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Abstract Regulatory T cells (Tregs) suppress immune responses and inflammation. Here, we described the
distinct nonimmunological role of Tregs in fracture healing. The recruitment from the circulation pool, peripheral
induction, and local expansion rapidly enriched Tregs in the injured bone. The Tregs in the injured bone
displayed superiority in direct osteogenesis over Tregs from lymphoid organs. Punctual depletion of Tregs
compromised the fracture healing process, which leads to increased bone nonunion. In addition, bone callus Tregs
showed unique T-cell receptor repertoires. Amphiregulin was the most overexpressed protein in bone callus
Tregs, and it can directly facilitate the proliferation and differentiation of osteogenic precursor cells by activation
of phosphatidylinositol 3-kinase/protein kinase B signaling pathways. The results of loss- and gain-function studies
further evidenced that amphiregulin can reverse the compromised healing caused by Treg dysfunction. Tregs also
enriched in patient bone callus and amphiregulin can promote the osteogenesis of human pre-osteoblastic cells.
Our findings indicate the distinct and nonredundant role of Tregs in fracture healing, which will provide a new

therapeutic target and strategy in the clinical treatment of fractures.
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Introduction

Regulatory T cells (Tregs), particularly the subset
expressing X-chromosome-encoded transcription factor
Foxp3, are crucial in maintain immune homeostasis,
including the innate and adaptive immune networks,
prevention of autoimmune diseases, and regulation of
inflammatory processes [1,2]. Tregs mainly populate
in lymphoid organs, and a small portion resides in
nonlymphoid tissues. These cells can be classically
divided into three populations: thymus-derived (tTregs),
periphery-induced (pTregs), and induced Tregs (iTregs)
[3]. tTregs are the dominant form of Tregs, and they are
mainly responsible for the control of Treg development in
the thymus and maintaining most Treg activities and
immune regulatory functions [4,5]. In addition, tTregs
regulate the immune responses of various cell types with
several specific but partially overlapping mechanisms.
iTregs develop from naive T cells after stimulation by
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cytokines, such as tumor growth factor B (TGF-B) and
interleukin (IL)-2 [6]. Meanwhile, pTregs, which are
located in different tissues, display considerable
heterogeneity, including the expression of various
phenotypes, chemokine receptors or effector molecules, T
cell receptors (TCRs), and mechanism of functions [7].
pTregs have been highlighted to have nontraditional
functions that modulate extraimmunological processes.
The initially characterized pTregs were the Tregs in
visceral adipose tissue (VAT) described by Mathis’ group
[8]. They observed that a population of Tregs with a
unique phenotype was highly enriched in the VAT of
lean, aged male mice. Moreover, Treg accumulation was
primarily driven by peroxisome proliferator-activated
receptor-y, which enabled the mice to function in glucose
metabolism and thereby alleviate insulin resistance [9].
They also discovered another tissue-resident population
of Tregs that infiltrated injured skeletal muscle and acted
with muscle satellite cells and improved muscle repair
[10]. Inspired by this kind of specific “repair” feature, the
Treg functions in other tissues were studied by various
researchers. Notably, Tregs promote the repair of
infectious lung injury [11], myocardial infarction [12],
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neovascular retinopathies [13], and skin [14]. However,
the role of Tregs in bone, especially during fracture,
remains largely elusive.

Bone fracture is a common clinical injury that causes
serious life and economic burdens to patients. The
individual lifetime prevalence of fracture can reach as
high as 50% [15]. Although most bone injuries can heal
normally, 5%—10% of patients still suffer from delayed
healing or nonunion [16,17]. Fracture healing must be
promoted to improve clinical outcomes in trauma
medicine. In 1972, Horton et al. [18] initially discovered
that the activation of leukocytes in peripheral blood
promotes osteoclastogenesis, which indicates a regulatory
relationship between the immune system and bones. In
2000, Arron et al. [19] formally proposed the concept of
bone immunology. In 2018, Baht et al. [15] discussed the
functional roles of immune cells in fracture healing and
divided the process into four phases: inflammatory,
cartilaginous callus formation, bony callus formation, and
remodeling phases. Various immune cells intervene in
each stage and participate in bone remodeling. Therefore,
the immune system plays a crucial regulatory role in bone
healing. Recent studies have reported the importance of
Tregs in osteoimmunity [20,21]. Typically, Tregs can
reduce the inflammatory response after bone injury
through their inherent immunosuppressive properties.
Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4)
expressed on Treg surface can make contact with
CD80/CD86 on dendritic cells, which consequently
inhibits the activation of effector T cells and reduces
proinflammatory cytokine secretion and antibody
production [20]. Tregs also secrete immunosuppressive
cytokines, such as TGF-B, IL-10, and IL-4, to regulate
osteoclastogenesis [21]. Given that Tregs display
extraimmunological roles in other tissue repair, Tregs are
perhaps also endowed with unique bone functions.
However, whether and how Tregs participate in the bone
healing process remain unclear.

In this study, we sought to answer these questions and
identify the nonimmunological role of Tregs in fracture
healing. First, the proportion of Tregs in different tissues
was analyzed to clarify their accumulation in injured
bone. In addition, circulating block experiments, thymus
marker detection, and cell expansion assays were
performed to study the source of enriched Tregs. Then,
we sorted the Tregs in bone callus and lymphoid organs
via flow cytometry (FCM) and incubated them with bone
marrow mesenchymal stem cells (BMSCs, osteogenic
precursor cells) to investigate their in vitro osteogenic
capacity. The in vivo role of bone callus Tregs in fracture
healing was studied via loss-of-function experiments.
Single-cell sequencing was carried out to analyze the
phenotypes of Tregs in injured bone and lymphoid
organs. Differential genes were compared, and amphire-
gulin was identified as a possible molecule in bone callus

Tregs that modulate the healing process. Then, in vitro
BMSC proliferation and osteogenic differentiation assays
and in vivo loss-and gain-of function experiments were
performed to evaluate the activity of amphiregulin in
improving fracture healing. Western blotting assay was
conducted to evaluate the underlying mechanism of
amphiregulin-mediated  osteogenic  precursor  cell
differentiation. In addition, the phosphatidyl inositide 3-
kinases/protein kinase B (PI3K/AKT) signaling pathway
was proven to be involved in this process. Lastly, we
investigated the proportion of Tregs that remained after
human fracture and the function of amphiregulin in
human preosteoblastic cells (umbilical cord mesenchymal
stem cells, hUC-MSCs). This study can provide insights
into the development of new therapeutic targets for
clinical fracture treatment.

Materials and methods

Study approval

Male C57BL/6 mice aged 8-10 weeks were used to
develop the femoral fracture model and housed under
specific pathogen free conditions. All the animal
experiments were approved and performed under the
regulations of the Institutional Animal Care and Use
Committee of Tongji Medical College, Huazhong
University of Science and Technology (HUST). The mice
were randomly divided into various groups before each
experiment and humanely euthanized when meeting the
predefined endpoints. Human bone callus and peripheral
blood were obtained from fractured patients, and human
umbilical cords were collected from newborns, with
informed consent from all participants as approved by the
Ethics Committee of Union Hospital, Tongji Medical
College, HUST.

Fracture model

Male C57BL/6 mice aged 8—10 weeks were anesthetized
via intraperitoneal injection of 0.1-0.2 mL/10 g 0.3%
sodium pentobarbital (Merck) (0.3% w/v). The skeletal
muscle was dissected to expose the femur, and a 5-gauge
needle was inserted into the femoral medullary cavity
from the knee joint. Then, an ophthalmic scissor was used
to cut from the middle of the femur. The fracture model
was completed after the skeletal muscle and epidermis
were sutured layer by layer.

