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A B S T R A C T

Background: Scar tissue formation at the tendon-bone interface caused by excessive inflammation leads to
insufficient healing strength, while the phagocytic clearance of dying cells (efferocytosis) has profound conse-
quences on macrophage polarisation and the inflammatory response. Modulating the inflammatory microenvi-
ronment may have satisfactory curative effects in patients with anterior cruciate ligament reconstruction (ACLR).
Methods: Bone marrow-derived macrophages (BMDMs) and polymorphonuclear leukocytes (PMNs) were har-
vested from bone marrow. The effects of milk fat globulin protein E8 (MFG-E8) on macrophage polarisation were
compared with those of M1 and M2 macrophages induced by conventional methods. The BMDMs and apoptotic
PMNs co-culture system was used to assess the efficiency of efferocytosis. The biological functions of MFG-E8 in
tendon-bone healing by regulating macrophage efferocytosis and polarisation were further investigated using a
rat ACLR model.
Results: BMDMs and PMNs were successfully isolated. Compared to conventional induction methods, MFG-E8
alone did not significantly induce macrophage M1 or M2 polarisation, but it could partially reverse the expres-
sion of inducible nitric oxide synthase (iNOS) in M1 macrophages. In vitro studies revealed that appropriate
dosing of MFG-E8 could significantly promote the efficiency of macrophage efferocytosis and subsequently in-
crease M2 polarisation. More importantly, significantly increased peri-tunnel new bone formation, tighter con-
nected interface and better mechanical properties were observed after ACLR when treated with MFG-E8 in vivo.
We further demonstrated that MFG-E8 remarkably facilitated the clearance of apoptotic cells and increased the
number of M2 macrophages at the interface between the tendon graft and bone tunnel in the early postoperative
stage.
Conclusion: MFG-E8 promoted tendon-bone healing histologically and biomechanically, probably by the regula-
tion of inflammatory processes via macrophage efferocytosis and M2 polarisation.
The translational potential of this article: Regulation of macrophage efferocytosis and M2 polarization by
MFG-E8 is expected to be a therapeutic strategy for promoting tendon-bone healing in patients undergoing ACLR.
1. Introduction

Tendon autografts are most commonly used in anterior cruciate lig-
ament (ACL) reconstruction [1]. In the early stage of healing, inflam-
matory cells are recruited into the tendon-bone interface. The acute
inflammation then gradually subsides following the stage of cell prolif-
eration and angiogenesis, ultimately resulting in granulation formation
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and scar tissue maturation [2]. However, the scar tissue connecting the
bone tunnel and tendon graft lacks the biomechanical properties of the
native ACL enthesis, which may lead to a lower quality of integration and
remodelling between the graft and bone tunnel [3]. Inflammation has
been implicated as a critical driver of excessive scar tissue formation or
fibrosis in various tissues [4]. Reduction of excessive inflammation and
scar formation may result in satisfactory clinical outcomes [5].
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Polymorphonuclear leukocytes (PMNs) are an essential component of
inflammatory cells that are typically recruited to the tendon-bone
interface within seconds and chemoattract monocytes/macrophages to
aggregate and proliferate during the early stage after surgery [6]. Sub-
sequently, most PMNs undergo rapid apoptosis and begin to accumulate
as uncleared apoptotic cells. However, apoptotic cells contain a large
number of autoantigens and cytotoxic compounds, thereby exacerbating
the inflammatory response and causing excessive scar formation [7].
Efferocytosis refers to the process of phagocytosis and removal of
apoptotic cells by macrophages before they undergo further necrosis and
release of high levels of pro-inflammatory cytokines [8]; thus, effer-
ocytosis plays a critical role in resolving inflammation.

Milk fat globulin protein E8 (MFG-E8) is widely expressed in various
mammalian cell and tissue types and can bridge macrophages and
apoptotic cells during efferocytosis [9]. This process can stimulate mac-
rophages to develop into the anti-inflammatory M2 phenotype [10].
Furthermore, MFG-E8 has been linked to tissue repair in several disease
models, such as rescue inflammatory bone loss [11], promotion of
angiogenesis in cutaneous wounds [12], and healing of tendon rupture
[13].

Therefore, we hypothesised that early application of MFG-E8 after
surgery could enhance efferocytosis andM2 polarisation of macrophages,
thereby reducing the inflammatory response and eventually promoting
tendon-bone healing. We established an ACL reconstruction (ACLR)
model to test this hypothesis.

