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PURPOSE. The purpose of this study was to explore the role of cathepsin K positive
(CTSK+) periosteal stem cells (PSCs) in orbital bone repair and to clarify the source
of endogenous stem cells for orbital bone self-repair.

METHODS. Periosteum samples obtained by clinical orbital bone repair surgery were
analyzed, after which immunofluorescence and immunohistochemical staining were used
to detect the content of bone marrow-derived cells and CTSK+ PSCs in periosteum as well
as the mobilization of PSCs. CTSK+ PSCs were characterized by flow cytometry. Transcrip-
tome sequencing was used to compare the transcriptomic characteristics of CTSK+ PSCs
and bone marrow mesenchymal stem cells (BMSCs).

RESULTS. The orbital periosteum contained CTSK+CD200+ cell lineage, including
CD200+CD105− PSCs and CD200+CD105+ progenitor cells. CTSK and osteocalcin (OCN)
colocalized in the inner layer of the orbital periosteum, suggesting the osteogenic differ-
entiation potential of CTSK+ PSCs. CTSK expression was much higher in periosteum after
mobilization. Immunofluorescence showed low amounts of scattered CD31+ and CD45+

cells in the orbital periosteum. The stem cell characteristics of CTSK+ PSCs were verified
by multidirectional differentiation. Flow cytometry found CD200+CD105− CTSK+ PSCs
and CD200variantCD105+ progenitor cells. Transcriptome sequencing of CTSK+ PSCs and
BMSCs found 3613 differential genes with significant differences. Gene Ontology (GO)
analysis showed the differences between the two types of stem cells, revealing that PSCs
were more suitable for intramembranous osteogenesis.

CONCLUSIONS. CTSK+ PSCs may be endogenous stem cells for orbital bone repair. They are
mobilized after orbital fracture and have unique features suitable for intramembranous
osteogenesis, completely different from BMSCs.

Keywords: orbit, bone repair, cathepsin K (CTSK), periosteal stem cells (PSCs), bone
marrow mesenchymal stem cells (BMSCs)

S evere orbital bone defects can cause blindness and
seriously threaten patients’ lives.1 Patients with severe

orbital bone defects (fracture has affected movement, func-
tion, or eye placement) usually require reconstructive
surgery. Yet, this type of surgery may be challenging and
associated with a high complication rate.2 The main prob-
lem is that critical-sized bony defects do not have enough
bony tissue to heal spontaneously.3–5 One potential cause for
inadequate bone repair is decreased or inadequate supply
of osteogenic precursor cells. The location of these cells is
unclear within the bony orbit. Thus, in-depth research on
stem cells in orbital bone is of utmost importance.

Orbital bone has a unique anatomy and is mainly
composed of thin cortical bone with a thickness of about
2 mm.6 Although there is no bone marrow, this type of
bone has a large specific surface area and abundant perios-
teum coverage, that is, great intramembranous osteogenic
capability.7,8 The source of stem cells for intramembranous

osteogenesis has long been debated.9–11 The classic theory
suggests that stem cells in the periosteum are mainly bone
marrow mesenchymal stem cells (BMSCs),12–14 thus posing a
great challenge to orbit self-repair.5,15,16 Recent studies have
found that the orbital bone can achieve a certain degree of
self-repair after 4 to 6 months of conservative or surgical
treatment in patients with orbital fractures,17,18 suggesting
the presence of in situ stem cells in the orbital periosteum.
Yet, the exact source of orbital osteogenic precursor cells
remains unclear.

The periosteum is a thin layer of connective tissue cover-
ing the surface of the bone.19–21 It is composed of an
outer fibrous layer and an inner germinal layer.22 Perios-
teum is mainly responsible for the formation of the corti-
cal bone.23,24 The osteogenic ability mainly depends on
the highly heterogeneous cells with multidirectional differ-
entiation ability in the germinal layer.25,26 Using lineage
tracing technology, researchers found Nestin+,27 Sox9+,28,29
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Mx1+αSMA+,30,31 and other osteogenic cell lineages in the
periosteum. In 2015, Chan et al. identified skeletal stem cells
and demonstrated them as the source of skeletal tissues,32

which brought a new standing of skeletal tissue develop-
ment and repair. Yet, whether there are periosteal stem cells
(PSCs) of in situ origin in the periosteum remains unclear.