Treg accumulation analysis

Changes in the proportion of Tregs in various tissues
were analyzed through FCM (BD Bioscience, USA).
Normal mice were used as controls and referred to the
day 0 group. On days 1, 3, 5, 14, and 21 after fracture, the



518

A “repair” role of regulatory T cells in fracture healing

spleen, peripheral blood, and bone callus were collected.
The lymphocytes in peripheral blood were directly
purified using the mouse peripheral blood lymphocyte
isolation kit (LTS1092, TBD). Single-cell suspensions of
the spleen were collected through tissue trituration, and
spleen lymphocytes were isolated using the mouse spleen
lymphocyte isolation kit (LTS1092PK, TBD). For the
isolation of lymphocytes in the bone callus, the callus was
cut into ~2 mm pieces using ophthalmic scissors and
incubated with 0.2% collagen 1 (C8140, Solarbio) and
0.2% pronase (P8360, Solarbio) at 37 °C for 40 min.
Then, the single-cell suspensions from the callus were
collected and processed using the lymphocyte isolation
kit (10831, Sigma Aldrich). The purified lymphocytes
were then stained with anti-mouse CD45 (25-0451-81,
eBioscience), anti-mouse CD4 (11-0041-82, eBios-
cience), and anti-mouse Foxp3 (12-5773-82, eBioscience)
and analyzed via FCM. Five mice were polled for one set
of analysis, and each experiment was repeated thrice.

Exploration of the sources of bone callus Tregs

Male C57BL/6 mice aged 8-10 weeks were used for
femoral fracture construction. Spleens and bone calluses
were collected on day 5 postfracture. Lymphocytes were
collected as described above and stained with anti-mouse
CD45, anti-mouse CD4, anti-mouse Foxp3, anti-mouse
CD304 (Neuropilin-1) (145203, Biolegend), and anti-
mouse/human Helios (137235, Biolegend) and detected
through FCM.

The mice were injected intraperitoneally with 1 mg/kg
FTY720 (SMLO700, Sigma) or solvent one day before
fracture and on days 1, 2, 3, and 4 after fracture. On day
5, the mice were sacrificed. Spleen and bone callus
lymphocytes were collected as described above and
stained with anti-mouse CD45, anti-mouse CD4, and anti-
mouse Foxp3 and detected by FCM.

Treg proliferation analysis

On day 5 after fracture, the lymphocytes in the spleen and
bone callus were isolated as described above. The cells
were stained with anti-mouse CD45, anti-mouse CD4,
anti-mouse Foxp3, and anti-mouse Ki67 (17-5689-80,
Invitrogen), and the expressions of Ki67 in Treg
(CD45"CD4"Foxp3*) and conventional T cells (Tconvs)
(CD45*CD4"Foxp3-) were analyzed via FCM. The
proliferation of Tregs was investigated using Click-iT Plus
EdU Alexa Fluor™ 647 Flow Cytometry Assay Kit
(C10634, Invitrogen). The fractured mice were injected
with 1 mg 5-ethynyl-2'-deoxyuridine (EdU) on day 4 post
fracture. After 24 h, the lymphocytes in the spleen and
bone callus were collected, stained with anti-mouse CD45,
anti-mouse CD4, and anti-mouse Foxp3 and detected
through FCM. Each experiment was repeated thrice.

FCM sorting of Tregs

Male C57BL/6 mice aged 8—10 weeks were used for the
femoral fracture model. The mice were sacrificed on day
5. The spleens, nondraining lymph nodes, and bone
calluses were separated for analysis. Tregs from spleen
and bone callus were obtained as described above. The
lymph nodes were grinded into cell suspension, and the
lymphocytes were collected after filtration and
centrifugation. Non-CD4*t cells were depleted through
magnetic cell separation (MACS) using the CD4*CD25"
Regulatory T cell Isolation Kit (130-091-041, Miltenyi
Biotec). Then, the single-cell suspension was incubated
with anti-mouse CD45 (553075, BD Biosciences), anti-
mouse CD4 (553729, BD Biosciences), and anti-mouse
CD25 (553075, BD Biosciences) for 30 min at 4 °C. The
dead cells were labeled using the Zombie NIR™ Fixable
Viability Kit (423105, Biolegend). Fluorescence-
activated cell sorting (AriaTM II, BD Biosciences,
America) was used to acquire CD4"CD25" Tregs.

Isolation and culture of BMSCs and hUC-MSCs

C57BL/6 mice were used for the separation of mouse
BMSCs. The mice were soaked in 75% ethanol for 5 min
before the dissection of the two hind legs using
ophthalmic scissors. A 7-gauge disposable syringe was
used to flush the marrow out of the bones using
phosphate buffered saline (PBS). Filtered through a
70 um screen, all cells from mouse femurs and tibias
were cultured in a specialized medium (MUXMX-90011,
Cyagen) at 37 °C in 5% CO,. The medium was replaced
daily. And after 7 days, spindle-shaped cells were readied
for passage. Passages 2—5 BMSCs were used in the
following experiments.

hUC-MSCs were acquired from the umbilical cord of a
full-term fetus. The umbilical cord was washed with PBS
containing 1% penicillin and 1% streptomycin to remove
extravasated blood and vessels. Wharton’s Jelly tissues
were peeled out, cut into approximately 1 mm? pieces,
and incubated with 0.2% collagenase I and 0.2% pronase
at 37 °C in 5% CO, for 30 min. Then, the tissue blocks
were ground for several minutes using a disposable
rubber head dropper. Finally, the remaining tissues were
transferred to a culture disk provided with a specialized
medium (HUXUC-90011, Cyagen). Fusiform cells
crawled out of the tissue block in approximately 7 days.
Passages 2—5 hUC-MSCs were used in the following
experiments.

EdU assay
Cells were seeded in 96-well plates at a density of 3.0 x

104-5.0 x 10* cells per well depending on the rate of cell
proliferation. After adherence, the cells were treated with
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different concentrations of amphiregulin (HY-P7002,
MCE; 315-36, Peprotech) for 48 h. The original medium
was discarded, and the cells were washed with PBS
before incubation using a medium that contained
50 umol/L EdU (C10310-1, RiboBio) for 2 h. The
following operations were carried out in accordance with
the manufacturing instructions. An inverted fluorescence
microscope (IX73, OLYMPUS, Japan) was used for
observation and photography.

Cell Counting Kit 8 (CCK-8) assay

Cells were seeded in 96-well plates at a density of 3.0 x
103-5.0 x 103 cells per well. After adherence, the cells
were treated using different concentrations of
amphiregulin for 48 h and incubated for 3 h with 10 pL
CCK-8 solution (BS350B, Biosharp). After incubation,
the optical density (OD) of the cells at the wavelength of
450 nm was determined using a microplate reader
(EnSprire, Perkin Elmer, America).

Alkaline phosphatase (ALP) staining

Cells were cultured for 14 days in 24-well plates provided
with osteogenic induction culture medium (MUXMX-
90021, Cyagen). ALP staining was performed on day
14 in accordance with the instructions of BCIP/NBT
Alkaline Phosphatase Color Development Kit (C3206,
Beyotime). The cells were fixated with 4% paraforma-
Idehyde for 30 min at room temperature, washed
thoroughly with cold PBS, and stained with ALP
overnight. Then, the staining solution was discarded, and
PBS was added. An inverted fluorescence microscope
was used to observe and photograph the images.