2. Methods

2.1. Steps of experiments

This study consists of three parts. First, we isolated and characterised
bone marrow-derived macrophages (BMDMs) and PMNs. Next, we
investigated the effects of MFG-E8 on macrophage efferocytosis and
polarisation in vitro. Third, we immersed MFG-E8 into an injectable
hydrogel that is commercially available and evaluated the effects of MFG-
E8 on tendon-bone healing in vivo. Six-week-old male C57BL/6 mice
were used for in vitro studies. Twelve-week-old male Sprague–Dawley
(SD) rats were used to establish the ACLR model and for the in vivo
evaluation (Fig. 1). The experimental protocols and procedures were
approved by the Institutional Animal Care and Use Committee of
Southeast University and complied with the ARRIVE guidelines.
Figure 1. Flow chart of the group allocation and analysis items at specific time p
reconstruction; MFG-E8, milk fat globulin protein E8; H&E, hematoxylin and eosin;
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2.2. BMDM isolation and identification

BMDMs can be obtained by the differentiation of bone marrow cells,
as described previously [14]. The humerus, femur, and tibia were har-
vested from 6-week-old male C57BL/6 mice and were sterilised by
soaking in 75% alcohol for 10 s. The bone cavity was flushed with cold
phosphate-buffered saline (PBS), and the cell suspension was filtered
through a 70 μm cell strainer to obtain a single-cell suspension. The
harvested cells were seeded in a medium containing 15% foetal bovine
serum and 20 ng/mL recombinant macrophage colony-stimulating factor
(M-CSF) (Peprotech, Rocky Hill, NJ, USA). After 3 days, half of the me-
dium was replaced with fresh medium, and BMDMs were strongly
attached to the plate after 6 days. Flow cytometry (FCM) was performed
by the standard methods to identify BMDMs using primary antibodies
against F4/80, CD11b, and their isotype controls (Invitrogen, Carlsbad,
CA, USA). The expression of F4/80 and CD11b (Abcam, Cambridge, UK)
was validated by double immunofluorescence (IF) staining.

2.3. BMDM stimulations

BMDMs were cultured in a 6-well plate. The control group was not
treated. To induce M1 or M2 polarisation, 20 ng/mL interferon γ (IFN-γ)
(Peprotech, Rocky Hill, NJ, USA) and 100 ng/mL lipopolysaccharide
(LPS) (Sigma–Aldrich, St Louis, MO, USA) or 20 ng/mL interleukin 4 (IL-
4) (Peprotech, Rocky Hill, NJ, USA) were dissolved in complete medium.
To determine the effects of MFG-E8 on macrophage polarisation, 20 ng/
mL MFG-E8 (R&D Systems, Minneapolis, MN, USA) was added to com-
plete medium. FCM was performed to identify the phenotype of BMDMs
using primary antibodies against CD86 and CD206 (Invitrogen, Carlsbad,
CA, USA). IF staining was performed to assess iNOS and CD206 expres-
sion (Abcam, Cambridge, UK).

2.4. Reverse transcription and quantitative polymerase chain reaction (RT-
qPCR)

Total RNA was extracted from cultured cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). cDNAwas generated using a HiScrip® II
1st Strand cDNA Synthesis Kit (Vazyme, Nanjing, China), according to
the manufacturer's protocol. RT-qPCR was conducted in triplicate using a
7900 real-time system (Applied Biosystems, Foster City, CA, USA) with
SYBR GreenMaster Mix (Vazyme, Nanjing, China). The primer sequences
are listed in Supplementary File Table S1. Glyceraldehyde-3-phosphate
oints for in vivo study. SD, Sprague–Dawley; ACLR, anterior cruciate ligament
IHC, immunohistochemical.
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dehydrogenase (GAPDH) was used as a housekeeping gene. The out-
comes were analysed using the 2�ΔΔCt method.

2.5. PMN isolation and identification

PMNs were prepared as previously described [15]. Briefly, bone
marrow cells were aseptically obtained from the humerus, femur, and
tibia of 6-week-old male C57BL/6 mice. Percoll™ (GE Healthcare,
Pittsburgh, PA, USA) density gradients (81%, 62% and 55%) were used
to isolate the PMNs. After gradient centrifugation, PMNs were collected
between 81% and 62% layers, and cell morphology was assessed
microscopically by modified Giemsa staining. FCM was performed to
identify the PMN phenotype using the primary antibodies F4/80, Ly6G,
and CD11b (Invitrogen, Carlsbad, CA, USA).

2.6. Apoptotic PMN induction

Following isolation and identification, PMNs were starved in serum-
free medium for 12, 24, 36, and 48 h to induce apoptosis. The
apoptotic rates were then quantified by FCM using Annexin V-FITC and
PI (KeyGen BioTech, Nanjing, China).

2.7. Efferocytosis assay

Efferocytosis assay was performed as described previously [16].
Briefly, BMDMs were seeded in a 6-well plate for adherent growth and
were subsequently stained with DiI and Hoechst 33342 (Beyotime,
Shanghai, China) for 5 min. After that, ten-fold TUNEL (Beyotime,
Shanghai, China) -labelled apoptotic PMNs (serum-starved for 48 h) were
added to the wells. Additionally, different doses of MFG-E8 were
administered to the experimental groups. After being co-cultured for 2 h,
the plates were washed three times with PBS to remove unengulfed and
suspended PMNs. The ability of BMDMs to engulf apoptotic cells was
visualised from images captured using a fluorescence microscope
(Olympus, Tokyo, Japan). The relative efferocytosis index was calculated
by manually counting > 100 cells per field using the following formula
[number of BMDMs containing apoptotic PMNs/total number of BMDMs] �
100%. At least three different fields per sample and three samples were
analysed.

