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Tendon-bone healing comprises three stages: the inflammatory stage, the repair stage, and the remodeling stage.

Macrophages appear in substantial populations in the early stages of tendon-bone healing and persist throughout

the healing process, regulating cell proliferation, differentiation, and extracellular matrix formation by secreting

various inflammatory factors and growth factors. The importance of macrophages in tendon-bone healing has been

progressively emphasized in recent years, and the processes by which they affect tendon-bone healing have

gradually been uncovered.
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1. Macrophages Phenotypes and Spectrum

Macrophages can be categorized into M1 and M2 phenotypes, based on their pro-inflammatory and anti-

inflammatory functions . M1 macrophages are primarily responsible for the eradication of harmful bacteria and

the stimulation of inflammatory reactions, while M2 macrophages are responsible for the regulation of

immunosuppression or allergic responses . Categorizing macrophages as merely M1 or M2 is simplistic and

does not accurately reflect the heterogeneity of macrophages in vivo; besides, it does not allow for in-depth

research into the role that they play in tissue regeneration and repair. It is currently suggested that macrophage

phenotypes can be further characterized, based on inducing stimuli; this is widely accepted and is used to classify

macrophages in terms of tissue regeneration and repair . The phenotypes of macrophages can be influenced by

different stimuli, and, subsequently, the induced phenotypes of macrophages are capable of reacting in terms of

tissue regeneration and repair (Figure 1). Under the stimulation of TNF-α, IFN-γ, and lipopolysaccharide (LPS), M0

macrophages can polarize to M1 macrophages; these clear pathogenic microorganisms and cell debris, while

producing high levels of reactive oxygen species (ROS) and inflammatory factors (e.g., IL-1β and IL-6) .

Macrophages can convert into the M2a type, in response to IL-4 and IL-13 stimulation, and release arginase-1

(Arg-1) and insulin-like growth factor-1 (IGF-1) to enhance vascularization and collagen formation. M2a

macrophages are essential in the synthesis of an extracellular matrix, which is indispensable for tissue repair .

The formation of M2b macrophages can be induced by immune complexes and LPS and will express CD86, CD68,

and MHCII, which can secrete IL-10 to suppress inflammation and produce high levels of inflammatory factors

(e.g., TNF-α, and IL-1β) . The M2c macrophages, which can be induced by glucocorticoids, IL-10, and TGF-β,

are capable of secreting IL-10 and matrix metalloproteinase, to regulate extracellular matrix remodeling and fibrosis

[4, . The formation of M2d macrophages can be induced by IL-6 and adenosine, which secrete transforming

growth factor β (TGF-β) and vascular endothelial growth factor (VEGF) to enhance granulation tissue formation .
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Until now, the specific signaling and differentiation cascades that produce specific macrophage phenotypes have

remained unknown, and the significance of different phenotypes in the context of tissue regeneration has not yet

been fully elucidated.

Figure 1. Inducing stimuli and the factors secreted by macrophages of different phenotypes. LPS:

lipopolysaccharide; TNF-α: tumor necrosis factor-alpha; IL: interleukin; IC: immune complex; MMP: matrix

metalloproteinase; Arg-1: arginase-1; TGF-β: transforming growth factor beta; VEGF: vascular endothelial growth

factor.

2. The Impact of M1 Macrophages on Tendon-Bone Healing

M0 macrophages in circulation, bone marrow, and synovial membrane are recruited to the tendon-to-bone interface

and polarize primarily into M1 macrophages during the inflammatory stage . The expression levels of M1

macrophage markers at the tendon-to-bone interface peak on the third day after a rotator cuff injury and

subsequently decrease gradually . M1 macrophages can phagocytize cellular debris and eliminate foreign

pathogens, as well as influence tendon-bone healing by secreting inflammatory factors (e.g., IL-1β, TNF-α, and IL-

6).

IL-1β is rarely detected at native tendon-to-bone interfaces, but it is abundant in the fibrous scar tissue at the

tendon-to-bone interface and in the surrounding joint fluid, which is assumed to be associated with poor tendon-
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bone healing . IL-1β significantly reduces the expression of type-I collagen mRNA in tendon-derived

progenitor cells and promotes the expression of cyclooxygenase-2, MMP1, MMP3, and prostaglandin E2 in human

tendon cells, which correlates with the degradation of extracellular matrices . Moreover, IL-1β impairs tendon-

bone healing via the NF-κB pathway . It activates the IκB kinase (IKK) complex, which phosphorylates and

degrades the NF-κB dimer inhibitor, IκB, enabling NF-κB dimer transfer into the nucleus to increase the pro-

inflammation factor gene expression . The increased expression of IKK and NF-κB is detected in the tendon

tissues of rotator cuff-tear patients and the tendon-to-bone interface tissues of acute rotator cuff-tear mice . In