Cathepsin K (CTSK) is an osteoclast-specific protein
mainly distributed in lysosomes that mediates tissue degra-
dation.33 Recent studies have demonstrated the osteogenic
potential of CTSK+ cells.34–36 Based on the discovery of
CTSK+ cells in the metaphyseal cortex in 201337 and the
discovery of skeletal stem cells in 2015,32 Debnath et al.
further revealed the developmental lineage and function of
CTSK+ cell subsets,38 finding that they are widely distributed
on the surface of the periosteum of long bones and skulls.
They confirmed that CTSK+ PSCs are intramembranous
osteogenic stem cells. In addition, another study found that
the deletion of tumor suppressor genes in CTSK+ cells could
lead to the formation of subperiosteal osteosarcoma instead
of other types of bone tumors in the metaphyseal growth
plate,38 which suggests that CTSK+ cells are important cells
responsible for intramembranous osteogenesis.

In the present study, we used periosteum samples
from orbital surgery to explore the function and cellular
characteristics of CTSK+ PSCs in orbital bone repair. We
compared the transcriptomic characteristics of CTSK+ PSCs
and BMSCs, representing the difference between intramem-
branous osteogenic and endochondral osteogenic stem cells.
The aim of this study was to clarify the real stem cell source
of orbital bone repair apart from BMSCs in classic theory
and explore the underlying mechanisms.

MATERIALS AND METHODS

Histopathological Evaluation of Human
Periosteum

Patients and Controls. Patients aged 18 to 65 years
old who underwent orbital repair surgery (experimental
group) or orbital decompression surgery (control group) and
who were not using bone-related drugs, including glucocor-
ticoids, over the past year were included in this study. Tissue
from one patient was defined as one sample. The perios-

teum samples of the experimental group were taken from
the bone fragments removed from the medial and lower
orbital wall in orbital repair surgery of blow-out fracture; the
periosteum samples of the control group were taken from
the bone fragments removed from the medial and lower
orbital wall in orbital decompression surgery (see the Table).
The bone marrow samples were from the femoral fracture
intramedullary nail internal fixation. The informed consent
was obtained from each subject as approved by the ethics
committee of Shanghai Ninth People’s Hospital, Shanghai
Jiao Tong University School of Medicine.

Histopathological Evaluation. The bone chips
removed during the operation were rinsed three times with
normal saline to remove residual blood or tissue residue.
Samples were then placed in a 10% neutral formalin
solution and fixed overnight. The fixed bone slices were
decalcified with EDTA decalcification solution for at least
14 days, then dipped in wax, embedded, sectioned, and
evaluated by immunofluorescence, immunohistochemistry,
and hematoxylin and eosin (H&E) staining.

Characterization of CTSK+ PSCs

Cell Isolation and Culture. CTSK+ PSCs were
isolated from the periosteum samples. Briefly, the perios-
teum samples were washed with PBS and then cut into
small fragments (1 mm * 1 mm) and digested with collage-
nase A (2 mg/mL; Sigma-Aldrich) and dispase II (2 mg/mL;
Gibco) overnight at 37°C with agitation at 200 rpm. Next,
the suspension was centrifuged at 2000 rpm for 10 minutes,
and the cell pellet was resuspended with complete culture
medium (α-MEM supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin; Gibco). PSCs were
rinsed after 24 hours to remove nonadherent cells and
were then cultured for 7 days. Bone marrow stem cells
were isolated from the bone marrow grinding samples. The
complete culture medium mentioned above was added to
the bone marrow samples. The samples were fully resus-
pended and filtrated through a 40 μm filter. The suspension
was then seeded in a 10 cm culture dish and cultured for
24 hours. Next, the medium was changed, and cells were
rinsed with PBS to remove nonadherent cells. PSCs and