2.8. Preparation and characterisation of the MFG-E8 and hydrogel
mixture

Considering that direct application of the MFG-E8 solution may result
in its loss from the bone tunnel within a short time, biodegradable ul-
traviolet (UV) -sensitive hydrogel GelMA 30 (EFL, Suzhou, China) was
used as a sustained delivery system. The phase of the hydrogel exhibited
a transition from flow liquid sol to viscous glue-like after irradiation with
405 nm UV light for 10 s. First, 5% GelMA solution was prepared ac-
cording to the manufacturer's instructions. Then, 500 ng of MFG-E8 was
immersed in 1 mL GelMA solution and mixed slowly for 10 min. The
tested mixture sample was immersed in 50mL of PBS. The in vitro release
test was performed using a 708-DS dissolution system (Agilent, Santa
Clara, CA, USA) under the constant conditions of 50 rpm and 37 �C. After
the time intervals, 1 mL of the release mediumwas collected for assaying,
and the release medium was subsequently compensated with an equiv-
alent volume of fresh PBS. The cumulative release rate was measured
using a UV-spectrophotometer at 429 nm, following the manufacturer's
instructions. All release tests were performed in sextuplicate.

The in vitro degradation behaviour of the mixture was investigated by
incubation in a complete medium. Briefly, 1 mL of the mixture was
dropped on a clean slide and irradiatedwith 405 nmUV light for 10 s. After
that, themixture was cultured in complete medium in a 37 �C incubator. At
specific time points, the mixture and slide were weighed together and
recorded after removing the excess water with absorbent paper. The
degradation rate was calculated based on the weight loss of the mixture.
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2.9. Establishment of the ACLR model

Twelve-week-old male SD rats were used to establish the ACLR model
as previously described [17,18]. Animals were randomly divided into
three groups: control, hygrogel, and hydrogel þ MFG-E8. The flexor
digitorum longus (FDL) tendon graft (average length, 25 mm) was har-
vested from the ipsilateral limb through small incisions in the ankle and
plantar foot. Both tendon ends were reinforced with a ‘‘whip suture’’
using 5-0 Surgipro™ II (Covidien, St. Louis, MO, USA). A second incision
was made anterior to the knee joint and the native ACL was transacted.
The drawer test was performed to confirm the integrity of the posterior
cruciate ligament. Bone tunnels in the proximal tibia and distal femur
were created through the footprint of the native ACL using an electronic
drill with a 1.2 mm-diameter Kirschner wire. After soaking the tendon
graft in the prepared saline, hydrogel, or hydrogel containing MFG-E8
(500 ng/mL) for 30 s, they were irradiated with 405 nm UV light for
10 s. Furthermore, an additional 0.2 mL saline, hydrogel, or hydrogel þ
MFG-E8 (that underwent 10 s of irradiation) was injected into the bone
tunnels of different experimental groups through a syringe. A needle was
inserted in the bone tunnel to allow the tendon graft to pass through. The
proximal end of the tendon graft was fixed using a micro endo-button at
the exit site of the femoral tunnel. The tendon graft was then subjected to
a pre-tensioning force of 1 N using a weight hung over a pulley, and the
distal end was simultaneously secured to the cortical bone and sur-
rounding periosteum at the tibial exit tunnel site. The wounds were
closed using routine procedures (Fig. 2). Free cage movement was
allowed for all animals after surgery. Animals from different groups were
sacrificed by lethal anaesthetic overdose at specific postoperative time
points. The harvested specimens were trimmed to a specific size and
shape according to different experimental requirements.

2.10. Micro-CT analysis

The femur-tendon graft-tibia (FTGT) complexes (n ¼ 6 per group)
were harvested at 4, 8, and 12 weeks post-surgery. Six specimens in each
group were scanned perpendicular to the long axis of the bone tunnels
using the SkyScan 1176 micro-CT system (SkyScan, Bruker, GER) after
fixation in 4% paraformaldehyde for 24 h. The resolution ratio was 35
mm, the voltage was 55 kV, the current was 378 mA, and the voxel size
was 18 μm. A region of interest (ROI) 1.6 mm in diameter was selected at
the centre of the bone tunnel below the tibial epiphysis for 3D recon-
struction. The bone mineral density (BMD), trabecula bone volume
fraction (BV/TV), bone surface/bone volume (BS/BV), trabecular thick-
ness (Tb. Th), trabecular number (Tb. N), and trabecular separation (Tb.
Sp) of the selected ROIs were analysed. Immediately after the micro-CT
scanning, the samples were decalcified with 15% EDTA for histological
examination.

2.11. Histological analysis

After decalcification, samples were embedded in paraffin wax and
sectioned using a microtome at 5-μm-thickness parallel to the longitu-
dinal axis of the tibia bone tunnel. Haematoxylin and eosin (H&E)
staining was performed to identify the interface zone between the tendon
graft and the bone. Histological assessment focused on the integrity,
degree of tendon-bone integration, new bone formation, and Sharpey-
like fibres. The average of the maximum width between the tendon
and bone at a depth of 1 mm (range, 1 mm) from the tibial epiphyseal
plate was calculated as the mean interface width of each group.