IKK constitutively active mice, increased CD68  macrophage infiltration and an apparent degeneration were

observed in the tendon-to-bone interface, leading to a loss of the metachromasia at the fibrocartilage layer in the

tendon-to-bone interface, and less bone volume in the humeral head . The regeneration process after a tendon-

to-bone interface injury was significantly improved in IKK conditional knock-out mice, compared to wild-type or IKK

constitutively active mice, suggesting that activated NF-κB pathway impairs tendon-bone healing and that these

changes may be related to an increase in pro-inflammatory cytokines and M1 macrophages (Figure 4) . When

the NF-κB pathway is activated, it leads to the decreased expression of Sox9, hindering the chondrogenic

differentiation of MSCs, which may contribute to the poor regeneration of the fibrocartilage layer during tendon-

bone healing . IL-1β also leads to the excessive activity of osteoclasts around the tendon-to-bone interface,

resulting in bone loss during tendon-bone healing and poor regeneration of the tendon-to-bone interface .

Hence, it can be concluded that IL-1β impedes tendon-bone healing, either directly or indirectly, by activating the

NF-κB pathway, an important pathway that is implicated in poor tendon-to-bone interface regeneration.
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Figure 2. Activated IKK/NF-κB is detrimental to the tendon-to-bone interface and impedes tendon-bone healing.

(A) Toluidine blue stain shows the loss of metachromasia at the fibrocartilage layer of the tendon-to-bone interface.

Black arrowheads: spindle shaped tendon fibroblasts, white arrowheads: enthesis chondrocytes. Metachromasia

demonstrating fibrocartilage interface can be seen below the dashed line in Toluidine blue stained sections; (B)

schematic of NF-κB signaling and gene transcription; (C) microcomputed tomography (μCT) three-dimensional

reconstruction shows the bone loss in activated IKK/NF-κB mice, while immunolabeling for CD68 shows more

macrophage infiltration in activated IKK/NF-κB mice; (D) the quantification of bone morphometry and the

quantification of mechanical properties show that IKK/NF-κB is detrimental to the tendon-to-bone interface. **** p <
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0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05; (E) schematic of how IKK/NF-κB drives chronic tendinopathy and

impairs tendon-bone healing. WT: wild-type; IKKβKO : IκB kinase, knocked out in the tendon fibroblast;

IKKβCA : IκB kinase, overexpressed in the tendon fibroblast; T: tendon; B: bone; E: enthesis (tendon-to-bone

interface). Copyright 2019, The American Association for the Advancement of Science.

TNF-α is also an inflammatory factor that is produced substantially by M1 macrophages during tendon-bone

healing . TNF-α expression is considerably higher in torn tendons, following rotator-cuff damage, than in intact

tendons, which leads to the increased apoptosis of tendon stem cells, increased matrix metalloproteinase

synthesis, and decreased type-I collagen synthesis, resulting in the degradation of the extracellular matrix .

TNF-α can also activate the NF-κB pathway, leading to the large-scale production of pro-inflammatory factors that

exacerbate the inflammatory response during tendon-bone healing . Under the stimuli of TNF-α, monocytes can

be induced into forming osteoclasts, resulting in bone loss during tendon-bone healing . Reducing TNF-α levels

in Lewis rats decreases the number of M1 macrophages during tendon bone-healing and stimulates the

regeneration of the fibrocartilage layer, ultimately improving biomechanical strength .

IL-6 is a downstream product of the NF-κB pathway and is abundant in torn tendons after rotator cuff tears,

wherein it may play a dual role in tendon-bone healing . IL-6 has both pro-inflammatory and anti-inflammatory

properties, with the membrane-bound IL-6R mediating its anti-inflammatory effects and the soluble IL-6R mediating

its pro-inflammatory effects . While IL-6 can recruit monocytes and promote their differentiation into osteoclasts,

they also enhance the release of the IL-1 receptor antagonist and IL-10 to suppress inflammation . The level

of TNF-α was higher in IL-6 knock-out mice than in wild-type mice after a patellar tendon injury, with the ratio of

type-III collagen to type-I collagen in their injured tendons also being increased, suggesting that IL-6 is involved in

the inflammation process and the remodeling of extracellular matrices during tendon repair . Surprisingly,

however, biomechanical tests showed that the maximum stress of an injured tendon was lower in IL-6 knock-out

mice than in wild-type mice . The above findings indicate that the role of IL-6 in tissue regeneration is

complicated, with the influence of IL-6 on tendon-bone healing needing further research.