TABLE. Clinical Annotation of Patients and Samples

Experimental Group Control Group

Individual samples number 9 8
Age 18–40 Y/O: 7 patients 18–40 Y/O: 5 patients

41–65 Y/O: 2 patients 41–65 Y/O: 3 patients
Gender Male: 5 patients Male: 3 patients

Female: 4 patients Female: 5 patients
Time point of sample collection 5–10 days after injury: 7 patients During surgery

10–14 days after injury: 2 patients
Fracture category Orbit blow-out fracture Artificial bone defects in orbital

decompression surgeryLeft: 4 patients
Right: 3 patients

Bilateral: 2 patients Left: 1 patient
Right: 1 patient

Bilateral: 6 patients
Glucocorticoid use No No glucocorticoid use: 2 patients

1.0–3.0 y ago: 2 patients
3.1–5.0 y ago: 2 patients
Over 5.0 y ago: 2 patients

Other bone-related drug use No No
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BMSCs were passaged when the cells reached 80% to 90%
confluency. Cells passaged three times were used for further
experiments.

Cell Differentiation. A total of 3 × 105 PSCs were
plated on each well of a 24-well plate. For in vitro osteogenic
differentiation, PSCs were cultured in an osteogenic medium
(complete culture medium with 50 mg/mL ascorbic acid,
100 nM dexamethasone, and 10 mM β-glycerophosphate) for
14 days and then subjected to Alizarin Red S (ARS) staining.
For in vitro adipogenic differentiation, PSCs were cultured in
an adipogenic medium (Stem Cell Technologies) for 14 days
and then subjected to Oli Red staining. For in vitro chondro-
genic staining, 2 × 106 PSCs were added into a centrifuge
tube and then centrifuged. The cell pellet was cultured in a
chondrogenic medium (Stem Cell Technologies) for 14 days
and then subjected to Alcian Blue staining.

Flow Cytometry. The PSCs passaged 3 times were
digested with trypsin and EDTA and centrifuged at 800 rpm
for 4 minutes. PSCs were resuspended with 100 μL of sheath
fluid. Then, the corresponding antibody was added accord-
ing to the required concentration of the antibody specifica-
tion and incubated on ice for 30 minutes in the dark. Each
group of detection indicators required setting up a group
of single dye tubes and a group of isotype control tubes,
which were used to avoid nonspecific staining and assist in
gating. The cells in each tube were centrifuged at 800 rpm

for 4 minutes to discard the antibody and then washed with
sheath fluid 3 times. The cells were resuspended with 500 μL
of fresh sheath fluid and then tested on the machine for iden-
tification. All samples were tested for at least three times.

RNA Sequencing

The extracted primary CTSK+ PSCs and primary BMSCs
were cultured in vitro for three passages, after which RNA
sequencing was conducted. Briefly, total RNA was extracted
by TRIzol solution. After quality control, mRNA was purified
with magnetic beads and fragmented into oligonucleotides.
Next, the gene library was created and sequenced on the
Illumina platform. The sequencing data were analyzed by
bioinformatics to analyze the reads of each corresponding
gene. Genes with a difference of |log2 fold change| ≥1
and P value < 0.05 were defined as genes with a signifi-
cant difference. Then, Gene Ontology (GO) analysis, Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis, and other advanced analysis were conducted.

Statistical Analysis

All experiments were performed independently and
repeated at least three times based on the number of

FIGURE 1. Distribution of CTSK+PSCs in human orbital periosteum. CTSK+CD200+ (A), CD200+CD105−, and CD200variantCD105+
cells (B) distributed in the inner layer of the orbital periosteum. Nine specimens (n = 9) were stained with CTSK/CD200 and 6 displayed
similar results as above (6/9 positive). Nine specimens (n = 9) were stained with CD200/CD105 and 7 displayed similar results as above
(7/9 positive). Scale bar = 50 μm.
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samples. All data were expressed as mean ± standard
deviation. The t-test was used to analyze the statistical
difference, and a P value < 0.05 represented a statistically
significant difference (* represents P < 0.05 versus control;
** represents P < 0.01 versus control; and *** represents
P < 0.001 versus control).

