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Guided bone regeneration (GBR) is one of the most widely used and thoroughly

documented alveolar bone augmentation surgeries. However, implanting GBR

membranes inevitably triggers an immune response, which can lead to

inflammation and failure of bone augmentation. It has been shown that

GBR membranes may significantly improve in vivo outcomes as potent

immunomodulators, rather than solely serving as traditional barriers. Macrophages

play crucial roles in immune responses and participate in the entire process of bone

injury repair. The significant diversity and high plasticity of macrophages complicate

our understanding of the immunomodulatory mechanisms underlying GBR. This

review provides a comprehensive summary of recent findings on the potential role

of macrophages in GBR for bone defects in situ. Specifically, macrophages can

promote osteogenesis or fibrous tissue formation in bone defects and degradation

or fibrous encapsulation of membranes. Moreover, GBR membranes can influence

the recruitment and polarization of macrophages. Therefore, immunomodulating

GBR membranes are primarily developed by improving macrophage recruitment

and aggregation as well as regulating macrophage polarization. However, certain

challenges remain to be addressed in the future. For example, developing more

rational and sophisticated sequential delivery systems for macrophage activation

reagents; addressing the interference of bone graft materials and dental implants;

and understanding the correlations among membrane degradation, macrophage

responses, and bone regeneration.
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GRAPHICAL ABSTRACT
1 Introduction

Guided bone regeneration (GBR) is one of the most widely

used alveolar bone augmentation surgeries owing to its ease of

operation and reliable outcomes (1). In GBR, a barrier membrane

is placed above the bone defect. This isolates fast-growing soft

tissue cells, allowing slow-growing osteoblasts to preferentially

occupy the defect and promote bone regeneration (2). Originally,

the GBR membrane solely served as a physical barrier to prevent

soft tissue penetration and provide space for osteogenesis (3, 4).

However, increasing evidence suggests that GBR membranes are

biologically active in bone regeneration, affecting osteoblast

differentiation and stem cell recruitment (5, 6). Previous studies

on GBR membrane materials mostly focused on their physical

properties, antibacterial activity, and direct effects on osteoblasts

and stem cells, or emphasized materials that do not elicit immune

system reactions to ensure “immune safety” (7). However,

inconsistent results between in vitro and in vivo conditions

indicate a lack of comprehensive consideration of the immune

response (8). Implantation of GBR membranes inevitably triggers

a material-dependent inflammatory response, which is a

significant determinant of regenerative outcomes that can lead

to surgical failure (9). Bone-forming and immune cells interact

within a shared microenvironment (10), with the local

microenvironment, particularly the immune microenvironment,

playing a key role in regulating osteogenesis (11). Therefore, it is

crucial to consider immunomodulatory properties in the design of

GBR membranes.

Macrophages play a crucial role in the immune response to

biomaterials and exhibit significant diversity and high plasticity
Frontiers in Immunology 02
(12, 13). They can directly influence tissue regeneration by

secreting cytokines and chemokines and participate in the entire

process of damage repair (7, 14). The reduction or depletion of

macrophage infiltration in GBR membranes significantly impedes

bone regeneration (6, 15), and the status and sequence of

macrophage polarization markedly determine the outcomes of

GBR (7, 16, 17). Moreover, GBR membranes can influence the

recruitment and polarization of macrophages (5, 6, 16),

potentially serving as potent immunomodulators rather than

traditional barrier, thereby significantly enhancing in vivo

outcomes (16). However, the precise role of macrophages in

GBR and the modulation of macrophages by GBR membranes

remain unclear.

A previous review only summarized the role of collagen

membranes in immune regulation (12), and most references in the

literature are limited to in vitro experiments or certain subcutaneous

and intramuscular implantation experiments, which may not

accurately replicate the actual conditions of bone defect repair in

situ. Therefore, in this review, we comprehensively summarize the

effects of macrophages on bone regeneration in GBR, the modulation

of macrophages by GBR membranes in bone defects in situ,

and the current experimental progress in the development of

immunomodulating GBR membranes. Additionally, we discuss

future directions that may offer new insights into alternative

strategies for accelerating bone healing in GBR. For instance,

developing more rational and sophisticated sequential delivery

systems for macrophage activation reagents, modulating the immune

microenvironment by regulating the degradation of GBR membranes,

and integrating the immune properties of dental implants and bone

graft materials to synergistically promote bone healing.
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2 Effects of macrophages on GBR

Innate immunity is activated after implanting GBR membranes,

with macrophages being one of its most important functional

components (18–20). Macrophages play a pivotal role in

maintaining physiological bone homeostasis and modulating

foreign body reactions to biomaterials (12, 21), and their

polarization and spatiotemporal distribution may reflect the

inflammatory status (8, 12). We hypothesize that the

spatiotemporal expression profile of macrophages may indicate

the outcomes of GBR (Figure 1).

