish to enable co-culture. In the control
group, the two cell types were cultured separately on the Ti surface in
osteoblast induction media (OriCell, RAXMX-90021) for 7 consecutive
days. M-CSF (50 ng/mL) was additionally supplemented in the subset
involving macrophages.

2.5. RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was isolated using TRIzol reagent (Invitrogen, USA), and
c¢DNA was synthesized from 1000 ng of total RNA using the Revert Aid
First Strand cDNA Synthesis Kit (Hifair® III 1st Strand cDNA Synthesis
SuperMix, YEASEN, China) according to the manufacturer’s in-
structions. Hieff® qPCR SYBR Green Master Mix (No Rox) (YEASEN,
China) was used for qRT-PCR. The primer sequences used for qRT-PCR
are listed in Table 1.

2.6. Western blotting analyses

Western blot was employed to identify osteogenic markers, including
ALP (Abcam, UK), RUNX2 (CST, USA), and OPN (Abcam, UK) in BMSCs,
polarization indexes, including iNOS (Proteintech, China), TNF-a (Pro-
teintech, China), Argl (CST, USA), and CD206 (Abcan, UK) in BMMs
within co-culture model, and other indexes, including IL10 (Proteintech,
China), CXCL3 (Abcam, UK), CXCL6 (Abclonal, China), CXCL14
(Abcam, UK), Sdc3 (Abclonal, China), Cldnl (Abcam, UK), Itgaal
(Abclonal, China), CXCR2 (Abclonal, China), CCR1 (Abcam, UK), Pfn2
(Abclonal, China), and PTN (Abcam, UK). Cells were lysed in RIPA lysis
buffer to extract total proteins. The proteins were separated by 10 % or
12 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
subsequently transferred onto PVDF membranes (0.2um, Millipore,
Billerica, MA, USA). The membranes were blocked with 5 % bovine
serum albumin or non-fat dry milk in TBST for 60 min at room tem-
perature to block nonspecific binding and then incubated overnight with
the primary antibodies under gentle shaking at 4 °C. The membranes
were then washed three times and incubated with secondary antibodies
for 1 h at room temperature. After three subsequent washes with TBST,
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Table 1
Primers used for qRT-PCR.
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Gene Gene forward primer sequence (5-3) Gene forward primer sequence (3-5)
ALP CCAAAGGCTTCTTCTTGCTAGTG TGATCAGCAGTAACCACAGTCAA
Runx2 GGCCACTTACCACAGAGCTATTA GTGTCTGCCTGGGATCTGTAATC
OPN GAGAGCGAGGATTCTGTGAACTC CTCATCTGTGGCATCGGGATACT
OCN GGTGCAGACCTAGCAGACACCA AGGTAGCGCCGGAGTCTATTCA
iNOS AATCTTGGAGCGAGTTGTGG CAGGAAGTAGGTGAGGGCTTG
TNF-a CCCCGACTATGTGCTCCTCAC AGGGCTCTTGATGGCGGA

Argl CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
CD206 GACAGATATGAACAAGCATTCC TGAACATCTGAGAGTCCTGTC
Cerl CTCTCAAAGGCCCAGAAACAAAG GGAACTGGTCAGGAACAATAGCT
Cxcr2 AGCTGTCTCACTTTCTTCCAGTT CCACCCTGATTTCTCCCATCTTT
Cyfip2 GCTGACCAGATCTTTGCCTACTA TGCGTGATGAGTCTGTTCAAGTC
Itgal GCCCAAGACATAACCCGCTATAT TCAGCTTCTCAAATGTGTCCAGA
Nckapl CTCAGAGCACATGTCAGGAAGTA TCTTCAGGGCAAACAGAGAGATT
Pfn2 GTTGGCAGAGCTACGTGGATAAC CATCTATTTCTGCTGGCGTGATG
Ptn CGAGTGCAAACAAACCATGAAGA GTTCTGGTCTTCAAGGCGGTATT
Cxcll CTGCACCCAAACCGAAGTCATAG CCATCGGTGCAATCTATCTTCTTTC
Cxcl3 TTTGAGAACATCCAGAGCTTGAC AGCTTGAGGGTTGAGACAAACTT
Cxcl6 CATTTCTGCTGCTGTTCACACTG AGCTTCTGGGTCAAGACAAACAT
Cxcl12 CGCACTTTCACTCTCCGTCC TGGCTCTCAAAGAATCGGCA
Cxcl14 GACGTGAAGAAGCTGGAAATGAA CAAGATCGTCCACCCTACTCTTC
Ccl20 CCTCAGCCTAAGAACCAAGAAGAT CACTGGGACACAAATCAGGTCTG
Cldnl TGGGGACAACATCGTGACTG CCCCAGCAGGATGCCAATTA
Itga8 AGAAGACGGTCACTGTTCGAAAT TTGATGTCTGTCAGGGCACTTAT
Sdc3 GATCTTGAGGGCTCAGGGGA GAACCGCATGGCTGTCTCAA
GAPDH GAAGGTCGGTGTGAACGGAT CCCATTTGATGTTAGCGGGAT

images were captured via enhanced chemiluminescence (Thermo Fisher
Scientific) and quantified using Image Lab 5.1 software (Bio-Rad, Her-
cules, CA, USA).

2.7. Immunofluorescence analysis

Cells cultured separately and co-cultured on titanium sheets were
fixed with 4 % paraformaldehyde for 15 min. After permeabilization
using 0.2 % Triton X-100 (Solarbio) for 10 min, cells were incubated
with 1 % BSA in PBST at room temperature for 30 min to block
nonspecific binding. Subsequently, cells were incubated with diluted
primary antibodies overnight at 4 °C, followed by three washes with
PBS. Then, the cells were incubated with secondary antibodies in the
dark for 1 h and counterstained with DAPI (Solarbio) for 5 min. The
resultant images were captured using a fluorescence microscope.