Alizarin Red staining

Cells were cultured in 24-well plates, and after they grew
to 80%-90% convergence, the culture medium was
replaced with osteogenic induction culture medium
(MUXMX-90021, Cyagen) and changed every other day.
Alizarin Red staining was performed on day 21 following
the instructions of Alizarin Red Solution Kit (ALIR-
10001, Cyagen). The cells were gently washed twice with
PBS before fixation with 4% paraformaldehyde for
30 min at room temperature. After washing off the
paraformaldehyde with PBS, 1 mL Alizarin Red staining
solution was added to stain the cells at room temperature
for 5-10 min. Then, the staining solution was discarded,
and the cells were washed thoroughly. An inverted
fluorescence microscope was used to observe and
photograph the images.

Western blotting assay

BMSCs were starved for 24 h before the treatment with

50 ng/mL amphiregulin with or without 10 pmol/L
LY294002 (HY-10108, MCE), 0.5 umol/L deguelin (HY-
13425, MCE), and 25 umol/L U0126 (S1901, Beyotime)
for 0, 30, 60, and 90 min and 0, 3, and 7 days, separately.
Proteins were extracted using radioimmunoprecipitation
assay buffer (AS1004, ASPEN) containing 1% protease
inhibitor (AS1006, ASPEN), and protein concentrations
were measured using a BCA kit (AS1086, ASPEN).
Then, sodium dodecyl sulphate-polyacrylamide gel
electrophoresis and transfer were conducted. The
polyvinylidene difluoride membranes were blocked with
5% nonfat milk for 1 h at room temperature. Antibodies
for AKT (#4691, CTS), phosphorylated AKT (p-AKT)
(#4060, CTS), Runt-related transcription factor 2
(RUNX2) (ab236639, Abcam), and bone morphogenetic
protein (BMP)-2 (ab6285, Abcam) were stained overnight
at 4 °C. Then, secondary antibodies were incubated for
30 min at room temperature. The results were detected
via a chemiluminescence detection system.

Antibody depletion assay

A normalized closed fracture model was established using
8—10-week-old C57BL/6 mouse femur, and it received
200 pg anti-mouse CD25 monoclonal antibody (mAb;
102059, Biolegend) via intraperitoneal injection to
deplete Tregs on day 3 before fracture and days 3 and 4
after fracture. The equivalent rat IgG1-A isotype control
antibody (401916, Biolegend) was administered
intraperitoneally as control. The lymphocytes in the bone
callus, spleen, and peripheral blood were separated, and
the expression of CD45*CD4*CD25"Foxp3* (anti-mouse
CD25, 17-0251-82, eBioscience) was detected via FCM
to investigate the Treg depletion efficiency of the
antibody. X-Ray images of the mice were collected on
day 1, 3, 5, 7, 14, and 21. The mice were sacrificed on
day 21, and the fractured femur was dissected, stripped of
muscles, and scanned using a Bruker micro-computed
tomography (micro-CT) Skyscan 1276 system (Kontich,
Belgium). The scan parameters were set as follows:
200 pA ray tube current; 85 kV voltage; 6.533712 pm
scanning resolution; 384 ms exposure time, and 180°
scanning angle. The images were reconstructed using the
three-dimensional  reconstruction software NRecon
(v1.7.4.2, Bruker, Germany). The reconstruction
parameters were adjusted to the following values:
smoothing = 2; beam hardening = 8, and ring artifacts =
25%. Region-of-interests (ROIs) were analyzed using a
CT Analyzer (v1.18.8.0, Bruker, Germany) to calculate
the bone volume (BV), total tissue volume (TV), volume
ratio (BV/TV), and bone mineral density (BMD).

Quantitative reverse transcription polymerase chain
reaction (QRT-PCR) assay

StepOne™ Real-Time PCR System (Life technologies,
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USA) was used to analyze the mRNA levels of
osteogenesis-related proteins. On day 21, the bone callus
was dissected and stored in liquid nitrogen. About
100 mg tissues were put on ice and fully grinded in 1 mL
precooled TRIpure (EP013, ELK Biotechnology). A total
of 250 pL chloroform was added, and the mixture was
mixed for 5 min on ice. A total of 500 pL supernatant and
an equal volume of precooled isopropanol were mixed
and allowed to stand at —20 °C for 15 min, followed by
centrifugation at 10 000x g for 10 min at 4 °C. After
centrifugation and washing by 75% ethanol, 10 pL
RNase-Free Water was added to fully dissolve the RNA.
First-strand ¢cDNA was synthesized using an M-MLV
Reverse Transcriptase kit (Eq. (002), ELK Biotechno-
logy). Then, qRT-PCR was completed on the StepOne™
Real-Time PCR instrument using QuFast SYBR Green
PCR Master Mix kit (Eq. (001), ELK Biotechnology).
The AACT method was used for data analysis.

Single-cell paired TCR- and RNA-sequencing

For single-cell paired TCR- and RNA-sequencing, on day
5 after fracture, 20 fractured mice were used for a single
experiment. Lymphocytes from the spleen and bone
callus were first purified using the lymphocyte isolation
kits as described above. Then, non-CD4" cells were
removed via MACS. The live CD4" T cells were sorted
via FCM, followed by staining with 7-aminoactinomycin
D (7AAD), anti-mouse CD45, and anti-mouse CD4
antibodies. Single-cell paired TCR- and RNA-sequencing
were prepared using the 10x genomics Chromium Single-
Cell Immune Profiling Solution (Genergy Biotechnology,
Shanghai, China). Approximately 20 000 CD4" T cells
with cell viabilities over 90% were sorted. Then, the
CD4" T cells (1000 cells/uL) were encapsulated into
droplets to form gel beads in emulsion (GEM). The
expected mRNA barcodes were around 10 000 single
cells. After the reverse-transcription procedure, the GEM
was broken, and cDNA was amplified in 13 PCR cycles
(98 °C 155, 63 °C 20 s, and 72 °C_1 min), and purified
by Solid Phase Reversible Immobilization (SPRI). The
second-generation sequencing library was prepared from
the qualified cDNA and quantitatively inspected after
fragmentation, ligation of sequencing adapters, sample
index PCR, and other experimental processes. Illumina
NovaSeq 6000 platform (sequencing mode PE150) was
used for sequencing and FastQC software for the analysis
of the quality of preprocessed data. Seurat [22,23] was
used to perform clustering analysis on high-quality
population cells, and cell populations were clustered
using the Louvain modularity optimization algorithm.
Then, the cell clusters were displayed with t-distributed
stochastic neighbor embedding (tSNE), and Tregs were
detected through canonical marker genes. For single-cell
TCR-sequencing, the complementarity-determining

region (CDR) 3 amino acid sequences of TRA or TRB
were annotated using the VDJdb database for known
antigenic determinants and antigenic proteins. Single-cell
RNA-sequencing data were processed using the Seurat
function find_all markers [24,25].

Treatments of fractures in mice and recovery
evaluation

Five groups were included in the study: sham-operated
mice, Treg-depletion fracture mice with amphiregulin,
Treg-depletion fracture mice with PBS, isotype control-
treated mice with amphiregulin, and isotype control-
treated mice with PBS. The treatment groups were
injected with 1 pg recombinant murine amphiregulin
(315-36, Peprotech) locally at the fracture site on days 0,
3, and 4 after surgery. Then, 5 pg amphiregulin was
injected intraperitoneally on days 6 and 8 after surgery.
The control groups were injected with the same volume
of PBS. The X-ray images of mice were obtained on days
0, 7, 14, and 21 after fracture (In-Vivo PRO, BRUKER,
Germany). On day 21, the mice were sacrificed, and their
femurs were dissected with muscles stripped away. The
micro-CT system (SkyScan 1176, Bruker, Germany) was
used to construct a three-dimensional image of the
fracture area to calculate the BMD, BV, TV, and BV/TV.
The longitudinal and transverse sections of femurs were
shown using CTvox software (3.3.0.0, Bruker, Germany).