Macrophages are heterogeneous and highly plastic cells that can

be broadly characterized into two phenotypes: M1 and M2 (8).

Classically activated M1 macrophages are generally considered

proinflammatory, mediating inflammatory responses and

osteoclastogenesis. In contrast, selectively activated M2
Frontiers in Immunology 03
macrophages, known as anti-inflammatory or proregenerative

macrophages, are responsible for immunomodulation and tissue

remodeling (8, 12, 22).

Macrophages affect bone formation mainly by secreting

various cytokines and chemokines. Within 24 h of biomaterial

implantation, inflammation reaches its peak, during which M1

macrophages contribute to defending against microbes,

amplifying inflammation, and attracting additional immune cells

through phagocytosis and secretion of proinflammatory factors

(23). It was traditionally believed that proinflammatory M1

macrophages and inflammatory reactions were detrimental to

bone regeneration (8). However, increasing evidence suggests

that early inflammatory stages and transient M1 macrophage

polarization are crucial for bone regeneration in GBR (24, 25).

Proinflammatory cytokines secreted by M1 macrophages recruit

mesenchymal stem cells (MSCs) to the injury site and promote
FIGURE 1

Schematic illustration of the potential roles of macrophages in guided bone regeneration of bone defects. A barrier membrane is used to prevent
fibroblasts from growing into the defect but its implantation inevitably triggers an immune response. The chemical composition, surface properties,
loaded drugs and ions of the GBR membrane affect the recruitment and polarization of macrophages, and macrophages may play a critical role in
membrane degradation. The sequential polarization of macrophages is pivotal for the outcome of GBR. In particular, M1 macrophage polarization
contributes to phagocytizing bacteria, recruiting MSCs and additional immune cells, promoting osteogenic differentiation and vascular budding and
growth, and mediate osteoclastogenesis,. Polarized M2 macrophages participate in bone repair by promoting the recruitment and osteogenic
differentiation of MSCs and the maturation and remodeling of neovascularization. Moreover, they also contribute to fibrous encapsulation formation.
An effective and timely M1–M2 switch can enhance bone formation. By contrast, the prolonged activation of M1 macrophages will lead to chronic
inflammation without osteoanagenesis; premature M2 macrophage polarization and prolonged presence may result in fibrous encapsulation around
the GBR membrane, which blocks the interaction between the GBR membrane and bone tissue, thus inhibiting bone healing.
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their proliferation and differentiation, initiating osteoanagenesis

(26). Furthermore, M1 macrophages can recruit vascular

endothelial progenitor cells to the wound site (16, 27) and

promote vascular budding and growth by secreting several

angiogenic factors (e.g., vascular endothelial growth factor

[VEGF]), initiating angiogenesis and providing nutrients and

oxygen for bone regeneration (28–30).

As the tissue insult resolves, M2 macrophages contribute to

bone regeneration and remodeling by secreting anti-inflammatory

factors, recruiting MSCs to bone defects, and promoting osteogenic

differentiation (6). Additionally, M2a macrophages secrete platelet-

derived growth factor BB to facilitate endothelial anastomoses of

neovascularization and maintain the stability of neovascularization.

Meanwhile, M2c macrophages participate in vascular remodeling

by secreting matrix metalloproteinase 9 (28–30).

Despite the recognized pro-healing effects, premature M2

macrophage polarization and prolonged presence may be harmful

to bone repair. Activated too early, M2 macrophages may actually

inhibit healing and hinder vascularization by blocking VEGF

function (24). Furthermore, premature or prolonged M2

macrophages secrete a large amount of fibrogenic cytokines,

promoting the recruitment and proliferation of fibroblasts. This

results in fibrous encapsulation around the GBR membrane,

obstructing the interaction between the GBR membrane and bone

tissue (25).