2.8. Implantation model

All the experiments were approved by the Institutional Animal Ethics
Committee of Tongji Hospital, Tongji Medical College, Huazhong Uni-
versity of Science and Technology, Wuhan, China (TJH-202101004). To
evaluate changes in the surrounding immune environment and bone
healing after implantation, we established a femoral defect model in
male SD rats. Thirty-two male SD rats (150 + 20 g, 5-week-old) were
procured from the Experimental Animal Center of Tongji Hospital
(Wuhan, China) and acclimated in the laboratory under standard con-
ditions for 1 week. These rats were then randomly allocated into 2
groups (Titanium rods group and Blank control group, n = 16), with
each group further divided into 4 subgroups (n = 4) corresponding to
post-surgery durations of 3, 7, 14, or 28 days. Prior to the procedures, all
rats were anesthetized using pentobarbital. An incision was made
through the skin and subcutaneous tissues along the medial femur on
both sides to expose the epiphyseal bone surface. Utilizing an electric
drill, a hole of 2 mm diameter was drilled perpendicular to the bone
surface for implanting titanium rods. The incision was subsequently
sutured in layers, and each rat received a 0.5 mL antibiotic dose to
prevent infection. At the end of the experiment, all rats were euthanized,
and samples of the soft tissue surrounding the defect and the femur were
collected for subsequent analysis.

2.9. H&E staining and immunohistochemistry

Fresh tissues were fixed for more than 24 h, embedded in paraffin,
and sectioned at a thickness of 4 pm. These sections were subjected to
hematoxylin and eosin (H&E) staining and immunohistochemical
staining. The staining results were observed and recorded under a
microscope.

2.10. Micro-CT analysis

The collected bilateral femurs were fixed in 4 % paraformaldehyde
for 2 days. Subsequently, distal femurs were scanned using a high-
resolution Micro-CT with scanning parameters setting as follows:
source voltage at 70 kV, source current at 114 pA, and isotropic reso-
lution at 20 pm. The built-in software of Micro-CT was employed for
bone morphologic analysis and 3D reconstruction based on morphologic
parameters, including bone volume/tissue volume (Bv/Tv), trabecular
thickness (Tb.Th), trabecular number (Tb.N), and trabecular distance
(Tb.Sp).

2.11. RNA sequencing and data analysis

BMMs and BMSCs were cultured separately or co-cultured for four
days. Following this, RNA was extracted using TRIzol reagent (Invi-
trogen, USA) and submitted to Novogene (Beijing, China) for RNA
sequencing. Differentially expressed genes (DEGs) between the separate
and co-culture groups of BMMs and BMSCs were identified based on the
threshold of |log2(Foldchange)| of 0.5. These DEGs were further sub-
jected to analysis using the Kyoto Encyclopedia of Genes and Genomes
(KEGG), Gene Ontology (GO), and protein-protein interaction (PPI)
networks to wunravel potential mechanisms underlying their
communication.

2.12. ELISA

Proteins secreted by the two types of cells in the co-culture model
were detected using CXCL3 and PTN ELISA Kits from JiangLai Biological
(Shanghai, China) and CXCL6 and CXCL14 ELISA Kits from Cloud-Clone
Corp (Wuhan, China).
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2.13. Cytotoxicity assay

The cytotoxicity and proliferation effects of CXCL3, CXCL6, and
CXCL14 on BMSCs and PTN on BMMs were determined using the CCK-8
kit. After attachment, cells (5 x 103/well) in 96-well plates) were
treated with various concentrations of CXCL3, CXCL6, CXCL14, and PTN
with replicates for each concentration. Upon the completion of the
intervention, 10 pL of CCK-8 solution was added to each well. After
incubation at 37 °C for 1 h, the absorbance at 450 nm was measured
using a plate reader.

2.14. Pfn2 knockdown using small interfering RNA

Small interfering RNA was used to knock down Pfn2. In brief, 5 pL of
small interfering RNA (Si-Pfn2, sense: GCAAAAUACUUGAGAGACUTT,
antisense: AGUCUCUCAAGUAUUUUGCTT) was mixed with 5 pL of
Lipo-3000n (Thermo, USA) in 120 L of opti-MEM (Gibco, USA). After
incubation at room temperature for 15 min, the mixture was added to
1750 pL of F12 medium and used to culture BMSCs for 24 h in 6-well
plates.

2.15. Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0
(GraphPad Software, San Diego, CA, USA). Differences between two
groups were analyzed using a two-tailed student t-test and differences
among multiple groups were analyzed using a one-way analysis of
variance (ANOVA). Data were expressed as mean =+ standard error of the
mean (SEM). All data were obtained from at least three independent
experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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3. Results

3.1. Material microstructure, elemental analysis, and construction of co-
culture model

We employed a titanium alloy as the substrate for cell culture. All
materials were synthesized in a consistent way to ensure uniform
morphological characteristics. The surface microstructure and
morphology were observed using FE-SEM (Fig. 1A and B). Concurrently,
the element composition of the materials was examined using EDX.
Notably, apart from the artificially sprayed Au element, Ti element
stands out as the principal constituent element of the material, as
demonstrated in Fig. 1C. We established a direct co-culture model to
explore the interactions between BMSCs and BMMs following the
intervention of Ti materials. Specifically, BMSCs and BMMs were seeded
separately on Ti plates and transferred to the same culture dish for co-
culture (Fig. 1D).