2.12. Biomechanical test

At 4, 8, and 12 weeks post-surgery, the FTGT complexes were har-
vested (six in each group). Suture materials, micro endo-button and soft
tissues, except for the tendon graft, were freed and carefully dissected.
Biomechanical testing was performed using an Instron 5940 universal



Figure 2. ACLR procedures (A) FDL was harvested and used as the tendon graft (B) Ends of the tendon graft were reinforced, the length was measured and recorded
(C) The knee joint was exposed through lateral patellar dislocation, and the native ACL was transacted (D) 1.2 mm-diameter bone tunnel was drilled. A needle was
inserted into the bone tunnel (E) Needles were used to help the tendon graft pass through (F) The tendon graft was successfully passed from the femoral bone tunnel to
the tibial bone tunnel (G) The proximal end of the tendon graft was fixed with a micro endo-button at the femoral tunnel exit site (H) The distal end was secured to the
cortical bone and surrounding periosteum at the tibial exit tunnel site. ACLR, anterior cruciate ligament reconstruction; FDL, flexor digitorum longus.
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testing system (Instron, Boston, MA, USA). The FTGT complex was fixed
and an axial load was applied in a direction aligned with the long axis of
the graft. Each sample was preconditioned with 5 cycles of longitudinal
loads of 1 N, and then stretched at a speed of 0.2 mm/s until gross failure
of the reconstructed ACL occurred. The maximal failure load and stiffness
were obtained from the load–displacement curves.

2.13. Immunohistochemical (IHC) and TUNEL staining

FTGT complexes (n ¼ 3 per group) were harvested at days 5 and 10
post-surgery to assess early changes in macrophage polarisation and cell
apoptosis at the interface between the tendon graft and bone tunnel.
After being fixed and decalcified by EDTA decalcifying solution, samples
were embedded in paraffin wax and sectioned at 5-μm-thickness
perpendicular to the longitudinal axis of the tendon graft.

Immunohistochemistry (IHC) was performed using the standard
method. Sections were incubated with the primary antibodies iNOS or
CD206 (1:200; Abcam, Cambridge, UK) in a humid chamber at 4 �C
overnight, followed by the application of a horseradish peroxidase (HRP)
-labelled secondary antibody. Finally, diaminobenzidine (DAB) was used
to detect the antibody–antigen complex of interest. After IHC staining,
the positive area ratios of iNOS and CD206 in the captured images were
measured using Image-Pro Plus.

TUNEL staining of the sections was performed to detect apoptotic
cells using the One Step TUNEL Apoptosis Assay Kit (Beyotime, Shanghai,
China), according to the manufacturer's instructions. Each slice was
incubated with 50 μL TUNEL detection solution at 37 �C for 60 min in the
dark. One section was selected in each FTGT complex, and the number of
TUNEL-positive apoptotic cells around the tendon-bone interface was
manually counted using a fluorescence microscope.

2.14. Western blot analysis

Protein extraction and western blotting of cultured cells or interface
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tissues were performed during the early stage post-surgery in accordance
with published processes. Briefly, after different treatments, proteins
were separated using 10% SDS-PAGE and transferred to PVDF mem-
branes. The membranes were blocked with 5% nonfat milk for 2 h and
washed with TBST. The following primary antibodies were used in the
experiments: iNOS, CD206, IL-1β, IL-10, and β-actin (1:1000 dilution;
Abcam, Cambridge, UK). Protein bands were detected using the Quantity
One software (Bio-Rad, Hercules, CA, USA). β-actin was used as an in-
ternal control.

2.15. Statistical analysis

All statistical analyses were performed using GraphPad Prism 8
(GraphPad Software, SanDiego, CA, USA). Data are presented as mean �
standard deviation and were analysed using Student's t-test when nor-
mally distributed. Nonparametric data were analysed using the Man-
n–Whitney U test. Analysis of variance was performed for multiple group
comparisons. Statistical significance was set at P < 0.05.

3. Results

3.1. Identification of BMDMs

After 6 days of M-CSF induction, FCM analysis showed that the pos-
itivity rate of F4/80 and CD11b in primary BMDMswas 92.2%. Similarly,
double IF staining showed high expression levels of F4/80 (red) and
CD11b (green). These results indicated the high purity of the obtained
BMDMs (Figs. S1A and S1B).

3.2. The effect of MFG-E8 on macrophage polarisation

As shown in Fig. 3A, after stimulation with IFN-γþ LPS, IL-4, or MFG-
E8 for 24 h, BMDMs showed different morphologies under a microscope.
The cells in the control group were spindle-shaped, triangular, or
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polygonal with smooth surfaces. Cells in the IFN-γ þ LPS group were
mainly elongated and polygonal with multiple, longer filopodia. Cells in
the IL-4 group were fusiform, triangular, or polygonal with pseudopodia
of different lengths. Cell morphology in the MFG-E8 group more closely
resembled that in the IL-4 group. FCM analysis revealed that IFN-γþ LPS
and IL-4 could significantly upregulate the positive rate of CD86 and
CD206, respectively, whereas MFG-E8 had no significant effect on
macrophage polarisation (Fig. 3B). In accordance with changes in
macrophage polarisation, the concentrations of pro-inflammatory cyto-
kines (IL-1β and TNF-α) and anti-inflammatory cytokines (IL-10 and Arg-
1) also changed. The mRNA levels of pro-inflammatory cytokines
increased significantly after IFN-γ þ LPS stimulation, whereas those of
anti-inflammatory cytokines increased remarkably after IL-4 stimulation.
In addition, MFG-E8 alone did not promote the release of inflammation-
related cytokines (Fig. 3C).