Notably, M1 macrophages must transition into M2

macrophages at the appropriate time. Effective and timely

phenotype conversion of M1 macrophages can lead to the release

of osteogenesis-enhancing cytokines by M2 macrophages, thus

enhancing bone formation (8). Conversely, if M1 macrophages

fail to switch to M2 macrophages in time, prolonged activation of

M1 macrophages will continue to secrete proinflammatory

cytokines, result ing in chronic inflammation without

osteoanagenesis (24, 31). Furthermore, prolonged M1 polarization

may increase the release of fibrosis-enhancing cytokines from M2

macrophages, contributing to the formation of fibrous

encapsulation (8).

It is important to note that the classification of macrophages

represents a simplification of the complex in vivo scenario. The

macrophage population comprises a mixture of macrophage

phenotypes at any given time, with macrophages often expressing

both M1 and M2 markers, making it challenging to distinguish

between M1 and M2 phenotypes (32). This variability may be

attributed to changes in stimuli. For instance, experiments have

shown that the cytokines secreted by lipopolysaccharide (LPS)-

stimulated macrophages may transition from proinflammatory to

anti-inflammatory factors when the macrophages become Toll-like

receptor-tolerant (33–35). Similarly, M2 macrophages can be

induced to transition into M1 macrophages upon exposure to

interferon-gamma (IFN-g) or LPS. However, the mechanisms

underlying macrophage phenotypic plasticity remain unclear. In

summary, it is the pattern of macrophage switching that determines

bone regeneration rather than a specific macrophage phenotype.

Therefore, further studies are needed to better understand the

pattern of macrophage transformation and its impact on GBR.
Frontiers in Immunology 04
3 Different GBR membrane
characteristics affect
macrophage behavior

In GBR, macrophages aggregate within the membrane

compartments and at the top of the bone defect, close to the

membrane (27, 36). Therefore, we speculate that the behavior of

macrophages is influenced by the GBR membrane. Indeed, it has

been reported that the composition, surface properties, porosity,

loaded drugs and ions of GBR membranes may modulate the

aggregation, recruitment, and polarization of macrophages

(Figure 2, Table 1) (5–7, 15–17, 37, 38).

In terms of chemical composition, the material source and

processing method can influence the response of macrophages to

the material. For example, as a representative of nonabsorbable

membranes, macrophage infiltration has been rarely observed in

polytetrafluoroethylene membranes (15). Conversely, as a

representative of absorbable membranes, although macrophage

infiltration is rare and thinly distributed in collagen membranes

during the early stages, it is abundant with an M2-dominant profile

when the membranes degrade into fragments (6). Furthermore,

chemical crosslinking of collagen with carbodiimide has been

shown to result in a shift from an M2-dominant profile to an

M1-dominant profile in abdominal wall repair (39). This suggests

that the processing method of materials should be considered in

future research on osteoimmunomodulation.

with regard to surface morphology and roughness, the lattice

surface is more conducive to macrophage recruitment and

significantly upregulates the expression levels of M2 macrophage

marker genes in the osteogenic microenvironment compared to

random or aligned surface topologies (37). Surfaces resembling

natural bone, with an ordered structure and greater surface

roughness, promote macrophage polarization toward M2 during

the early stages of bone repair (7).

In terms of porosity, 4D porous structures promote macrophage

infiltration by providing more space for macrophages. Conversely,

macrophages are only recruited to the surface of the electrospun film

and scattered between the membrane and bone defect because of the

dense internal structure (6). Additionally, an in vitro experiment

showed that larger pore size and higher porosity promoted M2

polarization of macrophages. This finding may provide new insights

for studying bone defect repair in situ (40).