3.2. Co-culture triggers M2-like phenotype transformation of BMMs and
enhances osteogenic differentiation of BMSCs

Firstly, we investigated the effects of Ti on macrophages. The results
showed that Ti exposure led to an elevated mRNA level of the M1-like
(pro-inflammatory) marker iNOS across all observed time points but a
reduction in the mRNA level of the M2-like (anti-inflammatory) marker
CD206 at 4 and 7 days when compared to the control group. These
findings imply that the involvement of Ti triggers BMMs to polarize
towards the M1-like phenotype (Fig. 2A). Then, we examined the effects
of Ti intervention on BMMs during co-culture with BMSCs. The results
showed a significant time-dependent increase in the mRNA level of the
M2-like markers CD206 and Arg1l within co-cultured BMMs. Conversely,
we observed a significant decrease in the mRNA level of the M1-like
markers iNOS and TNF-a (Fig. 2B). These observed patterns were
mirrored in the protein levels of these markers (Fig. 2C and D). Further
exploration using immunofluorescence analysis of BMMs confirmed that
M1-like markers were highly expressed in separate culture conditions,

10um
g

Co-culture

BMSCs

Separate culture

Separate culture

Fig. 1. Microstructure and co-culture model construction. (A and B) The surface morphology of the sample was observed using FE-SEM after gold spraying at a scale
of 100 pm (A) and 10 pm (B). (C) The element composition of the sample was analyzed using EDX, with Ti as the predominant element composition. (D) Co-culture
model. BMSCs and BMMs were separately cultured on Ti plates, and the attached cells were transferred to the same culture dish for co-culture.
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Fig. 2. Effects of Ti on BMMs and temporal changes in BMMs and BMSCs in the co-culture model. (A) BMMs have distinct phenotypes with and without Ti
intervention. Changes in mRNA expression were detected at various time points. (B, C, D) The time-dependent changes in polarization-related genes of BMMs at both
mRNA and protein levels across separate culture and co-culture groups. (E, F, G) The time-dependent changes in osteogenesis-related genes of BMSCs at both mRNA

and proteln levels cross in separate culture and co-culture groups. Data are presented as the mean + SEM of at least three independent experiments. *p < 0.05, *
*p < 0.0001. mRNA and protein expression levels were normalized to that of separate culture on day 1.

0.01, ***p < 0.001, an *

while M2-like markers were highly expressed in co-cultured BMMs at
various time points (Fig. S1).

Subsequently, we detected the expression of osteoblast-related genes
in BMSCs in the co-culture system, including RUNX2, ALP, OPN, and
OCN. The results showed that expression of all these genes in the co-
culture system increased at both mRNA and protein levels over time
compared to the separate culture system (Fig. 2E, F, and G).

In conclusion, the co-culture-induced phenotype of BMMs exhibited
a promotive effect on the osteogenic differentiation of BMSCs compared
to the separate culture.

3.3. In vivo implantation of Ti rod did not affect the bone formation and
M2-like differentiation of macrophages around the defect

Bilateral distal femurs of SD rats were utilized to construct bone
defects, followed by implanting Ti rods. DR imaging showed appropriate
implant positioning (Fig. 3A). The rats were observed at 3, 7, 14, and 28
days post-Ti rod implantation. At the 3-day-post Ti rod implantation,
immunofluorescence demonstrated the deposition of BMMs (green) and
BMSCs (red) on the Ti surface (Fig. 3B), indicating the interaction be-
tween BMMs and BMSCs on the Ti surface in an in vivo microenviron-
ment. Consequently, femurs from the SD rats were collected at each time
point for CT analysis and reconstruction observation. Over time, a
concentric encirclement of new, dense bone tissue around the Ti rod was

p <

evident (Fig. 3C). Bone morphological parameters, including BV/TV, Tb.
Th, Tb.N, and Tb.Sp, were quantified. In comparison to the control
group, minimal variations were observed on day 3. However, significant
decreases on day 7 and significant increases on days 14 and 28 were
observed in BV/TV, Tb.N, and Tb.Th. In contrast, an inverse trend was
observed in Tb.Sp (Fig. 3D). These changes in bone morphological pa-
rameters over time indicated robust osseointegration after Ti rod
implantation.

H&E staining of the soft tissue surrounding the defects post Ti rod
implantation revealed substantial infiltration of cells on days 3 and 7.
Over time, the number of infiltrating cells surrounding the soft tissue
decreased (Fig. 3E). Immunohistochemical staining verified the pres-
ence of BMMs in the surrounding soft tissues and the temporal changes
in macrophage phenotypes. Moreover, significant expression of the M1-
like markers iNOS and TNF-a and M2-like markers Argl and CD206
were observed at day 3. However, the expression levels of M2-like
markers Argl and CD206 were significantly higher than that of the
M1-like markers iNOS and TNF-a at day 7 (Fig. 3F), indicating that
BMMs proximal to the Ti implant exhibited a gradual transition towards
the M2-like phenotype over time.

We further analyzed protein levels in the soft tissues surrounding the
Ti rod to evaluate macrophage changes at the protein level. The results
showed macrophage invasion was most prominent at the initial phase,
intensifying within 7 days before precipitously declining post this
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Fig. 3. In vivo alterations in osteogenesis and immune environment after Ti rod implantation. (A) Images of the implanted Ti rods captured using DR. (B) Immu-
nofluorescence imaging of BMMs (F4/80+) and BMSCs (CD90) on the Ti surface at the juncture on day 3 of post-Ti rod implantation. (C) Three-dimensional
reconstruction encircling the femur at various time points post-Ti rod implantation. (D) levels of bone structure-related parameters, including BV/TV, Tb.N, Tb.
Sp, and Tb.Th; (E) H&E staining of the neighboring soft tissues of the femur at various time points. (F) Inmunohistochemical staining of Argl, CD206, iNOS, and
TNF-a in the soft tissues surrounding the femur modeling at various time points. (G, H) Expression of tissue proteins related to macrophage polarization at various
time points, including Argl, CD206, IL-10, iNOS, and TNF-«. Data are presented as mean + SEM of at least three independent experiments. *p < 0.05, **p < 0.01,

***p < 0.001, and

duration (Fig. 3G and H). Overall, our in vivo experiments support the
results of our in vitro cell experiments and validate the rationality of the
intervention timing we established in our in vitro cell experiments.