RESULTS

Distribution of CTSK+ PSCs in Human Orbital
Periosteum

To determine whether the orbital tissue contains
CTSK+ PSCs, we collected bone fragments with perios-
teum samples taken about 7 days after the fracture, when
the stem cells and precursor cells in the periosteum were
fully mobilized. Two groups of highly specific labeling
strategies were used to label CTSK+ PSCs and progenitors,
that is, CTSK/CD200 to define the CTSK+ PSCs lineage
and CD200/CD105 to distinguish PSCs and progenitors. As
shown in Figure 1A, CTSK+CD200+ periosteal cells were
evident in the periosteal specimens and mainly distributed
in the inner surface of the orbital periosteum, close to a
layer of bone, that is, the inner cell layer of the periosteum.
Meanwhile, the periosteum contained both CD200+/CD105−

and CD200variant/CD105+ cells (Fig. 1B).

CTSK+ PSCs Are Bone-Lineage Cells

Next, we examined the co-expression pattern of CTSK+

cells and osteocalcin (OCN). Co-labeled cells were found
on the inner surface of the periosteum (Fig. 2A), suggesting

that the CTSK+ cells are an osteogenic lineage. The results
above were verified by immunohistochemical experiments
(Fig. 2B).

Bone Marrow-Derived Cells May Only Partially
Contribute to the Orbital Repair

The classical theory holds that the orbital bone lacks
blood supply and does not contain bone marrow. We
tested 4 markers: CD29, CD31 (a specific marker of vascu-
lar endothelial cells), CD34, and CD45 (common leuko-
cyte antigen expressing on leukocytes in the bone marrow
and cancellous bone). Our results showed low amounts of
scattered CD31+ and CD45+ cells in the periosteal tissue
(Figs. 3A–D), indicating that the orbital periosteum lacks
bone marrow and blood supply and is a relatively isolated
microenvironment.

CTSK+ PSCs Are Mobilized in Orbital Repair

The mobilization and expansion of stem cells during tissue
damage are two of their most important characteristics.
To confirm the stem cell properties of CTSK+ PSCs, we
selected two different sources of periosteal tissue: (1) orbital
bone and periosteum fragments derived from orbital decom-
pression surgery, in which CTSK+ PSCs were still rest-
ing; (2) orbital bone and periosteum fragments derived
from orbital repair surgery about 7 days after orbital frac-
ture. CTSK+ PSCs have been fully activated at this time in
large quantities. The results showed many CD200+CD105−

PSCs and CD200variantCD105+ progenitor cells in the bone

FIGURE 2. Expression of osteogenic markers in CTSK+ lineage. CTSK+ and OCN+ cells detected by IF (A) and immunohistochemical
(IHC) (B) in the human orbital periosteum. CTSK and OCN were colocalized. Nine specimens (n = 9) were stained by immunofluorescence
(IF) and six displayed similar results as above (6/9 positive). Scale bar = 50 μm.
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FIGURE 3. Expression of bone marrow and vascular related cell markers in orbital bone periosteum. CD29+ (A) and CD34+
(C) cells were positive, whereas low amount of scattered CD31+ (B) and CD45+ (D) cells were found in the human orbital bone periosteum.
Seventeen specimens (n = 17) were stained and the number of samples displayed similar results as above was 13 for CD29 (13/17), 15 for
CD31 (15/17), 12 for CD34 (12/17), and 16 for CD45 (16/17). Scale bar = 50 μm.

fragments derived from orbital repair, and the high fluores-
cence intensity (Fig. 4A). However, only a small population
of CD200+CD105− PSCs and CD200variantCD105+ progen-
itor cells with low fluorescence intensity (Fig. 4B) were
detected in the bone fragments derived from orbital decom-
pression. The statistical analysis of the positive rate of
CD200+CD105−, CD200+CD105+, and CD200−CD105+ cells
proved the difference (Figs. 4C–E). The above results suggest
a promising stem cell property of PSCs. This result also
suggests that CTSK+ PSCs may have an important role in
orbital bone repair.