Interestingly, IF staining of iNOS and CD206 demonstrated that
supplementation with 20 ng/mL MFG-E8 could partially reverse the
expression of iNOS and the morphological changes in M1 macrophages,
but could not increase CD206 expression in M2 macrophages, as
compared to the BMDMs stimulated with IFN-γ þ LPS or IL-4 alone. This
indicates a potential direct anti-inflammatory effect of MFG-E8 in cellular
inflammation induced by IFN-γ þ LPS (Fig. 3D).
3.3. MFG-E8 promotes macrophage M2 polarisation via enhanced
efferocytosis

First, PMNs were obtained by Percoll density gradient centrifugation.
Using modified Giemsa staining, a typical PMNs appearance was
observed (Fig. S2A). FCM analysis showed that the proportion of double-
positive Ly6G and CD11b cells was 86.1%, while the expression of F4/80
was negative (Fig. S2B), and the percentage of apoptotic cells in the
starvation medium for 48 h was over 40% (Fig. S2C).

As visualised using fluorescence microscopy, a stepwise increase in
the concentration of MFG-E8 was accompanied by an increase in the
number of BMDMs (red) containing apoptotic PMNs (green). Interest-
ingly, the efferocytosis index was suppressed as the concentration of
MFG-E8 further increased (Fig. 4A and B). These results indicate that
there is a threshold concentration of MFG-E8 for macrophage effer-
ocytosis, and 500 ng/mL was the most effective in the current study.
Thus, 500 ng/mL of MFG-E8 was used in subsequent experiments.
Western blot analysis further revealed that when cells were treated with
500 ng/mL MFG-E8, the expression of CD206 in the co-culture system
was significantly higher than that in the control group, while the
expression of iNOS was significantly decreased (Fig. 4C). Therefore,
these results demonstrate that MFG-E8 promotes macrophage effer-
ocytosis and induces macrophage M2 polarisation.
3.4. Characterisation of the MFG-E8 and hydrogel mixture

The MFG-E8 and GelMA mixture was fluid-like before UV light irra-
diation at 37 �C and could transform into a slightly viscous liquid gel
when irradiated with 405 nm UV light for 10 s at 37 �C, while the
injectability was maintained (Fig. S3A). The properties of the mixtures
were evaluated further. First, the release of MFG-E8 from GelMA was
examined. MFG-E8 exhibited a release behaviour with initial bursts of
79.6% from days 0–11. A total of 88.6% of MFG-E8 was released from the
mixture after 20 days (Fig. S3B). Second, the in vitro degradation
behaviour was investigated. As shown in Figs. S3C and a degradation
curve similar to the release performance was obtained, and 84.7%weight
loss of the mixture was achieved after 20 days, indicating that the
mixture had good degradability. Collectively, these data indicated that
the mixture could be injected through a syringe and then adhere to the
bone tunnel, and most of the MFG-E8 could be released in approximately
11 days with a consecutive sustained-release phase up to 20 days, which
overlaps with the degradation period of the mixture.
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3.5. MFG-E8 promotes tendon-bone healing in an ACLR model

To investigate whether MFG-E8 could promote tendon-bone healing,
a rat ACLR model was successfully established for in vivo experiments.
Micro-CT scanning protocols (Fig. 5A) and the 3D reconstruction images
demonstrated that significantly increased peri-tunnel bone tissues below
the tibial epiphyseal plate were found in the MFG-E8 group at specific
time points post-surgery (Fig. 5B). Microarchitectural parameter analysis
showed that the peri-tunnel bone tissues of the MFG-E8 group had
significantly higher BMD, BV/TV, Tb. Th, and Tb. N than those in the
control and hydrogel groups at 4, 8, and 12 weeks post-surgery. Tb. Sp
levels were significantly higher in the MFG-E8 group than that in the
other two groups at 8 and 12 weeks, but not at 4 weeks. In addition, no
significant difference was detected in BS/BV among the three groups
post-surgery (Fig. 5C). These results indicate that a significantly greater
area of new bone was formed at the tendon-bone interface in the MFG-E8
group, compared to that in the other two groups.