With regard to loaded drugs, natural extracts, particles, or

bioactive ions, the release of azithromycin promotes the timely

transformation of macrophages into proregenerative M2

macrophages during the early stage of bone regeneration and

exhibits a lower M1/M2 ratio during the late stage of bone repair

(17). Dopamine coating on GBR membranes facilitates M2

macrophage transformation and inhibits M1 macrophage

polarization (6). Chu et al. (5) modified collagen membranes with

epigallocatechin gallate (EGCG) and discovered that it promotes M2

macrophage recruitment within the GBR membrane and bone

defects. Loading of carbon nanohorns improves macrophage

infiltration during early bone repair (15), and loading of MnO2
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decreases M1 macrophage polarization in bone defects (38). IFN-g is
released in bursts from membranes and stimulates transient M1

macrophage polarization during the early phase, whereas the

sustained release of strontium ions promotes M2 polarization

during later stages, thus achieving sequential M1–M2 transitions (16).
4 Development of an
immunomodulating GBR membrane

As the importance of immunomodulatory properties in GBR

membrane design has received increasing attention, developing

immunomodulating GBR membranes to regulate a favorable

immune environment has become a new potential strategy to

accelerate bone healing (12, 41). Considering the role of

macrophages in GBR, GBR membranes with immunomodulatory

abilities are mainly developed by addressing two aspects. (Table 1).

One aspect involves the improvement of macrophage

recruitment and aggregation. Kasai et al. (15) loaded carbon

nanohorns onto polytetrafluoroethylene membranes to promote
Frontiers in Immunology 05
macrophage aggregation, which could aid in bone healing. Chu

et al. (5) modified collagen membranes with EGCG and Jin et al.

(37) prepared poly (lactate-co-glycolate)/fish collagen/nano-

hydroxyapatite films with latticed surfaces to enhance the

recruitment of M2 macrophages in bone defects. This facilitated

growth factor secretion and osteoblast differentiation, thus inducing

bone regeneration in vivo. The dense surfaces of electrospun

membranes hinder macrophage infiltration. To overcome this

disadvantage, Liu et al. (6) developed a GBR membrane with a

4D porous structure to provide more space for infiltrating cells,

thereby enabling early and long-term recruitment of macrophages,

which could actively participate in bone repair.

Another aspect involves the modulation of the bone immune

microenvironment by regulating macrophage polarization. One

approach is to promote and/or inhibit M2 and M1 subtype

polarization, respectively. Mathew et al. (17) loaded azithromycin

onto polycaprolactone membranes, which promoted the early

switch of macrophages into proregenerative M2 macrophages and

maintained a lower M1/M2 ratio until the late stage of bone repair,

resulting in improved bone repair outcomes. Xuan et al. (7)
FIGURE 2

GBR membranes promote bone regeneration by affecting macrophage behavior. The chemical composition, surface properties, porosity, loaded drugs
and ions of GBR membranes may modulate the aggregation, recruitment, and polarization of macrophages, thereby improving GBR outcomes.
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prepared a hierarchical intrafibrillarly mineralized collagen

membrane with a nanostructured surface morphology similar to

that of natural bone, regulating M2 macrophage polarization and

thus improving GBR outcomes. MnO2, capable of catalyzing the

decomposition of H2O2,was used to modify GBR membranes,

decreasing M1 macrophage polarization in bone defects and

improving bone repair outcomes (38). In another study, 4D
Frontiers in Immunology 06
porous GBR membranes were coated with dopamine, which

simultaneously promoted M2 macrophage polarization and

inhibited M1 macrophage polarization, thus accelerating

angiogenesis and osteogenesis (6). The other approach is to

promote sequential M1 and M2 polarization. IFN-g released in

bursts was used to stimulate brief and excessive M1 macrophage

polarization during the early stage of bone repair, and sustained
TABLE 1 Immunomodulating GBR membranes improve in-situ bone regeneration outcomes through modulating macrophage behavior.

studies Animal
models

Types of
bone

defects

GBR
membranes

Macrophage behavior and bone regeneration outcomes

Kasai
et al. (15)

rat Calvarial
bone defect

PTFE
membrane;
PTFE membrane
loaded with
carbon
nanohorns

Macrophage infiltration was rarely observed in nonabsorbable PTFE membrane. The loading of carbon
nanohorns improved macrophage infiltration, thereby enhancing bone regeneration.

Liu
et al. (6)

rat Calvarial
bone defect

Collagen
membrane;
4D membrane;
4D-PDA
membrane;
E-
PDA membrane

Macrophage infiltration was rare and distributed thinly in collagen membrane during early stages, but it
became abundant when the membrane degraded into fragments; Compared with the dense electrospun
membrane, the 4D porous structure provided more space for macrophages and promoted macrophage
infiltration.
Dopamine coating on GBR membrane facilitated M2 macrophage transformation and inhibited M1
macrophage polarization;
4D porous structure and dopamine coating accelerated angiogenesis and osteogenesis.