3.4. RNA-seq reveals increased expression of chemokines and related
pathway genes in BMMs and upregulation of PTN, receptors, and related
pathway genes in BMSCs

To further explore the mechanisms underlying the interaction be-
tween BMMs and BMSCs in the co-culture system on Ti surface, we
performed whole genome RNA sequencing on BMMs and BMSCs after 4
days of co-culture. Initially, we analyzed DEGs in BMMs during co-
culture with BMSCs (Fig. 4A). Using KEGG pathway enrichment anal-
ysis, we identified the top 20 signaling pathways with the most signifi-
cant differences (Fig. 4B). The Venn diagram showed the distinct gene
count in separate culture and co-culture systems (Fig. S2A). GO analysis
revealed ten signal pathways with the most significant differences across
biological process (BP), cell component (CC), and molecular functions
(MF) (Fig. 4C and S2B). Within the MF-focused GO analysis, the tra-
jectory of BMMs’ changes culminated in the chemokine activity
pathway. The quantification of upregulated genes post-co-culture was

< 0.0001. The protein expression was normalized to the control group on day 3.

depicted (Fig. 4D). PPI analysis of aforementioned chemokines indicated
that their corresponding receptors CXCR2 and CCR1 were among the
DEGs in BMSCs (Fig. 4E) and enriched in the transmembrane signaling
receptor activity pathway. PPI analysis also revealed genes related to the
receptors CXCR2 and CCR1(Fig. 4F). KEGG analysis of these genes un-
veiled that Itgal was enriched into the regulation of the actin cytoskel-
eton pathway in BMSCs. The quantification of these related upregulated
genes is shown in Figs. S2C and D.

We further analyzed DEGs in BMSCs during co-culture with BMMs
(Fig. 4G). KEGG pathway enrichment analysis revealed the top 20
signaling pathways with the most significant differences (Fig. 4H). The
Venn diagram showed the distinct gene count in separate culture and co-
culture systems (Fig. S2E). GO analysis indicated that the top ten signal
pathways with the most significant differences were BP, CC, and MF
(Fig. 41 and S2F). Further GO analysis of MF showed that the trajectory
of BMSCs’ changes culminated in the integrin binding pathway. The
quantification of upregulated genes post-co-culture was depicted in
Fig. 4J. Among these upregulated genes, Col4a3, Ptn, IL1p, and Fermt3
are regulators of secretory proteins. PPI analysis indicated that PTN
receptor Sdc3, Ptprzl, and IL1p receptor IL1r]l were among the upre-
gulated genes BMSCs during co-culture with BMMs (Fig. 4K). KEGG
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Fig. 4. Transcriptomic insights into intercellular signaling in co-culture system. RNA-seq results revealed 1) increases in BMMs-secreted chemokines under the
influence of BMSCs and in expression of receptors CXCR2 and CCR1 on BMSCs, as well as activation of their downstream actin cytoskeleton pathway, and 2) increases
in BMSCs-secreted PTN under the influence of BMMs and in expression of the receptor Sdc3 located on BMMs as well as activation of its downstream cell adhesion
molecules. (A) The volcano plot of DEGs in BMMs in the co-culture system. (B) KEGG enrichment pathway analysis of BMMs after co-culture with BMSCs. (C) The
scatter plot diagram of GO analysis of DEGs in BMMs in the co-culture system. (D) Quantified expression of upregulated chemokines secreted by BMMs in the co-
culture system. (E) Expression of chemokine receptors CXCR2 and CCR1 in the separate and co-culture systems. (F) Expression of genes involved in the PPI network of
chemokine receptors CXCR2 and CCR1 in the separate and co-culture system. The data in the red box were derived from RNA-seq analysis of BMSCs. (G) The volcano
plot of DEGs in BMSCs the co-culture system. (H) KEGG enrichment pathway analysis of DEGs in BMSCs after co-culture with BMMs. (I) The scatter plot diagram of
GO analysis of DEGs in BMSCs after co-culture with BMMs. (J) GO analysis of DEGs of BMSCs under the influence of BMMs, showing that the integrin-binding
pathway was the most important pathway, and expression quantification of up regulated genes in the integrin binding pathway. (K) The expression of PTN re-
ceptors Sdc3 and Ptprz1, and the I11p receptor I11r1 in the separate and co-culture system. (L) Expression of genes involved in the PPI network of PTN receptors Sdc3
in the separate and co-culture system. The data in the red box were derived from RNA-seq analysis results of BMMs. Data are presented as mean + SEM of at least
three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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analysis of these receptors indicated that Sdc3 was enriched into the cell
adhesion molecules pathway in BMMs. Fig. 4L shows the quantification
of the related upregulated genes.

Overall, our RNA sequencing disclosed augmented secretion of
chemokine family molecules by BMMs in response to the influence of
BMSCs. This reciprocal modulation led to the upregulation of corre-
sponding receptors, CXCR2 and CCR1, along with downstream signaling
pathways (regulation of actin cytoskeleton pathway) in BMSCs.
Furthermore, under the influence of BMMs, PTN secretion by BMSCs
was also increased, accompanied by the upregulation of the corre-
spondent receptors Sdc3 and downstream signaling pathway (cell
adhesion molecules pathway) in BMMs.