Characterization of CTSK+ PSCs

Next, we performed cell biological characterization of
CTSK+ PSCs. We collected orbital bone samples from orbital
repair surgery. As shown in Figure 5, the orbital bone is
a thin layer of cortical bone with certain light transmit-
tance, whereas the periosteum is an extremely thin layer of
fibrous membrane attached to the surface of the orbital bone
(see Fig. 5A), rich in collagen fibers, with low cell content.
Cells were mainly distributed on the junction surface of the
periosteum and orbital bone (see Fig. 5D).

Subsequently, we isolated primary periosteal cells from
the orbital periosteum. To determine the exact compo-
sition of isolated periosteal cells, we used flow cytome-
try to characterize the surface markers of periosteal cells

(see Figs. 5E–L). The results showed that 80.73% of the cells
were CD200+ whereas 29.89% of the cells were CD105+,
which was in line with our definition of CTSK+ PSCs and
progenitors mentioned above, indicating that most of the
extracted periosteal cells were CTSK+ PSCs and progeni-
tors. At the same time, we found no positive expression
of CD31, CD34, and CD45. This result further confirmed
the results in Figures 3 and 4. Under the light micro-
scope, the CTSK+ PSCs appeared with a long spindle shape
(see Fig. 5B), a typical mesoderm-derived cell morphology.
This is consistent with the results reported in previous stud-
ies, and it suggests that CTSK+ PSCs belong to a subpop-
ulation of mesenchymal stem cells (MSCs). The multidirec-
tional differentiation results further showed that CTSK+ PSCs
could exert osteogenic, adipogenic, and chondrogenic differ-
entiation (see Fig. 5C), proposing that they have mesoder-
mal capabilities. The CTSK+ cells isolated from orbital bone
periosteum appear to have multipotency relative to meso-
dermal cell fates.

RNA Sequencing of CTSK+ PSCs and BMSCs

BMSCs have been regarded as the pivotal stem cell in orbital
bone repair according to the classical hypothesis for a long
time.We suggest a potential bone regenerative role of CTSK+

cells similar to those described by Debnath et al.38 The
difference in transcriptomic characteristics between these
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FIGURE 4. Distribution of CTSK+PSCs in resting and mobilized periosteum. (A) CD200 and CD105 showed a high expression in the
mobilized periosteum. Nine specimens (n = 9) were stained and seven displayed similar results as above (7/9). (B) CD200 and CD105
expression were low in the resting periosteum. Eight specimens (n = 8) were stained and seven displayed similar results as above (7/8).
(C-E) The positive rate of (C) CD200+CD105−, (D) CD200+CD105+, and (E) CD200−CD105+ cells in the mobilized and resting periosteum
under 400 times magnification. The t-test was used to analyze the statistical difference, and a P value < 0.05 represented a statistically
significant difference (* represents P < 0.05 versus control; ** represents P < 0.01 versus control; and *** represents P < 0.001 versus
control). Scale bar = 50 μm.

two types of stem cells needs to be further explored. In
this study, we extracted CTSK+ PSCs and BMSCs for tran-
scriptomic analysis, finding that 14,545 genes were detected,
including 3613 differential genes (1542 genes were upreg-
ulated in CTSK+ PSCs, whereas 2071 genes were down-
regulated; Figs. 6A, 6B), indicating significant differences
between the two cells. Then, we analyzed the different
feature genes of PSCs and BMSCs according to the work of

Debnath et al.38 and found similar transcriptional features
between human derived and mouse derived PSCs (Fig. 6C),
indicating the cells we isolated truly represent a PSC-like
population.