Serum cytokine detection

Serum was collected through centrifugation at 3000 rpm
for 10 min after the mice were sacrificed. The level of
ALP was detected using an Alkaline Phosphatase Assay
Kit (P0321S, Beyotime) following the manufacturer’s
instruction, and the OD at the wavelength of 410 nm was
determined using a microplate reader. The concentrations
of bone ALP and osteocalcin (OCN) were measured via
enzyme-linked immunosorbent assay (ELISA), following
the instructions of Mouse Bone Alkaline Phosphatase
ELISA Kit (MM-44680M2, MEIMIAN) and Mouse
OC/BGP (OCN) ELISA Kit (E-EL-M0864c,
Elabscience).

Histological evaluation

Femurs were harvested on day 21 after fracture, and the
tissues were stripped away thoroughly. The samples were
fixed in 4% paraformaldehyde for over 24 h and
decalcified in ethylenediaminetetraacetic acid-2Na until
the bones were easily pierced. Then, they were embedded
in paraffin, cut into 5 pm-thick sections along the
horizontal axis, and subjected to hematoxylin and eosin
(H&E) (BP092, Biossci) and Alcian blue (AB) (BP040,
Biossci) staining. Tartrate-resistant acid phosphatase
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(TRAP) (BP08S, Biossci) staining was completed in
sections along the longitudinal axis. The sections were
observed and photographed wusing an inverted
fluorescence microscope.

Tregs analysis in fractured bone of patients

The patients who met all the following inclusion criteria
were allowed to participate in the study: (1) age over 18
(including 18 years old) and under 60 years old (including
60 years old); (2) clinically diagnosed as fracture;
(3) required surgery; (4) participated voluntarily and
signed the informed consent in writing. These patients
who met the following criteria were excluded: (1) with
types of fractures that are unsuitable for surgery;
(2) systemic infection or local infection of the fracture
area. The peripheral blood and bone callus were collected
by the surgeon. Lymphocytes in the peripheral blood and
bone callus were separated and stained with anti-human
CD45, anti-human CD4, and anti-human Foxp3. After
incubation at 4 °C for 30 min, the cells were washed
thrice with PBS and detected via FCM. For the
measurement of amphiregulin expression, Tregs from
bone callus and peripheral blood were sorted using FCM.
gRT-PCR was conducted to determine the mRNA level
of amphiregulin.

Statistical analysis

Data are represented as mean + standard deviation (SD),
processed by Prism v8 (GraphPad, USA), and analyzed
by Student’s ¢-test for two groups or one-way analysis of
variance (ANOVA) for three or more groups. *P < 0.05
indicated significantly statistical difference.

Results

Treg enrichment in fractured bone

A femur fracture model was established to investigate the
accumulation of Tregs after fracture. At different time
points after fracture, spleen, peripheral blood, and bone
callus were separated, and lymphocytes were collected
for FCM analysis. Within the experimental period, no
considerable change was observed in the spleen CD4" T
cells (Fig. 1A—1D). For peripheral blood and bone callus,
the number of CD4" T cells increased at the early phase
of fracture, peaked on day 5, and gradually decreased to
the baseline level with prolonged duration of fracture.
These findings can be attributed to the recruitment of
immune cells to injured sites in response to necrotic
debris, invading pathogens, and clotting reactions during
injury [26]. Although the CD4* T cells in peripheral
blood and bone callus showed similar tendencies, the
CD4* T cells in the latter exhibited more remarkable

changes compared with those in the former (3.5-fold vs.
1.9-fold on day 5). CD4" T cells contain multiple
subpopulations, which display distinct properties and
functions [27]. Tregs, a typical subset of CD4" T cells,
play an important role in tissue repair [28]. We then
investigated the changes in Tregs after fracture by FCM.
As shown in Fig. 1E-1H, Tregs in the spleen, peripheral
blood, and bone callus were present in low levels before
fracture (day 0), but their levels in all increased after
fracture. Tregs in the spleen and peripheral blood
presented similar trends with the peaks of Tregs, with
values of 7.8% + 2.7% and 13.1% =+ 3.8% on day 5,
respectively (Fig. 1F and 1G). Compared with those in
the spleen and peripheral blood, Tregs in the bone callus
exhibited more significant changes. On days 0, 1, 3, 5, 14,
and 21, the proportions of Tregs reached 2.9% + 0.8%,
4.1% + 1.9%, 10.9% + 1.5%, 14.8% + 1.8%, 9.2% =+
2.5%, and 5.2% + 0.4%, respectively (Fig. 1H). Different
from the rapid decrease in the number of Tregs in the
spleen and peripheral blood, Tregs in the bone callus
remained at high levels on days 14 (3.2-fold vs. day O,
P < 0.05) and 21 (1.8-fold vs. day 0, P < 0.05). To
directly visualize the accumulation of Tregs, we fixed and
decalcified fractured bones and conducted immunofluo-
rescence staining. As displayed in Fig. S1, the signals of
red (CD4) and green fluorescence (Foxp3) were enhanced
in the fractured bone compared with the normal bone.
The enrichment of Tregs in the fractured bone suggests
the possible role of Tregs in fracture healing.

Sources of enriched Tregs in fractured bone

The level of Tregs in bone callus increased remarkably
after fracture, especially compared with those in the
spleen of lymphoid organs. The accumulation of Tregs in
injured sites can be derived from the circulation
compartment, peripheral induction, and local cell
expansion [12, 29]. We questioned whether the enriched
Tregs in fractured bone may also share these sources. We
have proven that the level of Tregs in peripheral blood,
which can be recruited to the injured bone and be a source
of bone callus Tregs, was substantially increased after
fracture [7]. To clarify this concept, we treated the
fractured mice with FTY720, an immunosuppressive
agent that acts as a functional antagonist of S1PR1, to
prevent the departure of lymphocytes from secondary
lymphoid tissues to the circulating pool [30]. The
percentage of CD4* T cells and Tregs dropped on day 5
post fracture, which indicates that a few Tregs in bone
callus were derived from the circulating pool (Fig. 2A
and 2B). To study the peripheral induction of bone callus
Tregs, we measured the expressions of neuropilin-1 and
Helios of Tregs on day 5 post fracture. The two markers
are reported as cell markers of tTregs rather than
peripherally iTregs [31-33]. Neuropilin-1 and Helios
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Fig. 1 Treg accumulation in fractured bone. (A) Flow scatter diagram of CD4" T cells in the spleen, peripheral blood, and bone callus before
fracture (day 0) and days 1, 3, 5, 14, and 21 after fracture. Numbers indicate the proportion of cells in the frame. (B—D) Quantitative analysis of
CD4" T cells in the spleen (B), peripheral blood (C), and bone callus (D) at different time points after fracture (n = 3). (E) Flow scatter diagram of
Tregs in the spleen, peripheral blood, and bone callus before fracture (day 0) and on days 1, 3, 5, 14, and day 21 after. Numbers indicate the
proportion of cells in the frame. (F-H) Proportions of Tregs in the spleen (F), peripheral blood (G), and bone callus (H) at different time points
after fracture. Five mice were set as one group for all tissues. Data are shown as means + SD. *P < 0.05, ***P < 0.001, ****P < (0.0001.