The fibrous interface width between the tendon graft and bone tunnel
has been recognised as a vital indicator for evaluating the quality of
tendon-bone healing, and a thinner interface suggests better integration
[19,20]. As shown in Fig. 5D, a distinct tendon-bone interface and
disordered fibrovascular tissues were observed in all three groups at 4
weeks post-surgery, and a narrower interface width was observed in the
MFG-E8 group than in the other two groups. At 8 weeks after surgery,
reduction of the interface width was found in all groups; however,
Sharpey-like fibres (white arrows) connecting the newly formed bone
were first observed in the MFG-E8 group, but not in the other two groups.
In addition, more osseous ingrowth into the interface, better tendon
remodelling, and barely any visible gaps were observed in the MFG-E8
group at 12 weeks post-surgery.

We next performed biomechanical tests on the FTGT complexes
(Fig. 5E). At specific time points, the maximum failure load and stiffness
in the MFG-E8 group were always significantly better than those in the
control and hydrogel groups (Fig. 5F), suggesting that MFG-E8 treatment
resulted in better healing at the tendon-bone interface.

3.6. MFG-E8 promotes macrophage efferocytosis and M2 polarisation at
early stage in vivo

IHC results showed that, as time progressed, the positive areas of
iNOS and CD206 changed at the tendon-bone interface in both groups.
Moreover, compared to the control group, the MFG-E8 group showed a
significant reduction in the iNOS-positive area and a significant increase
in the CD206-positive area at days 5 and 10 post-surgery, respectively
(Fig. 6A).

As shown in Fig. 6B, TUNEL staining revealed apoptotic cells (green)
at the tendon-bone interface in the different groups, with fewer green
cells indicating fewer apoptotic cells. When compared with the control
group, the MFG-E8 group was found to have a reduced number of
apoptotic cells at both days 5 and 10 post-surgery, indicating that
apoptotic cells are efficiently recognised and cleared by phagocytes.

Western blot analysis further confirmed that the expression levels of
iNOS and IL-1β decreased in the MFG-E8 group after surgery, whereas
CD206 and IL-10 expression levels were significantly higher, especially
on day 10 post-surgery (Fig. 6C).

Collectively, these observations confirmed that treatment with MFG-
E8 promoted macrophage efferocytosis and M2 polarisation while alle-
viating the inflammatory response of the tendon-bone interface during
the early stage after surgery (Fig. 6D).

4. Discussion

To the best of our knowledge, this is the first study to investigate the
association between MFG-E8, macrophage efferocytosis, macrophage
polarisation, and tendon-bone healing in an ACLR model. Our current
study has four major findings. First, macrophage efferocytosis was
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Figure 3. Effects of MFG-E8 on macrophage polarisation (A) The morphology of BMDMs were observed using a microscope after IFN-γþ LPS, IL-4 or MFG-E8
stimulation for 24 h (B) The activation-related surface markers of BMDMs were analysed by FCM. When compared with the control group (untreated), a signifi-
cant shift of CD86þ and CD206þ macrophages were observed in the IFN-γþ LPS and IL-4 groups, respectively, at 24 h after stimulation, but not in the MFG-E8 group.
N ¼ 3 per group (C) Relative mRNA expression levels of inflammatory cytokines were detected in BMDMs after different stimulations for 24 h N ¼ 3 per group. *P <

0.05, **P < 0.01, ***P < 0.001 (D) IF staining of iNOS or CD206 demonstrated that MFG-E8 could partially reverse the expression of iNOS in M1 macrophages, but
could not increase the CD206 expression in M2 macrophages. Scale bar ¼ 100 μm N ¼ 4 per group. **P < 0.01. BMDM, bone marrow derived macrophage; IFN-γ,
interferon γ; LPS, lipopolysaccharide; IL-4, interleukin-4; MFG-E8, milk fat globulin protein E8; FCM, flow cytometry.

Figure 4. Efferocytosis assay (A) Different doses of MFG-E8 were co-cultured for 2 h, and the clearance of apoptotic PMNs by BMDMs was viewed by fluorescent
staining. Apoptotic PMNs appeared in green and BMDMs appeared in red. Scale bar ¼ 100 μm (B) The relative efferocytosis index were calculated from fluorescent
staining images. Increasing concentrations of MFG-E8 generated a parabolic-shaped response curve for the efficiency of efferocytosis. N ¼ 3 per group. **P < 0.01,
***P < 0.001 (C) The expression levels of iNOS and CD206 were evaluated by western blot analysis. N ¼ 3 per group. **P < 0.01, ***P < 0.001. MFG-E8, milk fat
globulin protein E8; BMDM, bone marrow derived macrophage; PMN, polymorphonuclear neutrophil.
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enhanced by the addition of an appropriate dose of MFG-E8 when co-
cultured with apoptotic cells. Second, efferocytosis enhanced by MFG-
E8 could also promote macrophage M2 polarisation, which was benefi-
cial for the secretion of anti-inflammatory cytokines. Third, more new
bone formation, more mature interface tissues, and better mechanical
properties at the tendon-bone interface were observed in the MFG-E8
treatment group. Finally, the local application of MFG-E8 at the
tendon-bone interface promoted the clearance of apoptotic cells and
macrophage M2 polarisation during the early stage after surgery.
Therefore, MFG-E8 plays a positive role in ACLR and is expected to
improve clinical outcomes.