Subsequently, we performed GO enrichment analysis on
the genes with significant differences. The results showed
that the differential genes of the two types of stem cells
were widely distributed in various gene categories (Fig. 6D),
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FIGURE 5. Characterization of periosteum tissue and CTSK+PSCs. (A) Bone fragments and periosteum obtained from orbital repair
surgery. (B) Morphological observation of CTSK+ PSCs with typical MSC morphology. (C) Alizarin Red, Oil Red, and Alcian Blue Staining of
CTSK+ PSCs. (D) H&E staining of orbital periosteum (from the same sample with Fig. 4B). (E) Flow cytometric characterization and gating
strategy of CTSK+ PSCs including CD200/CD105, (F) CD49f/CD51, (G) CD29, (H) CD31, (I) CD34, (J) CD45, (K) CD90, and (L) CD146. Scale
bar = 50 μm.
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FIGURE 6. Transcriptomic analysis of CTSK+PSCs and BMSCs. (A) Gene expression heat map showing the number and distribution
of differential genes between CTSK+PSCs and BMSCs. (B) Gene expression volcano plot showing the distribution of differential genes
and the actual degree of difference. (C) Heatmap of gene expression in PSCs and non-CTSK BMSCs. (D) Overall GO enrichment analysis
of differential genes. (E) GO functional clustering of upregulated genes in CTSK+ PSCs. (F) GO functional clustering of downregulated
genes in CTSK+ PSCs. (G) Overall KEGG enrichment analysis of differential genes. (H) Bubble plot showing KEGG pathway enrichment of
differential genes.

indicating that the two types of cells have different functions.
CTSK+ PSCs’ upregulated genes were mainly clustered in
cell division, DNA replication, and cytoskeleton reorganiza-
tion (Fig. 6E), indicating a stronger proliferation capability
and more simple function. Among the genes upregulated in
BMSCs, the functional clustering mainly included extracel-
lular matrix remodeling, immune regulation, and cytoskele-
ton regulation. At the same time, functional clustering also
detected the activation of multiple functions, such as cell
signaling, cytokine secretion, cell adhesion, and chemokine

receptor expression in BMSCs (Fig. 6F), indicating the more
complex cell function of BMSCs.

We also performed KEGG pathway enrichment analy-
sis on the differential genes. Our results showed that the
differential genes were mainly enriched in signal transduc-
tion pathways and tumor-related pathways (Figs. 6G, 6H).
Enriching tumor-related pathways mainly reflects cell prolif-
eration activity, which may be related to the higher
proliferation activity of CTSK+ PSCs. The enrichment of
other pathways included cytokine-related pathways, calcium
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ion-related pathways, Rap1 signaling pathway, MAPK signal-
ing pathway, etc. Combined with the above GO func-
tional enrichment results, these activated signaling path-
ways may be related to the complex biological functions of
BMSCs. This part revealed the significant difference between
intramembranous and endochondral osteogenic stem cells.

DISCUSSION

The source of endogenous stem cells for orbital bone repair
has always posed a challenging issue in orbital surgery.9–11

The classical theory suggests that the orbital bone lacks
endogenous stem cells in situ because the orbital bone is
generally a thin cortical bone with no bone marrow.5 The
source of stem cells for orbital bone regeneration mainly
depends on the extremely small amount of BMSCs.12–14

In this study, we found abundant CTSK+ PSCs in the
orbital periosteum (see Fig. 1). CTSK+ PSCs showed good
osteogenic differentiation ability (see Fig. 2) that could mobi-
lize and activate during orbital injury (see Fig. 4). A multidi-
rectional differentiation ability was also detected (see Fig. 5),
which was in line with the mesodermal capabilities. More-
over, the transcriptomic analysis suggested that CTSK+ PSCs
have completely different transcriptomic characteristics and
cellular functions from BMSCs (see Fig. 6). In addition,
CTSK+ PSCs had features more suitable for intramembra-
nous osteogenesis. This study sheds new light on the classi-
cal theory of the origin of endogenous stem cells for orbital
bone repair (see Fig. 7).