were partially expressed by bone callus Tregs, which
suggests that most bone callus Tregs were likely from
thymus, and some Tregs may be induced in peripheral
tissues (Fig. 2C). Ki67 staining and EdU assay were

performed to further investigate the local expansion of
Tregs. Ki67 is a commonly used cell proliferation marker
and expressed in all phases of the cell cycle except the GO
phase [34]. Five days after fracture, the Tregs in the bone
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callus and spleen were stained with anti-mouse Ki67 and respectively and (P < 0.05) (Fig.2D and 2E). DNA
detected via FCM. Approximately 70% and 40% of bone replication is essential for cell proliferation. EdU is a
callus and spleen Tregs were positive for Ki67, thymidine analog that can replace thymine to incorporate



524

A “repair” role of regulatory T cells in fracture healing

into replicated DNA during the S phase of the cell cycle,
which is commonly used to detect DNA replication
activity [35]. After 24 h of EdU labeling, EdU" cells were
detected in about 36% of bone callus Tregs and 12% of
spleen Tregs (Fig. 2F and 2G). The proliferation ability of
Tconvs (CD457CD4%Foxp3-) was also analyzed. The
Tconvs in the bone callus exhibited higher rates of Ki67+
and EdU" cells in comparison with the spleen Tconvs.
However, the proliferation rate of Tconvs was lower than
that of Tregs. The proliferation conditions of Tregs and
Tconvs in the spleen and intact bone tissues of normal
mice were also detected. As displayed in Fig. S2,
approximately 25% and 12% of intact bone Tregs and
spleen Tregs were positive for Ki67, respectively; both
values were lower than the bone callus Tregs (70%) and
spleen Tregs in fractured mice (33%). Tconvs in normal
and fractured mice showed similar trends. After 24 h of
EdU labeling, EAU™ cells were detected in 11% of intact
bone Tregs and 6% of spleen Tregs, and these values
were lower than those in fractured mice. Tconvs
presented similar results. Herein, the proliferation of
Tregs were remarkably increased after fracture.
Collectively, these findings indicate that the bone callus
Tregs can be derived from the circulating pool, peripheral
induction, and local expansion.

Tregs from bone callus promoted BMSC proliferation
and osteogenesis

As Tregs accumulated remarkably in the bone callus, we
first intended to demonstrate their role in fracture healing
at the cellular level. To evaluate the osteogenesis effect of
Treg from different organs, we collected the spleen, non-
draining lymph nodes, and bone callus on day 5 after
fracture. BMSCs were seeded in 96-well plates,
cocultured with these three sources of Tregs directly at a
ratio of 5:1, and subjected to EdU assay after 48 h to
evaluate their proliferative activity [36]. EAU™ cells were
most prominent in the bone callus Treg-treated group
(Fig. 3A and 3C). The total and proliferating cell numbers
were both higher in the bone callus Treg-treated group,
which suggests that bone callus Treg promoted BMSC
proliferation.

Moreover, to investigate the role of Tregs in
extracellular matrix mineralization, we seeded BMSCs in
24-well plates and treated them with different Treg
sources. Two-week culture of ALP staining was carried
out to evaluate the osteogenesis degree. More nitro blue
tetrazolium chloride (NBT)-formazan was detected in the
bone callus Treg-treated groups, which indicates the
enhanced ability for osteogenesis endowed by bone callus
Tregs (Fig. 3B and 3D). Collectively, these results
demonstrate that Tregs from the bone callus can promote
osteogenesis more effectively than those from the spleen
and lymph node.

Depletion of Tregs compromised fracture healing

Given that bone callus Tregs promoted osteogenesis
in vitro, we then performed loss-of-function studies to
investigate the role of bone callus Tregs in fracture
healing in vivo. Treatment with anti-CD25 mAb is a
commonly used approach, and it has been studied by
researchers to explore the functions of Tregs [37]. Here,
we injected 200 pg anti-CD25 mAb or isotype control to
C57BL/6 mice intraperitoneally 3 days before and 3 and 4
days after fracture to manipulate the Treg levels. The
administration of anti-CD25 did not neutralize the overall
Tregs, whether in the spleen, peripheral blood, or bone
callus, but it considerably reduced the proportions of
CD25. As a result, antibody neutralization in the spleen,
peripheral blood, and bone callus depleted 75.6%, 80.5%,
and 52.9% of the Tregs, respectively (Fig. S3). Next, we
investigated whether Treg depletion compromised
fracture healing. We monitored the mice using X-ray
imaging on days 1, 3, 5, 7, 14, and 21. Compared with the
control group, the antibody-depletion group exhibited
markedly increased fracture gap and lower callus volume
(Fig. 4A). On day 21 post fracture, the mice were
sacrificed, and the fractured femur was dissected and
scanned through micro-CT. The 3D reconstructed image
of micro-CT showed similar results as the X-ray (Fig. 4B
and 4C). We further calculated the bone parameters. As
shown in Fig. 4D, the BMD, BV, TV, and BV/TV in the
Treg-depletion group were decreased substantially
compared with those of the control group. Moreover, AB
staining indicated the increased cartilage area at the
fracture area of Treg-depletion mice (Fig. S4).

Osteoblast differentiation is critical in bone remolding.
Type 1 collagen (collagen I) is the dominant component
of bone organic matrix, and it endows the bone tissue
with a high density of collagenous filaments. OCN is a
noncollagenous protein synthesized by osteoblasts during
bone matrix mineralization [38]. RUNX2, a transcription
factor for bone development, plays an important role in
osteoblast differentiation and bone formation. To study
the effect of Treg depletion on these osteogenic proteins,
we used qRT-PCR to measure the mRNA levels in bone
callus. Table S1 contains the information on primers.
Compared with the control group, considerably lower
mRNA levels of these three proteins were detected in the
anti-CD25 mAb-treated group (Fig.4E). These results
indicate that the ablation of Tregs compromises fracture
healing.

Bone callus Tregs displayed distinct TCR repertoire
and transcriptome

Single-cell sequencing was performed to exploit the
possible components of bone callus Tregs that promote
fracture healing. Limited by the amount of Tregs, CD4" T
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cells were sorted for sequencing. Unsupervised cell
clustering was performed using Seurat, and Louvain
modularity optimization algorithm was used to cluster
cell populations. The cluster map of CD4* T cells was
visualized through t-SNE [39]. In addition, the clusters of
spleen and bone callus Tregs were identified through the

specific gene expression of Foxp3 (Fig.5A). To
investigate the characteristics of clonal restriction, we
studied the TCR repertoires by sequencing the CDR 3 of
the TCR o and TCR B chains of single cells. A total of
420 and 321 TCR sequences were observed for spleen
and bone callus Tregs, respectively. The spleen and bone



526

A “repair” role of regulatory T cells in fracture healing

A

CTRL

Treg
depletion

B

CTRL

Treg
depletion

CTRL

Treg
depletion

Collagen I
1.5 ok ok

i

1

1.0

0.5 0.5

Relative mRNA level
Relative mRNA level

0.0- 0.0-

CTRL

CTRL

Treg depletion

CTRL  Treg depletion

sk
59
44 ole
E 3 >
> 24 °
M E ®
14
0 T T
CTRL  Treg depletion
157 sk

s 3

T T
CTRL  Treg depletion

BV/TV (%)
2 3

CTRL  Treg depletion

OCN RUNX2
3k 3k 5k
1.54 3k %k ok
< 1.0
2 ——
°
Z 0.5
=
&
0.0-

CTRL

Treg depletion Treg depletion

Fig. 4 Depletion of Tregs compromised fracture healing. (A) X-Ray image of fractured mice. On days 1, 3, 5, 7, 14, and 21, the mice were
anesthetized using 0.3% pentobarbital (w/v) and scanned via X-ray. (B, C) Micro-CT three-dimensional reconstructed images of the fractured
femur on day 21 post fracture. The mice were sacrificed, and the femur was separated for micro-CT scanning. Four mice were included in each
group. (D) Calculated BMD, TV, BV, and BV/TV for each group (n = 5). The ROIs were selected as areas | mm above and below the fracture
gap. (E) mRNA levels of osteogenesis-related proteins (collagen I, OCN, and RUNX2) in bone callus (n = 5). Mice were sacrificed on day 21 post
fracture, and the bone callus was analyzed via qRT-PCT. Data are shown as means + SD. *, P <0.05; **, P <0.01; *** P <0.001.

callus Tregs had no shared TCR sequences, which
indicates the distinct TCR repertoire of the latter.
Moreover, a fraction of bone callus Tregs was clonally
expanded, which corresponded to the above expansion
ability of Tregs (Fig. 5B).