Jin
et al. (37)

rat Calvarial
bone defect

PFCH
membranes with
random, aligned,
and latticed
surface
topologies

The lattice surface was more conducive to the recruitment of macrophages and significantly upregulated
the expression levels of M2 macrophage marker genes in the osteogenic microenvironment compared to
random or aligned surface topologies, which facilitated growth factor secretion and osteoblast
differentiation, thus inducing bone regeneration in vivo.

Xuan
et al. (7)

rat skull defect Collagen
membrane;
EMC membrane;
HIMC
membrane

HIMC membrane resembling natural bone surface, with an ordered structure and greater surface
roughness, promoted M2 macrophage polarization, thus improving GBR outcomes.

Mathew
et al. (17)

rat Calvarial
bone defect

PCL-CaP
membrane;
PCL-CaP
membrane
loaded
with
azithromycin

Compared to PCL-CaP membrane, the loading of azithromycin promoted the early switch of
macrophages into proregenerative M2 subtype and maintained a lower M1/M2 ratio until the late stage
of bone repair. This resulted in better bone repair outcomes.

Chu
et al. (5)

rat Calvarial
bone defect

Collagen
membrane;
EGCG modified
collagen
membrane;

The modification with EGCG promoted M2 macrophage recruitment within the GBR membrane and
bone defects, which facilitated growth factor secretion and osteoblast differentiation, thus inducing bone
regeneration in vivo.

Liu
et al. (38)

rat Mandibular
bone defect

HP membrane;
HP@ 2%
Mn membrane

The loading of MnO2 was capable of catalyzing the decomposition of H2O2, decreasing M1 polarization
of macrophages in bone defects and improving bone repair outcomes.

Yang
et al. (16)

rat Calvarial
bone defect

SIS membrane;
SIS/SrHA
membrane;
SIS/IFN-g
membrane;
SIS/SrHA/IFN-
g membrane

IFN-g was released in bursts from membranes and stimulated transient M1 macrophage polarization
during the early phase; whereas, the sustained release of strontium ions promoted M2 polarization
during later stages. This resulted in sequential M1–M2 transformation and a significantly higher M2/M1
ratio, which strongly promoted vascularization and bone regeneration in situ.
PTFE: Polytetrafluoroethylene; PGS: Poly (glycerol sebacate); PCL: Polycaprolactone; PDA: Polydopamine; E-PDAmembrane: PDA-coated electrospun PGS membrane; 4D membrane: The 4D-
morphing membrane composed of 3D-Printing PGS/PCL construct and electrospun PGS membrane; 4D-PDA membrane: PDA-coated 4D membrane; PFCH: Poly (lactate-co-glycolate)/fish
collagen/nano-hydroxyapatite; EMC: Extrafibrillarly mineralized collagen; HIMC: Hierarchical intrafibrillarly mineralized collagen; CaP: Calcium phosphate; HP: Membranes made of a
combination of hydroxyapatite nanowires (HAp NWs) and polylactic acid (PLA); SIS: Small intestinal submucosa; SrHA: Strontium-substituted nanohydroxyapatite; IFN-g: Interferon-gamma.
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release of strontium ions was used to stimulate M2 macrophage

polarization during the late stage of bone repair. This resulted in

sequential M1–M2 transformation and a significantly higher M2/

M1 ratio, strongly promoting vascularization and bone

regeneration in situ (16).

Although all of the above methods promoted bone regeneration in

GBR, it is worth noting that depletion of M1 macrophages can impair

fracture healing (42), and excessive M2 polarization may lead to

pathological fibrosis, delaying bone healing (25). Therefore, inducing

an appropriate immune environment using biomaterials at a specific

time is crucial for bone healing. Precise sequential macrophage

polarization may be the focus of future research, rather than blindly

promotingM2macrophage or inhibitingM1macrophage polarization.
5 Future directions for
immunomodulating GBR membranes

Although immunomodulating GBR membranes are gradually

gaining attention, many issues need to be addressed. First, current

experiments are limited to small animal studies, necessitating

further in vivo and in situ experiments to extrapolate the research

findings to humans.