M1 macrophages not only regulate tissue regeneration by secreting inflammatory factors but they also release

chemokines (e.g., CCL2, CXCL8, and SDF-1) to recruit mesenchymal stem cells (MSCs) to the site of damage 

. After a rotator cuff injury, bone marrow MSCs can infiltrate through the bone tunnel on the greater tuberosity of

the humerus to the tendon-to-bone interface, to promote tendon-bone healing . Yang et al. (2019) used second

near-infrared fluorescence imaging to track the distribution of exogenous MSCs in mice. After a supraspinatus

tendon tear, exogenous MSCs were injected into the joint cavity immediately and appeared in large numbers at the

injured tendon-to-bone interface on day 3 after injection, which facilitated the tendon-bone healing . All these

findings demonstrate that endogenous or exogenous MSCs can be recruited to the tendon-to-bone interface to

facilitate tendon-bone healing. The chemokines released by M1 macrophages may play an essential role in MSCs

recruitment during tendon-bone healing.

In general, during the early stages of tendon-bone healing, a large infiltration of M1 macrophages can phagocytize

the cellular debris and foreign pathogens, while also recruiting MSCs to the tendon-to-bone interface by secreting
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chemokines, which has a beneficial effect on tendon-bone healing. Regrettably, once the inflammatory factors are

secreted in excess, the inflammatory response of the local microenvironment will be exacerbated, which is

detrimental to tendon-bone healing.

3. The Impact of M2 Macrophages on Tendon-Bone Healing

M1 macrophages account for the majority of macrophages during the inflammatory phase of tendon-bone healing,

while M2 macrophages that are characterized by CD206 and Arg-1 are predominant during the subsequent repair

and remodeling stages . Due to the plasticity of macrophages, M2 macrophage accumulation during tissue

healing may be derived from the repolarization of M1 macrophages or the induction of M0 macrophages under IL-

4, IL-13, and other stimuli .

The ability of M2 macrophages to phagocytose pathogens and produce pro-inflammatory factors is limited,

compared to that of the M1 macrophages, while their ability to release anti-inflammatory factors, including IL-4 and

IL-10, is significantly increased . These anti-inflammatory factors provide a suitable regenerative environment

for subsequent tissue regeneration . An M2 macrophage-conditioned medium promoted in vitro MSC

osteogenesis; nevertheless, this positive effect was diminished with the addition of IL-10 neutralizing antibodies,

suggesting that IL-10 is an important factor for M2 macrophages, to regulate tissue regeneration .

M2 macrophages also produce growth factors, such as TGF-β and VEGF, to regulate tissue regeneration .

TGF-β is highly attractive to macrophages and can form a positive feedback regulation of TGF-β and other growth

factors via stimulating the macrophages . The isoforms and concentrations of TGF-β play a decisive role in

scar formation and tissue regeneration . During tendon-bone healing after an acute rotator cuff injury in

rats, TGF-β1 reaches the peak level at 10 days and is abundant in fibrous scar tissue, the main component of

which is type-III collagen, indicating that TGF-β1 may be responsible for fibrous scar tissue formation at the injured

tendon-to-bone interface . When using exogenous TGF-β1 to promote tendon-bone healing after an acute

rotator cuff injury in a rat model, although biomechanical strength was improved, TGF-β1 can elevate the

transcriptional level of Col3a1 and enhance the formation of fibrous scar tissue . In contrast, TGF-β3, which

promotes fibrocartilage formation, is rarely expressed during tendon-bone healing . Histological analysis

revealed that the addition of TGF-β3 promoted the regeneration of fibrocartilage at the injured tendon-to-bone

interface in the rotator cuff, thereby enhancing biomechanical strength after healing, with limited scar formation .

The growth factors released by macrophages, such as VEGF and BMP-2, play a significant role in tissue

regeneration as well . M2 macrophages were induced by sulfated chitosan in a mouse model, which

subsequently facilitated endogenous VEGF production to induce the vascularization of ischemic disease . Bone

marrow MSC-derived exosomes stimulate the polarization of M2 macrophages and increase the expression of

VEGF, which promotes vascularization around the injured tendon-to-bone interface in rats, beneficial for tendon-

bone healing . The regulation of M2 macrophage polarization through a surface topography design of

honeycomb-like TiO  can facilitate macrophages to release more BMP-2, to promote osteogenesis in a rat tibia

implantation model .
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M2 macrophages are believed to gradually replace M1 macrophages after the inflammatory stage to regulate

tissue regeneration by secreting various anti-inflammatory and growth factors. Although the evidence that M2

macrophages promote tendon-bone healing by suppressing the inflammatory response is quite strong, the role of

growth factors secreted by M2 macrophages on tendon-bone healing remains vague and controversial. For

example, TGF-β1 secreted by macrophages may be the main cause of fibrous scar formation. Further studies are

needed to illustrate the intricated correlation between the various factors secreted by macrophages and tendon-

bone healing.
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