Then, the gene expressions in spleen and bone callus
Tregs were analyzed for comparison. Gene set
enrichment analysis (GSEA) shows that the enrichment of
upregulated genes in bone callus Tregs in Gene Ontology

biological process terms, including skeletal muscle tissue
regeneration, regeneration, regulation of cell population
proliferation, and multicellular organism development,
which are related to tissue repair (Fig.5C). The
upregulated genes were further analyzed. The first group
of genes (Rora, Gnal3, Hifla, and Ninjl) contributes to
angiogenesis. The second group included GZMB, Nfkbid,
Nfkbiz, il10, ifngrl, and tnfrsf9 and participated in the
inflammatory effect after injury. The third group
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comprised chemokines and chemokine receptor-related
genes (e.g., ccr8, cxcll0, ccri2, ccr7, cxcrd, and cxcl2)
and can mediate the recruitment of immune cells. The
osteoblast differentiation-related gene Cebpb was also
upregulated. The well-known growth factor amphiregulin-
encoding gene Areg exhibited the highest differential
expression among these genes (Fig. 5D). FCM analysis
was further conducted to confirm the expression of
amphiregulin at the protein level. Bone callus Tregs
displayed remarkably higher expression of amphiregulin

than those of the spleen, lymph node, and intact bone
(Figs. SE, S5, and S6).

Amphiregulin promoted proliferation and
osteogenesis of BMSCs

Given that amphiregulin is highly expressed in bone
callus Tregs compared with those in spleen and lymph
node, we explored whether amphiregulin is the critical
factor in Tregs that promotes fracture healing. Initial
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examinations focused on the influences of amphiregulin
on the proliferation and osteogenesis of BMSCs. For cell
proliferation assay, EdU staining was performed on
concentrations  of

BMSCs treated with different
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exhibited a relatively low expansion ability given the
weak fluorescence of cell nuclei. We further conducted
CCK-8 assay to evaluate cell proliferation. The results
accorded with those of EdU assay, but the low
concentrations were not as sensitive as that of EAU owing
to the restricted expansion ability of BMSCs and
sensitivity of CCK-8 assay. Cell proliferation showed
considerable changes when the concentration went up to
5 ng/mL (Fig. S7). Herein, a high concentration of
amphiregulin was selected for the following experiments.

To investigate the extracellular matrix mineralization
by amphiregulin, we treated BMSCs seeded in 24-well
plates with different concentrations of amphiregulin (0,
10, 50, and 100 ng/mL) and continuously cultured them
for 2 weeks for ALP staining and 3 weeks for Alizarin
Red staining. As shown in Fig. 6C—6F, amphiregulin also
worked in a concentration-dependent manner with the
most evident osteogenesis effect at 100 ng/mL [40].
Compared with the control group, more dark-blue NBT-
formazan and red mineralized nodules were observed in
the amphiregulin-treated groups.

The PI3K/AKT signaling pathway plays an important
role in various cell functions. Several studies have proven
its involvement in osteogenesis and osteoclastogenesis
[41,42]. Here, BMSCs were treated with 50 ng/mL
amphiregulin. As shown in Fig. 6G, the expression of
p-AKT was increased with prolonged incubation, and this
effect can be inhibited by the PI3K inhibitor LY294002
and the AKT inhibitor deguelin. Similarly, amphiregulin
remarkably upregulated the expressions of osteogenic
markers RUNX2 and BMP-2 in BMSCs after treatment
for 7 days. The PI3K/AKT signaling pathway inhibitors
counteracted this effect (Fig. 6H). Figure S8 shows the
original Western blots of Fig. 6G and 6H. We also
explored whether the mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK)
pathway was also involved in the amphiregulin-mediated
osteogenesis of BMSCs (Fig. S9). However, the
amphiregulin treatment did not increase the expression of
phosphorylated ERK, which suggests the possible
negligible effect of amphiregulin on the MAPK/ERK
pathway. These findings indicate that the PI3K/AKT
pathway can be mainly involved in amphiregulin-induced
differentiation of BMSCs.

Amphiregulin reversed the compromised healing
caused by Treg depletion

The above findings prove the positive effect of
amphiregulin on the proliferation and osteogenesis of
BMSCs. The effect of amphiregulin on fracture healing
in vivo was explored. The mice were treated following the
protocol in Fig. 7A, and X-ray photography was used to
observe the real-time process of fracture healing. The
callus was the largest in amphiregulin-treated groups but

the smallest in Treg-depletion groups (Fig. 7B). Direct
observation and comparison of the calluses obtained on
day 21 after fracture revealed that callus formation was
more pronounced in amphiregulin-treated groups, and the
ablation of Tregs resulted in reduced callus formation
(Fig. S10). By comparing the sizes of calluses, we
preliminarily concluded that amphiregulin benefitted
fracture healing, and the ablation of Tregs compromised
the healing process. Micro-CT analysis was further
conducted, with the three-dimensional images presenting
better results in fracture healing conditions in the
amphiregulin-treated groups (Fig. 7C). In addition,
remarkable improvements were observed in the bone
metabolism-related indexes (BMD, BV, TV, and BV/TV)
of the two amphiregulin-treated groups compared with
those of the isotype control or anti-CD25 treated groups
(Fig. 7D). Furthermore, the level of OCN, a marker for
bone formation evaluation [43], confirmed the
osteogenesis effect of amphiregulin (Fig. 7E). However, a
similar trend was not observed in the measurement of
serum ALP (Fig. 7F), which may be related to a wide
range of ALP sources [44]. We then detected the
concentration of bone-derived ALP (B-ALP). As
displayed in Fig. 7G, amphiregulin-treated groups
showed higher B-ALP levels than the control groups.
Bone samples were also acquired for histological
evaluation and immunohistochemical analysis. According
to the results of H&E and AB staining, the amphiregulin-
treated groups showed an increased number of bone
trabecula and a reduced cartilage area. In addition, more
TRAP-positive cells were found in the amphiregulin-
treated groups, which indicates that amphiregulin
accelerated the bone remolding phase [45,46] (Fig. 7H).
Furthermore, to investigate the in vivo effect of
amphiregulin on the PI3K/AKT pathway, we examined
the protein expressions of AKT, p-AKT, RUNX2, and
BMP-2 in the fracture microenvironment through
Western blotting. Consistent with cell experiments,
in vivo amphiregulin treatment increased the phosphoryla-
tion of AKT and the expressions of osteogenic markers
RUNX2 and BMP-2 (Figs. SI11 and S12), which imply
that amphiregulin promotes fracture repair through the
activation of the PI3K/AKT pathway.