3.5. Interplay of chemokines and PTN between co-cultured BMMs and
BMSCs via their receptors

RNA sequencing results were further verified in vitro at various time
points. Compared with the separate culture, co-culture of BMMs and

A CXC11

CXCL6
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BMSCs led to a remarkable surge in the secretion of CXCL1, CXCL3,
CXCL6, CXCL14, and CCL20, particularly pronounced on day one;
however, CXCL12 did not exhibit a similar trend (Fig. 5A). In tandem,
co-culture also significantly increased the mRNA level of chemokine
receptors CXCR2 and CCR1 situated on BMSCs’ membrane (Fig. 5B),
augmented the secretion of PTN by BMSCs across all time points
(Fig. 5C), and enhanced the mRNA level of PTN receptor Sdc3 on BMMs,
especially on day 1 and day 4 (Fig. 5D).

Western blot analysis revealed no significant changes in the protein
levels of CXCL3, CXCL6, and CXCL14 in the chemokine family during
the co-culture. CXCL3 level was significantly increased on day 1, though
but showed no significant changes at other time points. CXCL6 expres-
sion gradually increased over time, showing significant changes on day
4 and day 7. In contrast, CXCL14 level was significantly increased on day
4 and day 7, yet the level on day 7 was significantly lower than that on
day 4 (Fig. 5E and F). Similarly, PTN content in co-cultured BMSCs
surpassed that in the separate culture on day 1 and day 4, but dipped one
day 7 (Fig. 5E and F). Meanwhile, we also detected the expression of
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Fig. 5. Dynamic interactions between BMMs and BMSCs in the co-culture system. Under co-culture conditions, a reciprocal interplay unfolds between BMMs and
BMSCs, driven by distinct signaling mechanisms. BMMs initiate changes in BMSCs by upregulating the secretion of chemokines and engaging chemokine receptors on
BMSC surfaces. Conversely, BMSCs exert influence on BMMs by heightening PTN secretion and interacting with the Sdc3 receptors on BMM surfaces. (A) Temporal
evolution of chemokine family-related gene expression in BMMs at mRNA levels in separate culture and co-culture systems. (B) Alterations in the expression of
chemokine family-related gene receptors in BMSCs at the mRNA level in separate and co-culture systems. (C) Time-dependent shifts in PTN mRNA expression. (D)
Temporal changes in PTN receptor Sdc3 mRNA expression on macrophages. (E, F) Protein expression profiles of CXCL3, CXCL6, CXCL14, and PTN over time in
separate and co-culture systems. (G, H) Dynamics of protein expression for chemokine receptors CCR1 and CXCR2, and PTN receptor Sdc3, over time in separate and
co-culture systems. (I) Time-course variations in CXCL3, CXCL6, CXCL14, and PTN levels in cell supernatant observed using ELISA in separate and co-culture systems.
Data are presented as mean + SEM of at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. mRNA and protein

expression were normalized to those of the separate culture system on day 1.
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chemokine receptors CXCR2 and CCR1 on the surface of BMSCs and the
level of PTN receptor Sdc3 on the surface of BMMs. The results showed
that compared to the separate culture, co-culture significantly
augmented the protein level of chemokine receptor CCR1 over time. In
addition, co-culture also increased CXCR2 expression on day 1 and day
4, but decreased its level on day 7. Meanwhile, Sdc3 protein level in
BMMs was significantly higher in the co-culture system than in the
separate culture, especially on day 7 (Fig. 5G and H).

ELISA of chemokines and PTN content in cell culture medium
revealed significant increases in levels of CXCL3, CXCL6, and CXCL14
secreted by BMMs and PTN secreted by BMSCs in the co-culture system
at each time point (Fig. 5I).

Collectively, in the co-culture system, BMMs secreted chemokines
that bound to chemokine receptors on BMSCs, thereby influencing
BMSCs’ function. Concurrently, PTN secreted by BMSCs interacted with
the receptor BMMs’ cell membranes, further influencing BMMs’
function.

3.6. Reciprocal modulation of cell functions in co-cultured BMMs and
BMSCs via downstream receptor signaling pathways

PPI analysis of chemokine receptors CXCR2 and CCR1 showed the
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enrichment of their related Itgal in the regulation of the actin cyto-
skeleton pathway. In addition, Itgal, Nckapl, Cyfip2, and Pfn2 in the co-
culture system exhibited higher expression levels compared to the
separate culture system, with Itgal, Cyfip2, and Pfn2 displaying the most
substantial differences (Fig. 6A). Similarly, RNA sequencing data iden-
tified Sdc3 in BMMs as enriched in the cell adhesion molecules (CAMs)
pathway. Subsequent assessment of downstream molecules Cldnl and
Itga8 in this pathway showed higher Cldn1 expression in the co-culture
system, particularly on day 7. In contrast, Itga8 expression showcased an
opposite trend (Fig. 6B). The protein levels of Itgal were also signifi-
cantly higher in the co-culture system on day 1 and day 4, while no
significant difference was observed on day 7. Unlike Itgol, Pfn2
expression was consistently higher across all time points in the co-
culture group (Fig. 6C and D). On day 7, CLDN1 protein level was
significantly higher in the co-culture system than in the separate culture
system (Fig. 6E and F).