Tissue injury leads to instant activation of the local inflammatory
17
response, which is characterised by massive infiltration of neutrophils at
the initial site. Proper termination of this inflammatory cascade is
important for tissue repair and the restoration of normal tissue function.
In healthy individuals, the clearance of apoptotic cells is quiet and is not
associated with an inflammatory response; however, apoptotic cells in
inflammatory tissues contain a large number of cytotoxic compounds. If
not cleared in time, the prolonged presence of these cells aggravates
inflammation, which could result in chronic inflammation and excessive
scar formation. Interesting studies of foetal wounds suggest that without
the recruitment of inflammatory cells, wounds heal through tissue
regeneration instead of scar formation [21], whereas during late preg-
nancy, foetal wounds heal by fibrotic scar formation [22], suggesting that



Figure 5. Effects of MFG-E8 on tendon-
bone healing (A) Micro-CT scanning
protocols. A total of 50 slices below the
tibial epiphysis were selected for creating
3D images of the ROIs (B) 3D recon-
struction of the peri-tunnel bone tissue
from different treatment groups at spe-
cific time points after surgery (C) Micro-
architectural parameters of the peri-
tunnel bone tissue was measured by
micro-CT. n ¼ 6 per group. *P < 0.05,
**P < 0.01 (D) H&E staining was used to
evaluate the interface tissues between
bone tunnel and tendon graft, with
quantification of the width of the tendon-
bone interface. White arrows indicate
Sharpey-like fibres. Scale bar ¼ 100 μm
N ¼ 6 per group. *P < 0.05, **P < 0.01
(E) Biomechanical test protocols using
the Instron universal testing systems (F)
Biomechanical test results, maximal fail-
ure load and stiffness of the specimens
were obtained from the load–displace-
ment curve. N ¼ 6 per group. *P < 0.05,
**P < 0.01. MFG-E8, milk fat globulin
protein E8; ROI, region of interest; H&E,
hematoxylin and eosin; BMD, bone min-
eral density; BV/TV, trabecula bone vol-
ume fraction; BS/BV, bone surface/bone
volume; Tb. Th, trabecular thickness; Tb.
N, trabecular number; Tb. Sp, trabecular
separation; B, bone; T, tendon graft; IF,
interface.
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Figure 6. Effects of MFG-E8 on macrophage efferocytosis and M2 polarisation in vivo (A) IHC staining of iNOS and CD206 at the tendon-bone interface of the control
group and the MFG-E8 group at 5 and 10 days after surgery. Scale bar ¼ 200 μm N ¼ 3 per group. *P < 0.05, **P < 0.01 (B) Apoptotic cells (in green) at the tendon-
bone interface were detected by TUNEL staining. Bar graph represents the quantification of the TUNEL-positive apoptotic cells around the tendon-bone interface. Scale
bar ¼ 200 μm N ¼ 3 per group. *P < 0.05, **P < 0.01 (C) The expression levels of iNOS, CD206, IL-1β, and IL-10 in tendon-bone interface tissues at 5 and 10 days after
surgery were evaluated by western blot analysis. N ¼ 3 per group. *P < 0.05, **P < 0.01, ***P < 0.001 (D) Schematic diagram of the mechanisms behind the
promotive effects of the macrophage efferocytosis and M2 polarisation in the tendon-bone healing. IHC, immunohistochemical; MFG-E8, milk fat globulin protein E8;
B, bone; T, tendon graft; IF, interface.
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acute inflammation may not be necessary for adequate tissue repair [23].
Efferocytosis is the process by which dying cells are engulfed and

digested by phagocytes, especially macrophages, which can migrate
along a chemokine gradient and carry out most efferocytic cell removal.
The term refers specifically to phagocytosis of apoptotic cells rather than
other phagocytic processes [24]. Without proper efferocytosis, apoptotic
cells can undergo secondary necrosis following the release of potentially
harmful cellular products that can induce an excessive inflammatory
response [25]. Previous studies have shown that efferocytosis can create
an anti-inflammatory environment [8,26]. The complete efferocytosis
process includes the following: first, efferocytes sense “find-me” signals
released by apoptotic cells, while normal cells express “don't-eat-me”
19
signals; second, “eat-me” signals are recognised by efferocytic receptors
and apoptotic cells are engulfed; and lastly, apoptotic bodies are pro-
cessed into efferosomes, and cytokines are released by efferocytes in the
post-engulfment stage.