Exploration of amphiregulin for human fracture
healing

At the animal level, we have proven that Tregs can
promote fracture healing, and this effect can be mediated
by amphiregulin. To explore whether Treg and
amphiregulin exert similar effects in patients, we
analyzed the changes in Tregs in human bone callus and
investigated the role of amphiregulin in hUC-MSCs.
Bone callus and peripheral blood were collected by
operators. Table S2 displays the clinical and demographic
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Fig. 7 Amphiregulin reversed the compromised healing caused by Treg depletion. (A) Mouse model and administration protocol. (B) X-Rays
images of fracture healing process among different groups on days 7, 14, and 21 post fracture. The mice were anesthetized via injection of sodium
pentobarbital to capture X-ray images. (C) Micro-CT three-dimensional reconstructed images of fractured femur on day 21 post fracture. The mice
were sacrificed, and the femur was separated for micro-CT scanning. Four mice were included in each group. (D) Calculated BMD, TV, BV, and
BV/TV in each group (n = 5). The ROIs were selected as areas 1 mm above and below the fracture gap. (E-G) Serum levels of OCN (E), ALP (F),
and B-ALP (G) in different groups (n = 3). (H) Representative histological evaluation of callus formation on day 21. The calluses were stained
with H&E/TRAP/AB. Scale bar for HE and TRAP = 200 um; scale bar for AB = 100 um. Data are shown as means + SD. *, P < 0.05; ** P <
0.01; ***, P <0.001; and ****, P <0.0001. Areg indicated as amphiregulin in the graphs.

details of the 30 fractured patients. The results on white patients were free of infection. Other baseline
blood cells, monocytes, and lymphocytes revealed that all ~ characteristics, including gender, age, bodyweight, and
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sample collection time, showed no remarkable differences
between the two groups of patients for peripheral blood
and bone callus collection, respectively. Lymphocytes
were separated from the collected tissues and analyzed
through FCM. Compared with peripheral blood, the
fractured callus presented higher expressions of CD4" T
cells (Fig. 8A and 8B) and Tregs (Fig. 8C and 8D). The
Tregs in the bone callus and peripheral blood were sorted
through FCM, and amphiregulin expression was analyzed
via qRT-PCR. Table S3 displays the clinical and
demographic details of the 16 fractured patients.
Compared with blood Tregs, bone callus Tregs showed a
notably higher expression of amphiregulin (Fig. 8E).

Furthermore, the effect of amphiregulin on the
proliferation and osteogenesis of hUC-MSCs was
monitored through EdU assay and ALP/Alizarin Red
staining. Similar with that of BMSCs, the proliferative
effect of amphiregulin occurred in a concentration-
dependent manner (Fig. 8F-8J). As for osteogenic effect,
the higher the concentration of amphiregulin, the more
evident the outcomes of osteogenesis. Therefore, the
positive influence of amphiregulin on osteogenesis also
applied to the hUC-MSCs. Fracture healing is a
regeneration process that includes stem cell differenti-
ation, osteogenesis, chondrogenesis, and angiogenesis.
Human umbilical vein endothelial cells (HUVECs) are a
widely available source for conducting angiogenesis-
related experiments, and their proliferation positively
affects angiogenesis [47,48]. Here, for HUVECs treated
with amphiregulin from 0 ng/mL to 2.5 ng/mL for 48 h,
more EdU-positive cells were observed in the higher-
concentration groups than in the control groups. CCK-8
assay indicated a similar trend (Fig. S13). Herein, in
addition to promoting osteogenic differentiation of stem
cells, amphiregulin may exert angiogenetic roles, which
benefits fracture healing from the aspect of vascular
repair [49].

Discussion

Fracture is a common and costly burden caused by bone
injury or diseases; it may induce severe fracture-related
pain, abnormal stump movement, deformity, and loss of
function [50,51]. On average, most fractures heal
normally within 3—6 months under usual treatments.
However, 5%—-10% of fractures fail to heal appropriately
and cause remarkable negative consequences in the life
quality and functional status of individuals [52]. The
treatments of delayed healing or nonunion mainly depend
on surgery, addition or replacement of internal fixation,
bone transplantation, etc., and surgery is not only
traumatic but also has the risk of nonunion [53]. In
addition, some nonsurgical treatments, including physical
therapy and traditional Chinese medicine, are subeffective
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given their long treatment cycle and individual
differences [54]. Herein, the exploration of novel

therapeutic targets to promote fracture healing benefits
the reduction of pain felt by patients and alleviation of
economic and social burden. In recent decades, immune
system has been reported to modulate the fracture healing
process. Immediately after fracture, platelets arrive at the
injured site and create the fibrin thrombus [55].
Neutrophils also contribute to the fibrin thrombus by
depositing a fibronectin matrix at the early stage of
inflammatory phase [56] and participating in the removal
of cellular and tissue debris at the later stage [57]. The
roles of macrophages in the fracture healing process
differ depending on the subsets. M1 macrophages can
clear necrotic cells and fibrin thrombi during the initial
acute-inflammation  phase, but they exacerbate
inflammation and tissue necrosis [58]. M2 macrophages
secrete cytokines and factors (e.g., IL-10, TGF-B, 1L-4,
and vascular endothelial growth factor to alleviate
inflammation and promote tissue regeneration [59]. T and
B lymphocytes can play a cell-signaling role in the
healing process [60]. These cells are relatively well-
characterized immune cell types, but other new
immunotherapeutic targets remain poorly understood.
Moreover, these cells regulate healing process mainly
based on their immunological effects. Tregs can also
regulate fracture healing through their immunological
roles, especially through cytokine secretion. Tregs inhibit
osteoclast differentiation and bone resorption by secreting
TGF-B [61]. They can also express other cytokines, such
as granulocyte-macrophage colony-stimulating factor and
IL-5 IL-10, that inhibit osteoclast differentiation [62].
Moreover, Tregs can induce new bone formation by
secreting IL-10 [63]. Whether extraimmunological roles
are involved in the healing process remains elusive.
Inspired by the findings on the unique repair role of Tregs
in tissue injury (e.g., muscle, heart, and lung), we
speculated whether the Tregs in fractured bone may
perform a distinct role in the healing process and
designed a series of experiments to evaluate their possible
functions.

The changes in Tregs in the callus of injured bone,
peripheral blood of the systemic circulation, and spleen of
lymphoid organs were first analyzed. Tregs specifically
express the transcription factor Foxp3 in the nucleus and
CD25 and CTLA-4 on the cell surface. Foxp3, which is
the most sensitive maker of Tregs, is required for Treg
function, especially suppressive activities. CD4*Foxp3*
has been used to identify Tregs from the peripheral blood,
spleen, lung, and axillary and inguinal and mesenteric
lymph nodes and from large intestine lamina propria
[11,64]. Therefore, here, we used CD45"CD4*Foxp3™* to
identify Tregs. Compared with the Tregs in peripheral
blood and spleen, the Tregs in the bone callus were
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Fig. 8 Exploration of amphiregulin for human fracture healing. (A) Flow scatter diagrams of human CD4" T (hCD4" T) cells in peripheral blood
and bone callus of fracture patients. Numbers indicate the proportion of cells in the frame. (B) Proportions of hCD4" T cells in peripheral blood
and bone callus of fracture patients (n = 15). (C) Flow scatter diagram of Tregs (hTregs) in peripheral blood and bone callus of fracture patients.
Numbers indicate the proportion of cells in the frame. (D) Proportions of hTregs of fracture patients (n = 15). (E) mRNA levels of amphiregulin in
blood and bone callus Tregs (n = 8). (F) EAU assay of hUC-MSCs treated with different concentrations of amphiregulin for 48 h. Scale bar =200 um.
(G) Quantification analysis of the percentage of EdU-positive cells (n = 5). (H) ALP and Alizarin Red staining of hUC-MSCs treated with
different concentrations of amphiregulin. Scale bar = 100 um. (IJ) Quantitative analysis of ALP and Alizarin Red-positive area calculated using
ImageJ software (n = 5). Data are shown as means + SD. *, P <0.05; *** P <0.001. Areg indicated as amphiregulin in the graphs.