We further explored the relationship between osteogenesis and Pfn2,
which is involved in regulating actin cytoskeletal pathways. We trans-
fected si-RNAs (Fig. 6G) specifically against Pfn2 in BMSCs and
confirmed that Pfn2 expression was significantly downregulated in the
si-Pfn2 group than in the control group (Fig. 6H). We then examined the
effects of Pfn2 downregulation on RUNX2 and ALP, two early osteogenic
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Fig. 6. Interplay of signaling pathways impacting cellular phenotypes of BMMs. The phenotypic transformations of BMMs are governed by the CAM signaling
pathway. Conversely, the functional shifts of BMSCs are influenced by the regulation of the actin cytoskeleton pathway, with Pfn2 demonstrating a positive asso-
ciation with BMSC osteogenic differentiation. (A) Changes in mRNA levels of Itgal, Nckapl, Cyfip2, and Pfn2 in BMSCs over time in the separate and co-culture
systems. (B) Changes in mRNA level of Cldnl and Itga8 in BMMs over time in the separate and co-culture systems. (C, D) Time-dependent protein expression of
Itgal and Pfn2 in the separate and co-culture systems. (E, F) Time-dependent protein expression of Cldnl in the separate and co-culture systems. (G) Pfn2 mRNA
expression in BMSCs after two days of si-Pfn2 interference. (H, I, J) Expression of osteoblast-related genes and corresponding regulatory molecules in BMSCs at
various time points with or without si-Pfn2 interference at both mRNA and protein levels. Data are presented as mean + SEM of at least three independent ex-

periments. *p < 0.05, **p < 0.01, ***p < 0.001, and *

p < 0.0001. mRNA and protein expression levels were normalized to those of the si-NC group on day 1.
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differentiation indicators, and OPN and OCN, two late osteogenic dif-
ferentiation indicators. The results showed higher RUNX2 and ALP
mRNA levels in the si-Pfn2 group than in the control group on day 1 and
day 4, but lower RUNX2 and ALP mRNA levels on day 7. Conversely,
OPN and OCN mRNA levels were significantly lower in the si-Pfn2 group
than the control group on day 4 and day 7. We also detected the protein
expression of osteoblast genes in BMSCs after Pfn2 downregulation and
found that RUNX2, ALP, and OPN protein levels were significantly lower
in the si-Pfn2 group than in the control group on day 4 and day 7, while
PFN2 protein levels were lower in the si-Pfn2 group than in the control
group across all time points (Fig. 6I and J).

Collectively, these results indicate that BMMs undergo M2-like po-
larization due to PTN stimulation via the CAMs pathway in the co-
culture system. By contrast, chemokine-driven activation of BMSCs
spurs osteogenic differentiation via the regulation of the actin cyto-
skeleton pathway, with Pfn2 exhibiting a positive correlation with BMSC
osteogenic differentiation.

3.7. Reciprocal regulation of chemokines and PTN in BMSCs and BMMs

To verify the effects of CXCL3 on BMSCs, we utilized synthetic
CXCL3 proteins to intervene BMSCs. The optimal stimulus concentration
of CXCL3 proteins for BMSC proliferation was 50 ng/mL, as determined
using the CCK-8 kit (Fig. 7A). Following CXCL3 intervention, the mRNA
expression of osteoblast-related genes increased with time at a signifi-
cant level, especially for OPN and OCN (Fig. 7B). Further exploration of
protein expression revealed that CXCL3 intervention significantly
increased the expression of osteogenic genes RUNX2, ALP, and OPN, as
well as CXCL3 receptor CXCR2, Itgal, Pfn2, and PTN in the BMSCs at all
time points (Fig. 7C and D).

Similarly, the influence of CXCL6 on BMSCs was examined at a
concentration of 50 ng/mL (Fig. S3A). Comparable to CXCL3, CXCL6
exhibited consistent osteogenic effects, promoting differentiation via
binding to CXCR2 and the regulation of the actin cytoskeleton pathway
over time (Figs. S3B, C, and D).

The impact of CXCL14 on BMSCs was also investigated. At a con-
centration of 100 ng/mL (Fig. S4A), CXCL14 exhibited short-term
osteogenic effects (on day 1 and day 4), similar to CXCL3 and CXCL6.
Following CXCL14 intervention, osteogenic differentiation was
enhanced over time via binding to its receptor CCRI and regulating the
actin cytoskeleton pathway. However, this trend was reversed on day 7
(Figs. S4B, C, and D).

Moreover, we also investigated the effect of synthetic PTN proteins
on BMMs. The optimum stimulus concentration of synthetic PTN pro-
teins for BMM proliferation was identified to be 100 ng/mL using the
CCK-8 kit (Fig. 7E). PTN intervention significantly decreased mRNA
expression of the M1-like markers iNOS and TNF-a but increased mRNA
expression of the M2-like markers Argl and CD206 at each time point.
Notably, PTN receptor Sdc3 level showed significant upregulation on
day 1, and Cldn1 in the CAM pathway demonstrated elevated expression
at all time points, with significant differences on day 4 and day 7. Under
PTN influence, BMMs secreted more CXCL3 and CXCL6 on day 1 and day
4 but less CXCL3 and CXCL6 on day 7. CXCL14 secretion was elevated on
day 1, with no significant changes at other time points (Fig. 7F).
Correspondingly, protein levels of the markers of M2-like were
increased, while those of M1-like markers were decreased. Furthermore,
the levels of PTN receptor SDC3, its downstream CLDN1, and secreted
chemokines CXCL3, CXCL6, and CXCL14 were all notably increased in
comparison to the control group at all time points (Fig. 7G and H).

In conclusion, CXCL3 and CXCL6 interact with their receptor CXCR2
on BMSCs, promoting osteogenic differentiation via regulating the actin
cytoskeleton pathway in a time-dependent manner. In contrast, CXCL14
exhibits a distinct pattern by promoting early-stage osteogenic differ-
entiation of BMSCs but inhibiting it as time progresses. In addition,
PTN’s binding to its Sdc3 receptor on the surface of BMMs induces M2-
like polarization and chemokine secretion via the CAM pathway. The
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intricate mechanisms of cell-cell communication on titanium surfaces
are summarized in Fig. 8 (Graphical Abstract).