Second, in addition to the factors affecting the recruitment and

polarization of macrophages mentioned above, the hydrophilicity

and charge of biomaterials also influence macrophage behavior.

Hydrophilic and negatively charged biomaterials promote M2

macrophage polarization, whereas hydrophobic and positively

charged biomaterials promote M1 macrophage polarization (43).

These findings indicate directions for potential strategies for

developing immunoreactive GBR membranes.

Sequential polarization of macrophages is critical for the outcome

of GBR (24). However, several key aspects remain unclear, including

the optimal timing of the M1–M2 transformation, the appropriate

M1/M2 ratio and duration for different stages of bone healing, and

the mechanism underlying the M1–M2 transformation. Additionally,

a major limitation of current sequential drug delivery systems is the

lack of distinct separation between the release stages. Many systems

that successfully achieve slow controlled delivery of M2 activation

reagents do not entirely prevent their release within the initial days.

This early release, even in small doses, may induce mixed phenotypes

that impair crucial M1 activity (24). Therefore, there is a need for

more rational and sophisticated sequential drug delivery systems.

Furthermore, the role of macrophages in GBR has been poorly

studied in elderly patients and patients with systemic diseases (e.g.,

diabetes, systemic lupus erythematosus, and Sjogren’s syndrome)

and thus dysfunctional immune systems (44–47). These vulnerable

populations should be addressed in future studies.

Notably, when dental implant surgery and GBR are performed

simultaneously, the barrier membrane, bone graft material, and

dental implant are spatially very close, resulting in a more complex

immune microenvironment. Certain materials may maintain

macrophage homeostasis and promote bone regeneration, whereas

others may elicit serious foreign body reactions, ultimately leading to

bone integration failure (12, 48). Modifications of dental implants
Frontiers in Immunology 07
and bone graft materials can regulate the local immune

microenvironment; for example, loading cytokines or altering the

forms and surface morphologies of materials (49–52). Therefore,

integrating the immune properties of dental implants and bone graft

materials to synergistically promote bone healing may be an

alternative strategy to improve the outcome of GBR.

Furthermore, the barrier function integrity of the absorbable GBR

membrane must correspond to the rate of bone regeneration (53). If

the GBR film degrades too quickly, its barrier function may be lost

prematurely, thus impeding bone regeneration (6). Conversely,

materials that degrade slowly may hinder macrophage spreading

onto the surface, leading to the formation of foreign body giant cells

(FBGCs) and subsequent fibrous encapsulation (54). This

encapsulation prevents direct interactions between the GBR

membrane and the surrounding environment. Although the

material can persist in the body for sufficient periods, it also

isolates the interaction between the GBR membrane and

osteoblasts, ultimately impeding bone regeneration (12).

Macrophages may play a crucial role in membrane degradation

(55). When exposed to small particles (<5 mm), macrophages mainly

participate in degradation through phagocytosis. However, when

exposed to larger biomaterials (>10 mm), macrophages coalesce to

form FBGCs. This process is induced by interleukin-13, primarily

released by T helper 2 cells (9, 54–56). FBGCs exhibit enhanced

phagocytic capability by expanding the contact area with the material

(55). Moreover, they further degrade materials by releasing reactive

oxygen species and degradative enzymes, including matrix

metalloproteinases (57). In addition to macrophages, neutrophils

are actively involved in membrane degradation by releasing

hydrolytic enzymes and oxidative compounds (58).

Moreover, the degradation of collagen membranes may actively

drive the transformation of proregenerative macrophages.

Chemoattraction by products degraded from collagen could

contribute to the recruitment and polarization of M2 macrophages

(59, 60). When degradation is delayed or prevented by crosslinkers,

polarization of M2 macrophages is inhibited, thereby impeding tissue

regeneration (39). Therefore, modulating the immune

microenvironment by regulating GBR membrane degradation

emerges as a plausible strategy to manipulate GBR outcomes.
6 Conclusion

The implantation of GBR membranes inevitably activates innate

immunity, in which macrophages play a vital role, participating in the

entire process of bone healing. The composition, surface properties,

loaded drugs, and ions of the GBR membrane affect the recruitment

and polarization of macrophages. The sequential polarization of

macrophages is pivotal for the outcome of GBR. In particular, early

transient M1 macrophage polarization is critical for bone

regeneration as it initiates acute inflammation and angiogenesis.