considerably increased after fracture. The accumulation subsequent healing process. EdU staining was performed
of Tregs in injured bone implies their possible role in the to investigate the source of Tregs, thymus cell markers,
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FTY720, and Ki67. The results show that bone callus
Tregs were not totally derived from thymus and may be
partially induced in peripheral tissues. Circulatory Tregs
can be rapidly recruited to the injured area upon tissue
damage or injury [65]. Tregs in the peripheral blood,
which can also be a source of the enriched Tregs in the
fracture area, were remarkably increased after fracture.
After preventing the departure of lymphocytes from
secondary lymphoid tissue to the systemic circulation
using FTY720, the numbers of CD4" T cells and Tregs in
bone callus were greatly decreased, which indicates that a
few bone callus Tregs originated from the circulating
pool. For cell expansion assay, the bone callus Tregs and
Tconvs showed more excellent proliferation abilities than
those in the spleen. The local expansion of Tregs can also
be a source of bone callus Tregs. Thus, to directly verify
the distinct role of Tregs in the bone callus, we used FCM
to sort Tregs from different tissues. Compared with Tregs
from the spleen and nondraining lymph node, the bone
callus Tregs markedly promoted the proliferation and
differentiation of BMSCs toward osteogenesis. The
results indicate that bone callus Tregs, rather than the
Tregs in lymphoid organs, displayed unique functions.
Furthermore, the loss-of-function experiment was carried
out through the administration of anti-CD25 mAb to the
experimental mice. Tregs in the spleen, peripheral blood,
and bone callus cannot be fully depleted but were all
neutralized considerably. The depletion of Tregs
compromised the effective fracture healing. All the mice
in the isotype control group healed normally after 21
days. However, those in the Treg-depleted group showed
delayed healing, with nonunion occurring in 60% of the
mice (3/5), which proves the prohealing roles of Tregs.
Single-cell sequencing can be used to accurately
measure the gene structure and expression state of a
single cell to analyze the heterogeneity of cells with the
same phenotype [66]. Here, we sorted CD4" T cells from
the bone callus and spleen and conducted single-cell
sequencing. Foxp3-expressing cells were determined as
Tregs for further analysis. The t-SNE images of bone
callus and spleen Tregs were similar. However, the callus
Tregs had distinct TCR repertoires and shared no TCR
sequences with the spleen Tregs. The upregulated gene
expressions of bone callus Tregs were further enriched by
Gene Ontology biological process terms. Four biological
processes concerning tissue regeneration were involved in
the top 20 biological processes. Five groups of typical
genes were determined. The group of chemokines
contributes to the recruitment of Tregs to injured bone,
and that of cytokines plays a role in the regulation of
inflammatory response. A group of genes related to
angiogenesis was also upregulated and contributes to the
repair of implicated skeletal muscle. Cebpb, the gene
encoding CCAAT/enhancer-binding protein beta and

which can facilitate the maturation of chondrocytes and
differentiation of osteoblasts, was also upregulated [67].
Notably, Areg was the most differentially upregulated
gene. Areg encodes amphiregulin protein, which is a
member of epidermal growth factor (EGF) family and
sends signals through the EGF receptor (EGFR) system.
The expression of amphiregulin at the protein level was
also verified via FCM analysis. Bone callus Tregs showed
the highest level of amphiregulin compared with those in
the spleen and intact bone tissues. Reports have suggested
that most hematopoietic cell-types express no or low
levels of Areg transcripts; in addition, Areg is not
expressed at significant levels in nonhematopoietic cell
types [10]. Different from other EGF members that
primarily function in cell proliferation, amphiregulin
cannot only induce mitotic signals for proliferation but
also promote cell differentiation [68]. In regard to bone
regeneration, the most important process is the differenti-
ation of MSCs to osteoblasts. EGFR is expressed by
various cells, including those of mesenchymal lineages
[69]. Herein, the specific properties of amphiregulin may
provide an extraimmunological option for bone callus
Tregs to participate in bone repair. To validate our
assumptions, we directly incubated amphiregulin with
BMSCs. The results demonstrate that amphiregulin can
promote the proliferation and osteogenesis differentiation
of BMSCs. We also performed loss- and gain-function
studies to evaluate the in vivo prohealing effect of
amphiregulin. The administration of recombinant
amphiregulin can reverse the compromised fracture
healing caused by Treg depletion. PI3K/AKT-related
pathways are widely studied in the investigation of
osteogenesis. In vivo and in vitro results suggest that
amphiregulin is functionalized through the activation of
AKT phosphorylation. These results indicate that bone
callus Tregs can promote BMSC differentiation toward
osteogenesis via the action of amphiregulin to promote
fracture healing (Fig. 9).

We have demonstrated the distinct “repair” role of bone
callus Tregs in fracture at the animal level. Notably, we
conjectured whether a similar phenomenon can be
observed in fracture patients. Bone callus and peripheral
blood were collected during surgery and analyzed via
FCM. Similar to the findings of animal experiments, bone
callus Tregs were remarkably elevated after fracture. As
the clinical application of amphiregulin has not been
approved, hUC-MSCs were used in the in vitro analysis.
Amphiregulin can also effectively improve the
proliferation and osteogenic differentiation of hUC-
MSCs. Moreover, amphiregulin can promote the
proliferation of HUVECSs, which indicates its possible
role in angiogenesis.

This study encountered some limitations. First, a larger
clinical sample size of fractured patients is necessary for
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Fig. 9 Proposed mechanism of Treg-mediated fracture healing process. PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol

3,4,5-trisphosphate; BGLAP, osteocalcin.

more validated clinical results. Second, the results of
animal experiments may be inconsistent with those of
human trials because of the physiological differences
between humans and animals. However, owing to the
restriction of study approvement, we cannot obtain in vivo
results regarding the influence of Tregs or amphiregulin
on human fracture healing. Lastly, numerous studies have
demonstrated the application potential of Tregs in human,
but multiple clinical trials have not been performed yet.
The market of Treg is promising. However, Treg therapy
is still in a relatively early stage with most candidates in
preclinical or early-stage clinical trials. In addition, the
side effects of Treg therapy, such as unknown cytokine
interactions, can be unexpected owing to the complexity
of the immune system.

In summary, we identified the distinct functions of
Tregs in bone callus and their critical products in fracture
healing. The bone callus Tregs were enriched in the
injured bone area. The circulation pool, peripheral
induction, and local cell expansion can contribute to Treg
accumulation. Moreover, bone callus Tregs showed a
higher excellent capacity for osteogenesis than Tregs in
lymphoid organs. The depletion of Tregs compromised
fracture healing. Amphiregulin was highly overexpressed
by bone callus Tregs and can reverse the delayed healing
caused by Treg depletion. In addition, amphiregulin
mediated osteogenesis via the activation of the
PI3K/AKT signaling pathway. Tregs also showed
enrichment in patient bone callus, and amphiregulin
improved the osteogenesis of human preosteoblastic cells.
Thus, Tregs and their products can emerge as potentially
novel therapeutic targets for fracture healing and have the
potential for clinical translation.
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