4. Discussion

Despite the long-standing clinical use of Ti prostheses and their
generally favorable osseointegration outcomes, not all cases achieve
success, and poor osseointegration remains a prevalent issue. While
diverse surface modification strategies have been explored, many of
them introduce undesirable biological toxicities and side effects,
impeding their clinical applications [41,42]. The process of bone healing
is intricately linked to the surrounding immune system [18,27]. A
deeper understanding of the mechanisms underlying the interaction
between immune cells and BMSCs in the prosthetic microenvironment is
imperative to improve the efficacy of Ti prostheses. Previous research
[43] has predominantly focused on the responses of certain cell types to
prosthetic materials or their modifiers. However, the precision of these
phenotypic identifications is questionable due to the reliance on
consensus molecular markers. To obtain a more accurate understanding
of the functional phenotype of BMMs in the Ti prosthesis microenvi-
ronment and to elucidate the significance of cell-cell communication
between CXCL chemokine-secreting M2-like BMMs and BMSCs in the
osteointegration process, this study employed took a comprehensive and
multidisciplinary approach.

Temporal dynamic co-culture models, integrated RNA sequencing
analyses, and complementary in vitro and in vivo experiments were
collectively employed to validate novel insights. The findings suggest
that the intercellular communication between CXCL chemokine-
secreting M2-like BMMs and BMSCs could potentially play a pivotal
role in facilitating the successful osseointegration on Ti surfaces.

BMMs are key players in shaping the surface-based immune micro-
environment of Ti implants, where CXCL chemokine-secreting M2-like
BMMs emerge as promising contributors to osteogenic immunity. Mac-
rophages display innate plasticity in responding to various stimuli by
polarizing to different phenotypes to perform different functions [44,
45]. Generally, macrophages are categorized into classically activated
macrophages (M1) and alternatively activated macrophages (M2) [46].
Despite the established role of macrophages in osteogenesis [19], the
precise type of macrophages responsible for promoting osteogenic dif-
ferentiation remains unclear, with some reports suggesting that M1-like
macrophages support this process [20,47-49], whilst others assert that
M2-like macrophages are more effective [19,21,50]. Given the contex-
tual disparities influencing the effect of macrophages in different in-
duction environments, the M1/M2 classification based on molecular
markers might inadequately delineate functional subtypes in certain
contexts. To address this issue, we meticulously analyzed the tran-
scriptomic profile of BMMs in a simplified co-culture system and
demonstrated that, in the presence of Ti and BMSCs, BMMs underwent
functional remodeling, transitioning from an Ml-like to an M2-like
phenotype. Additionally, BMSCs demonstrated augmented osteogenic
capacity over time, consistent with previous studies [51-53]. In vivo,
both M1-and M2-like BMM markers were upregulated on day 3 of
post-implantation, likely reflecting an amplified immune response to the
foreign body. As time progressed, the dominance shifted toward M2-like
BMMs markers, suggesting an evolving milieu favoring M2-like macro-
phages during the bone tissue repair process. The distinctive functional
molecules of M2-like BMMs appear to be influenced by the microenvi-
ronment, as detailed in the subsequent discussion.

Bioinformatic analysis of macrophages revealed a particular increase
in chemokine secretion, including CXCL1, CXCL3, CXCL6, CXCL12,
CXCL14, and CCL20. Subsequent experiments indicated that CXCL3,
CXCL6, and CXCL14 were extracellularly secreted as signaling mole-
cules, pivotal in orchestrating the phenotypic transformation of BMSCs.
Our findings underscore the crucial role of CXCL chemokine-secreting
M2-like BMMs in actively fueling BMSCs’ osteogenic potential by acti-
vating their corresponding receptors, CXCR2 and CCR1. This insight
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Fig. 7. Regulation of BMSCs and BMMs by CXCL3 and PTN. CXCL3 stimulates osteogenesis by binding to the CXCR2 receptor on BMSC surfaces, triggering activation
of the downstream actin cytoskeleton pathway. Concurrently, PTN expression is elevated. PTN, when bound to Sdc3 on BMMs, drives macrophage differentiation
through the CAM signaling pathway, consequently enhancing chemokine secretion. (A) The effect of varying concentrations of CXCL3 on BMSC proliferation over
different time intervals, as determined using the CCK-8 kit. (B) CXCL3’s impact on BMSC osteogenic differentiation, as assessed at the mRNA level across various time
points. (C, D) CXCL3’s effect on osteogenic differentiation and its associated molecular mechanisms in BMSCs, as analyzed at the protein level at different time points.
(E) The effects of different concentrations of PTN on BMM proliferation at different time points, as detected using the CCK-8 kit. (F, G, H) The effects of PTN on BMMs
differentiation as indicated by changes in the membrane receptors and downstream genes at the mRNA and protein levels and changes in the intracellular chemokine
expression at various time points. Data are presented as mean + SEM of at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001. mRNA and protein expression were normalized to those of the NC group on day 1.