M1 macrophages must transition into M2 macrophages at the

appropriate time; otherwise, foreign body reactions become

unbalanced, impeding bone healing. Polarized M2 macrophages

participate in bone repair by promoting the recruitment and
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osteogenic differentiation of stem cells and the maturation and

remodeling of neovascularization. However, the extent and

duration of macrophage polarization and the precise timing of the

M1–M2 macrophage switch remain unclear. Currently, the

development of immunomodulating GBR membranes mainly

focuses on regulating the recruitment and polarization of

macrophages. Therefore, one of the future directions may involve

developing more rational and sophisticated sequential delivery

systems for macrophage activation reagents. Additionally,

modulating the immune microenvironment by regulating GBR

membrane degradation and integrating the immune properties of

dental implants and bone graft materials to synergistically promote

bone healing may be serve as the alternative strategies to improve the

outcome of GBR. In summary, improvements in GBR membranes

based on immunomodulation hold great potential for optimizing

bone regeneration outcomes.
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45. Gibon E, Loi F, Córdova LA, Pajarinen J, Lin T, Lu L, et al. Aging affects bone
marrow macrophage polarization: relevance to bone healing. Regener Eng Transl Med.
(2016) 2:98–104. doi: 10.1007/s40883-016-0016-5

46. Ahamada MM, Jia Y, Wu X. Macrophage polarization and plasticity in systemic
lupus erythematosus. Front Immunol. (2021) 12:734008. doi: 10.3389/fimmu.
2021.734008

47. Srivastava A, Makarenkova HP. Innate immunity and biological therapies for the
treatment of sjögren’s syndrome. Int J Mol Sci. (2020) 21:9172. doi: 10.3390/
ijms21239172

48. Chakraborty J, Roy S, Ghosh S. 3D printed hydroxyapatite promotes congruent
bone ingrowth in rat load bearing defects. BioMed Mater. (2022) 17:035008.
doi: 10.1088/1748-605X/ac6471

49. Fujioka-Kobayashi M, Marjanowski SD, Kono M, Katagiri H, Miron RJ, Schaller
B. In vitro comparison of macrophage polarization and osteoblast differentiation
potentials between granules and block forms of deproteinized bovine bone mineral.
Mater (Basel). (2020) 13:2682. doi: 10.3390/ma13122682

50. He XT, Li X, Zhang M, Tian BM, Sun LJ, Bi CS, et al. Role of molybdenum in
material immunomodulation and periodontal wound healing: Targeting
immunometabolism and mitochondrial function for macrophage modulation.
Biomaterials. (2022) 283:121439. doi: 10.1016/j.biomaterials.2022.121439

51. He Y, Gao Y, Ma Q, Zhang X, Zhang Y, Song W. Nanotopographical cues for
regulation of macrophages and osteoclasts: emerging opportunities for
osseointegration. J Nanobiotechnol. (2022) 20:510. doi: 10.1186/s12951-022-01721-1

52. Zhao DW, Ren B, Wang HW, Zhang X, Yu MZ, Cheng L, et al. 3D-printed
titanium implant combined with interleukin 4 regulates ordered macrophage
polarization to promote bone regeneration and angiogenesis. Bone Joint Res. (2021)
10:411–24. doi: 10.1302/2046-3758.107.BJR-2020-0334.R4

53. Rakhmatia YD, Ayukawa Y, Furuhashi A, Koyano K. Current barrier
membranes: titanium mesh and other membranes for guided bone regeneration in
dental applications. J Prosthodont Res. (2013) 57:3–14. doi: 10.1016/j.jpor.2012.12.001

54. Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to biomaterials.
Semin Immunol. (2008) 20:86–100. doi: 10.1016/j.smim.2007.11.004

55. Fang J, Liu R, Chen S, Liu Q, Cai H, Lin Y, et al. Tuning the immune reaction to
manipulate the cell-mediated degradation of a collagen barrier membrane. Acta
Biomater. (2020) 109:95–108. doi: 10.1016/j.actbio.2020.03.038

56. Xia Z, Triffitt JT. A review on macrophage responses to biomaterials. BioMed
Mater. (2006) 1:R1–9. doi: 10.1088/1748-6041/1/1/R01