MFG-E8 is a secreted multifunctional glycoprotein that acts as a
bridge for macrophages to recognise “eat-me” signals expressed on the
surface of apoptotic cells, which could facilitate the clearance of
apoptotic cells and pro-inflammatory cytokines and eventually prevent
secondary injury. Furthermore, MFG-E8 could shift the microglial
phenotype toward M2 polarisation, alleviate the symptoms of Alz-
heimer's disease by modulating the M1/M2 polarisation [27], and play a
key role in tissue healing through induction of the M2 phenotype [28]. In
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the present study, we found that MFG-E8 promotes the engulfment of
apoptotic cells by macrophages. Moreover, not only could macrophage
efferocytosis be enhanced by MFG-E8, but efferocytosis could also in turn
promote M2 polarisation, which seems to create a virtuous cycle of an
anti-inflammatory microenvironment. However, the effect of MFG-E8 on
efferocytosis was dose-dependent and generated a parabolic-shaped
response curve, which means that only the appropriate concentration
will enhance the maximum activity. This might be because sufficient
MFG-E8 saturated the binding sites on apoptotic cells and macrophages
at high concentrations, preventing further binding of these cells. This
phenomenon is similar to the process of growth hormone action. Addi-
tionally, Morioka et al. confirmed that efferocytic phagocytes can influ-
ence macrophages in the tissue neighbourhood toward
anti-inflammatory polarisation via SLC16A1 mediated lactate release
[29]. Das et al. suggested that efferocytosis serves as a cue for M0
switching to an anti-inflammatory M2 phenotype [30]. Therefore, it is
conceivable that the effects of MFG-E8 are dependent on its effects on
efferocytosis and subsequent M2 polarisation.

Interestingly, we found that 20 ng/mLMFG-E8 could partially reverse
the expression of iNOS inM1macrophages, but could not increase CD206
expression in M2 macrophages, indicating a potential direct anti-
inflammatory effect of MFG-E8 on pro-inflammatory cells. One possible
explanation for this phenomena is that MFG-E8 could directly modu-
lating TLR4 signaling through its binding to αvβ3 integrin [31], which
attenuated inflammation but not due to phagocytic engulfment.

Rodeo et al. demonstrated that without any interventions, neutrophils
and M1 macrophages were first identified at the tendon-bone interface,
while M2 macrophages were not observed until 11 days post-surgery [6],
which was similar to our findings. In our work, 79.6% MFG-E8 could be
continuously released for approximately 11 days from the injectable
hydrogel, which overlaps with the inflammatory period of macrophage
infiltrating the tendon-bone interface. Using MFG-E8 in vivo could pro-
mote the early appearance of CD206 (M2 marker) and reduce the
expression of iNOS (M1 marker) at the interface region. Furthermore, a
previous study confirmed that using biological interventions to induce
M2 macrophages to accumulate at the tendon-bone interface at an early
stage postoperatively was beneficial to tendon-bone healing [32].
Collectively, these findings indicate that MFG-E8 plays a vital role in
regulating the inflammatory microenvironment by modulating macro-
phage efferocytosis and M2 polarisation in tendon-bone healing.

Since the native enthesis is a gradient region consisting of tendon,
non-mineralised fibrocartilage, mineralised fibrocartilage, and bone
[33], scientists have tried various methods to achieve the ideal highly
specialised transition interface; however, the therapeutic effects are still
controversial. Current researchers believe that the biomechanical prop-
erties of the interface are associated with osseous ingrowth and
osteointegration, whereas Sharpey-like fibres denote early signs of
osteointegration [20,34,35]. In addition, a diminished width and better
fibre arrangement at the tendon-bone interface were observed in the
enhanced M2 polarisation group [36]. Our micro-CT findings revealed
that animals in all groups had increased microarchitectural parameters
from 4 to 12 weeks, but the MFG-E8 group demonstrated more
peri-tunnel bone formation and bony ingrowth. This may be associated
with the novel ability of MFG-E8 to inhibit inflammatory bone loss and
maintain bone homeostasis by regulating bone marrow-derived osteo-
clast precursors [11,37,38]. Histological analysis revealed that the
interface was filled with disordered fibrovascular tissue at 4 weeks and
narrowed at 8–12 weeks after surgery in all groups. However, at 8 weeks,
the MFG-E8 group showed more distinct Sharpey-like fibres, better fibre
arrangement, and a significantly diminished width of the interface re-
gion. All these events ultimately led to significantly better outcomes for
maximal failure load and stiffness.

However, our study had some limitations. First, given a greater self-
healing potential of rodent than that of human and rodent are not per-
fect models to study human disease, it is important to investigate the
effectiveness of MFG-E8 in large mammals. Second, owing to the
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convenience of the surgical procedures, we employed rats as animal
models, and further experiments using genetically modified MFG-E8�/�

or macrophage-depleted mice are required to verify these findings. Third,
TUNEL staining is not specific to PMNs, and to draw more robust evi-
dence, further double fluorescence of apoptotic PMNs (TUNEL and PMN-
specific immunofluorescence staining) is required. However, the result of
TUNEL staining here will, at the very least, provide an indication of more
apoptotic cell clearance. Lastly, the results of in vitro experiments did not
adequately represent the real situation in vivo, and MFG-E8 at 500 ng/
mL must be considered preliminary. Further in vivo studies are required
to determine the optimal dosage.

5. Conclusions

In the current study, we found that MFG-E8 attenuated the inflam-
matory response via enhanced macrophage efferocytosis and M2 polar-
isation, which ultimately resulted in reduced inflammatory bone loss,
increased peri-tunnel new bone formation, and improved osteointegra-
tion. Thus, MFG-E8 could act as a new therapeutic strategy for enhancing
tendon-bone healing in patients undergoing ACLR.
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