CXCL1

Chemokines

CD206 Arg1

iINOS TNF-a

Fig. 8. Summary of the mechanisms underlying the interaction between BMMs and BMSCs after co-culture on titanium surfaces (Created by Figdraw: https://www.

figdraw.com/).

could potentially reconcile the earlier discordant results regarding the
impacts of the roughly categorized M2-like BMMs on osteointegration
and osteogenic differentiation [20,47,54]. BMSCs, characterized by
their pluripotent nature, have demonstrated the capacity to differentiate
into a spectrum of tissue types, including cartilage, bone, muscle, and
adipose tissue. Such differentiation is intricately steered by an array of
cellular signals stemming from other cells in their microenvironment
[55,56]. Chemokines, constituting a superfamily of small proteins, have
been recognized as crucial players in immune and inflammatory re-
sponses [57,58] and bone metabolism [59-61]. Our study unveiled the
presence of the corresponding receptors CXCR2 and CCR1 on the plasma
membrane of BMSCs, thereby implicating their participation in pro-
moting osteogenic differentiation via regulating the actin cytoskeleton
pathway. This connection was substantiated through individual in-
terventions with recombinant CXCL3, CXCL6, and CXCL14 proteins in
BMSCs, revealing that not all chemokines exerted consistent osteogenic
effects over time. Independent receptor agonistic experiments corrobo-
rated these osteogenesis-promoting effects, affirming that the commu-
nication between CXCL chemokine-secreting M2-like BMMs and BMSCs
hinges on CXCL3, CXCL6, and CXCL14 binding to their respective re-
ceptors, CXCR2 and CCR1. This signaling cascade, in turn, culminated in
activating the actin cytoskeleton pathway, leading to the up-regulation
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of Pfn2 expression, which subsequently increases the expression of
osteogenesis-related genes.

Moreover, our findings suggest that BMSCs play a dual role; they not
only act as osteogenic effector cells but also as regulators of BMMs’
behaviors through feedback mechanisms. In the co-culture system,
BMSCs differentially secreted PTN protein while exhibiting an osteo-
genic differentiation phenotype under the influence of extracellular
cytokines. PTN was found to bind to Sdc3 receptor expressed on BMMs,
orchestrating the phenotypic shift of BMMs through the CAM signaling
pathway. Consequently, BMMs polarized towards an M2-like pheno-
type, accompanied by a chemokine secretion profile reminiscent of that
observed in co-culture systems, indicating that PTN plays an important
role in maintaining the M2-like phenotype of BMMs and regulating its
cytokine secretion pattern as a feedback signal from BMSCs. Several
studies have investigated the immune modulation of BMSCs and BMMs,
with key molecules varying considerably in different prosthetic micro-
environments [20,62-64]. We speculate that the feedback signals orig-
inating from BMSCs within specific environments vary, and their
function is to maintain the system’s stability, preventing excessive
release of cytokines that could disrupt the microenvironment.

Dynamically modulated cell-cell communication mediated by cyto-
kines was observed, with CXCL3, CXCL6, and CXCL14 emerging as
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dominant factors at different time points. Analysis of transcription levels
highlighted that, in comparison to the control group, the expression of
CXCL1, CXCL3, CXCL6, CXCL14, and CCL20 secreted by BMMs in the co-
culture system was significantly increased on day 1, CXCL1 and CXCL14
expression was augmented on day 4, and CXCL1 was increased on day 7.
As time progressed, these chemokines gradually returned to the control
levels, indicative of a feedback mechanism governing cytokine synthesis
post-initial release. This regulatory feedback was shown to be mediated
by PTN secreted by BMSCs. Moreover, protein analysis revealed that
CXCL3 secretion was significantly increased on day 1, while CXCL6 was
significantly increased on day 4 and day 7 and CXCL14 showed the
highest increase on day 4. This dynamic pattern underscores the diverse
impacts of different chemokines on BMSCs at various time points.
Additionally, the expression of chemokine receptors in BMSCs remained
relatively stable, with CCR1 (CXCL14 receptor) consistently elevated
compared to the separate culture system across all time points. In
contrast, the expression of CXCR2 (CXCL3 and CXCL6 receptor)
remained stable except for day 7. This pattern may be attributed to
BMSCs’ role as effector cells that receive signals, with receptor regula-
tion potentially exhibiting delayed responses beyond the observed time
frame. Lastly, a similar dynamic shift was observed in PTN expression,
starting from a peak and eventually returning to the control level. This
further supports the notion that collaborative intercellular communi-
cation between BMMs and BMSCs constitutes a stable pro-osteogenesis
microenvironment upon early interaction with Ti prosthesis.

In summary, this study established a new co-culture model that
mirrors the immunological microenvironment after implantation in
vivo. Our findings imply that CXCL chemokine-secreting M2-like BMMs
are actively involved in BMSCs osteogenesis. We hypothesize that che-
mokines originating from BMMs, including CXCL3, CXCL6, and CXCL14,
serve as primary messengers, initiating osteogenic differentiation
through the downstream actin cytoskeleton pathway by activating
CXCR2 and CCR1 receptors situated on the surface of BMSCs. Concur-
rently, BMSCs secrete PTN to orchestrate macrophage differentiation,
thereby maintaining the M2-like phenotype via the receptor Sdc3-
mediated cell adhesion molecules pathway. While further exploration
is warranted to ascertain the complete scope of their interactions, our
study sheds invaluable light on the crosstalk between BMSCs and BMMs
on Ti surfaces and provides novel insights into the development of
surface modification strategies for optimizing implant integration.

5. Conclusion

We explored the reciprocal communication between BMSCs and
BMMs on Ti surfaces using an in vitro co-culture model. Under the in-
fluence of BMSCs, M2-like BMMs secrete CXCL chemokines. These
chemokines bind to CXCR2 and CCR1 receptors on the surface of BMSCs,
thereby triggering BMSCs’ osteogenic differentiation through their
downstream actin cytoskeleton pathway. Conversely, the interaction
between BMSCs and BMMs results in the secretion of PTN by BMSCs.
This PTN binds to its receptor Sdc3 on the surface of BMMs, inducing
M2-like polarization of BMMs through the CAM signaling pathway.
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