Bones in different locations undergo different develop-
ment and repair processes. Craniofacial bones are thinner
and non-stress flat, unlike long bones.6 This characteristic
gives them a larger specific surface area and more perios-
teum, which is of great importance in intramembranous
osteogenesis.7,8 It also causes differences between the osteo-
genesis process of flat and long bones. These two unique
osteogenesis processes mainly rely on the different biolog-
ical behaviors of stem cells based on different cell types
and their respective niches. CTSK+ PSCs and BMSCs can
be found in different stem cell niches.39,40 The discrep-
ancy in their microenvironment and cell interactions deter-
mines their functional differences. Transcriptomic analysis
revealed that CTSK+ PSCs had stronger proliferation activ-
ity, and their cell functions were less diverse (see Fig. 6),

which matches the microenvironment of periosteum. The
structure and composition of the periosteum are relatively
simple.19–21 They are mainly composed of fibrous connective
tissue membranes, blood vessels, fibroblasts, and PSCs colo-
nized within, not containing other complex types of cells.22

The main function of the periosteum is to maintain corti-
cal bone homeostasis and supply cortical bone nutrition.23,24

When a bone defect occurs, the precursor cells in the perios-
teum divide, migrate, and undergo osteogenic differentia-
tion.41–43 This also indicates that CTSK+ PSCs are more in
line with the cell characteristics required for intramembra-
nous osteogenesis.

The function of BMSCs is more complex (see Fig. 6),
presumably due to the complex bone marrow microenvi-
ronment.44 The structure and composition of bone marrow
include hematopoietic stem cells, stromal cells, and many
immune cells in different states.45 BMSCs need to main-
tain bone homeostasis through the continuous endochon-
dral osteogenesis process46,47 and take into account the
maintenance of the hematopoietic stem cell microenviron-
ment.48 Besides, the immune homeostasis of bone marrow
also depends on BMSCs.49 Thus, their functions are more
complex, with many upregulated gene properties, includ-
ing cell interaction, immune regulation, and similar. The
complexity of functionally enriched gene types of BMSCs
is also in line with their roles and characteristics in the bone
marrow.

We suggest that the CTSK+ precursor cells might have an
important role in the repair of orbital bone defects. However,
the study still has also some limitations. First, stem cell char-
acteristics of PSCs were limited to in vitro experiments, and
in-depth verification of orbital bone in situ tissue engineer-
ing repair experiments is still required. Second, the char-
acteristics of PSCs were only assessed using transcriptome
sequencing analysis. It is still necessary to clarify the source,
developmental lineage, and fate decision of PSCs through
lineage tracing technology and search for critical genes in
the process of proliferation and differentiation. Meanwhile,
the PSCs and BMSCs used for RNA sequencing did not
undergo fluorescent activated cell sorting (FACS) sorting.
The residual hematopoietic cells or macrophages may inter-
fere the transcriptional features of these two cell types and
further experiment with more accuracy is still needed. In
addition, exploring the critical functional genes of PSCs is of

FIGURE 7. Schematic illustration of CTSK+ PSCs-mediated orbital bone repair.
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great importance for their clinical application and transfor-
mation. We can use genetic engineering or stem cell technol-
ogy to activate PSCs in situ, which can help to achieve in situ
repair of orbital bone defects without surgery. Furthermore,
conducting in-depth orbital periosteum research is a promis-
ing research direction. As a critical component of the orbital
microenvironment, the orbital periosteum has a crucial role
in orbital bone development and repair. It is well worth
exploring the pathophysiological role of the periosteum in
the process of various orbital diseases, as this could further
our understanding of the pathogenic mechanism related
to orbital periosteum and provide a more comprehensive
panorama display of orbital diseases, thereby contributing
to developing novel more effective therapies.

CONCLUSIONS

The endogenous stem cells for orbital bone repair may be
the CTSK+ PSCs. They are osteogenic and mobilized after an
orbital fracture. In addition, these cells have higher prolifer-
ation activity and less diverse cell functions from BMSCs,
which are suitable for intramembranous osteogenesis.
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