57. Luttikhuizen DT, van Amerongen MJ, de Feijter PC, Petersen AH, Harmsen
MC, van Luyn MJ. The correlation between difference in foreign body reaction between
implant locations and cytokine and MMP expression. Biomaterials. (2006) 27:5763–70.
doi: 10.1016/j.biomaterials.2006.07.004

58. Labow RS, Meek E, Santerre JP. Neutrophil-mediated biodegradation of medical
implant materials. J Cell Physiol. (2001) 186:95–103. doi: 10.1002/1097-4652(200101)
186:1<95::AID-JCP1008>3.0.CO;2-0

59. Badylak SF, Gilbert TW. Immune response to biologic scaffold materials. Semin
Immunol. (2008) 20:109–16. doi: 10.1016/j.smim.2007.11.003

60. Sicari BM, Dziki JL, Siu BF, Medberry CJ, Dearth CL, Badylak SF. The
promotion of a constructive macrophage phenotype by solubilized extracellular
matrix. Biomaterials. (2014) 35:8605–12. doi: 10.1016/j.biomaterials.2014.06.060
frontiersin.org

https://doi.org/10.1038/nri2448
https://doi.org/10.1016/j.addr.2019.05.005
https://doi.org/10.3389/fbioe.2022.928799
https://doi.org/10.1007/978-981-13-0947-2_5
https://doi.org/10.3390/polym15071726
https://doi.org/10.1016/j.actbio.2018.03.012
https://doi.org/10.1016/j.biomaterials.2014.10.017
https://doi.org/10.1016/j.biomaterials.2014.02.012
https://doi.org/10.1016/j.biomaterials.2017.12.025
https://doi.org/10.1016/j.biomaterials.2012.02.034
https://doi.org/10.4049/jimmunol.175.1.342
https://doi.org/10.1038/nature05836
https://doi.org/10.1038/nature05836
https://doi.org/10.1016/j.it.2009.07.009
https://doi.org/10.1016/j.it.2009.07.009
https://doi.org/10.3390/ijms24076833
https://doi.org/10.1016/j.actbio.2021.05.042
https://doi.org/10.1016/j.colsurfb.2023.113147
https://doi.org/10.1089/ten.tea.2007.0264
https://doi.org/10.1016/j.biomaterials.2013.02.065
https://doi.org/10.1039/c7bm00869d
https://doi.org/10.1016/j.bone.2020.115479
https://doi.org/10.1016/j.jdent.2021.103580
https://doi.org/10.1016/j.trsl.2021.05.006
https://doi.org/10.1007/s40883-016-0016-5
https://doi.org/10.3389/fimmu.2021.734008
https://doi.org/10.3389/fimmu.2021.734008
https://doi.org/10.3390/ijms21239172
https://doi.org/10.3390/ijms21239172
https://doi.org/10.1088/1748-605X/ac6471
https://doi.org/10.3390/ma13122682
https://doi.org/10.1016/j.biomaterials.2022.121439
https://doi.org/10.1186/s12951-022-01721-1
https://doi.org/10.1302/2046-3758.107.BJR-2020-0334.R4
https://doi.org/10.1016/j.jpor.2012.12.001
https://doi.org/10.1016/j.smim.2007.11.004
https://doi.org/10.1016/j.actbio.2020.03.038
https://doi.org/10.1088/1748-6041/1/1/R01
https://doi.org/10.1016/j.biomaterials.2006.07.004
https://doi.org/10.1002/1097-4652(200101)186:1%3C95::AID-JCP1008%3E3.0.CO;2-0
https://doi.org/10.1002/1097-4652(200101)186:1%3C95::AID-JCP1008%3E3.0.CO;2-0
https://doi.org/10.1016/j.smim.2007.11.003
https://doi.org/10.1016/j.biomaterials.2014.06.060
https://doi.org/10.3389/fimmu.2024.1396759
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Macrophages in guided bone regeneration: potential roles and future directions
	1 Introduction
	2 Effects of macrophages on GBR
	3 Different GBR membrane characteristics affect macrophage behavior
	4 Development of an immunomodulating GBR membrane
	5 Future directions for immunomodulating GBR membranes
	6 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


