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Abstract 

The well-known synergetic interplay between the skeletal and immune systems has 

changed the design of advanced bone tissue engineering strategies. The immune system 

is essential during the bone lifetime, with macrophages playing multiple roles in bone 

healing and biomaterial integration. If in the past, the most valuable aspect of implants 

was to avoid immune responses of the host, nowadays, it is well-established how 

important are the crosstalks between immune cells and bone-engineered niches for an 

efficient regenerative process to occur. For that, it is essential to recapitulate the 

multiphenotypic cellular environment of bone tissue when designing new approaches. 

Indeed, the lack of osteoimmunomodulatory knowledge may be the explanation for the 

poor translation of biomaterials into clinical practice. Thus, smarter hydrogels 

incorporating immunomodulatory bioactive factors, stem cells, and immune cells are 

being proposed to develop a new generation of bone tissue engineering strategies. This 

review highlights the power of immune cells to upgrade the development of innovative 

engineered strategies, mainly focusing on orthopaedic and dental applications. 

 

Keywords: Osteoimmunomodulation; Cell encapsulation; Bone tissue engineering; 

Macrophages; Hydrogels. 

1. Introduction  

Immunomodulation is a hot topic in tissue engineering and regenerative medicine 

(TERM). The immune system plays essential regulatory roles during tissue repair. 

Depending on the type of tissue, organ, or life stage, the immune response can impact 

positively or negatively during the healing process.[1] When the subject is bone 

regeneration, there is a well-known collaboration between the immune and skeletal 

systems. Indeed, immunocompromised patients often experience delayed or ineffective 
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healing following a fracture.[2,3] Thus, understanding the biology of bone tissue is 

crucial when designing biomimetic bone niches aimed for complete integration of the 

biomaterial and regeneration of the damaged tissue.[4] However, developing an 

appropriate biomaterial for bone regeneration is still challenging, and several clinical 

trials using TE strategies are not yet applicable on a large scale for clinical practice. One 

of the major challenges is the significant difference between the complexities of the 

proposed bone TE strategies and their actual clinical applications.[5] A successful TE 

strategy applicable for clinical translation requires cost-effectiveness, scalability, and 

simplicity, without using sophisticated and expensive instrumentations. For a long time, 

various scaffolds were designed to avoid the initial inflammatory reaction and prevent 

immune responses against biomaterials after implantation. Nowadays, we know that 

inert biomaterials, such as bioceramics and biomedical metals, only replace the function 

and structure of hard tissue, and the absence of bioactivity and biodegradability make 

them unattractive for long-term implantation.[6] Thus, safer and smarter biomaterials, 

with a combination of cell adhesion sites, bioactive factors, and controlled degradation 

have been lately emerging.[7] Additionally, the importance of inflammatory cell 

recruitment in the initial stages of bone healing and the polarization of the immune cells 

to a more pro-regenerative profile led to envisioning a new generation of bone-

engineered approaches. These biomaterials promote bone-to-implant osteointegration 

without neglecting the local immune microenvironment. In an effort to modulate the 

host’s cells around bone implants while harnessing the power of immune cells in 

modulating osteoprogenitor cells, various strategies have been incorporating bioactive 

biomolecules[8,9] and metal ions[10,11] or optimizing surface physical properties[12–14], 

such as topography, porosity, wettability, and surface charge. Such important findings 

have been already summarized in detail, focused on bone regeneration.[15,16] Currently, 

several hydrogels and cell encapsulation systems have also been designed for 

osteoimmunomodulatory purposes. Due to a number of appealing features, such as their 

injectability into confined spaces with specific geometries, their ability to create a 

controlled microenvironment for encapsulated cells, and their ease of adding multiple 

compartments or components with diverse functions, such strategies bring several 

advantages for bone tissue engineering.[17] In particular, innovative strategies are being 

proposed to overcome one of the major drawbacks of TE strategies aiming for bone 

regeneration: the lack of vascularization and integration with the host’s environment 

after biomaterial’s implantation. Developing fully functional hydrogels and cell-laden 
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structures to replace damaged tissues by resembling the bone native scenario is highly 

demanded. 

This review mainly discusses hydrogel-based strategies that specifically influence a 

favourable immune response for improved bone regeneration. First, a short overview of 

bone biology and the importance of the immune system during bone regeneration and 

vascularization will be addressed. Then, different scenarios, ranging from the delivery 

of bioactive factors to those incorporating immune cells, will be analysed. While 

discussing fundamental aspects of the bone regenerative process, practical examples of 

the latest and most exciting research contributions of hydrogels and cell encapsulation 

systems with osteoimmunomodulatory properties will also be presented. 

2.  The bone tissue regenerative process 

The successful regeneration of large bone defects remains a significant challenge in 

orthopaedic research. Bone is a highly dynamic tissue able to adapt its structure to 

mechanical stimuli. Characterized by its bone-forming osteoblasts and bone-resorbing 

osteoclasts, bone tissue has a remarkable capacity to self-repair and to heal without scar 

formation following a traumatic injury. However, critical defects resulting from severe 

non-union fractures and some pathological disorders, with average diameters larger than 

2 cm, require a therapeutic intervention to facilitate bone regeneration.[18] The approach 

that remains the current gold standard for osseous reconstruction is the implantation of 

bone grafts. Although autologous bone grafts are immunocompatible and 

osteoconductive, they are associated with a considerable donor site morbidity risk. 

Moreover, despite allogenic grafts appearing to resemble autologous grafts' properties in 

terms of biomechanical stability and elasticity, concerns about disease transmission and 

immunogenicity are an undeniable challenge.[19,20] On the other hand, the use of 

synthetic bone-substitute materials may result in poor integration, excessive 

inflammatory reactions, and eventual bone resorption.[21] In the following sections, 

different cell-laden engineering strategies are discussed, alongside the native bone's 

physiological phenomena, to elucidate about their role during bone regeneration.  

 

2.1. Bone physiology and biology  

Natural bone presents a complex hierarchical structural organization composed of an 

organic phase, mainly constituted by collagen fibrils from type-I collagen molecules 

(ca. 90% of the organic mass), and an inorganic phase, comprised predominantly of 
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nanocrystals of carbonated hydroxyapatite (HAp) that are distributed along the collagen 

fibrils.[4,22] More than 200 different types of non-collagenous matrix proteins, such as 

glycoproteins, proteoglycans, and sialoproteins, provide physical and biochemical 

support and contribute to the abundance of signals in the immediate extracellular 

environment.[7] 

Macroscopically, bone tissue is arranged either in a compact pattern (cortical bone) or a 

trabecular pattern (cancellous bone), and its functional units consist of osteons (Figure 

1A). Cortical osteons comprise concentric circles with vertical Haversian canals 

containing blood vessels and nerves and are surrounded by concentric lamellae (ca. 3 

μm). Trabecular osteons are composed of a honeycomb-like network of trabecular 

plates and rods filled with red bone marrow.[23] Osteocytes, representing 90-95% of all 

bone cells, reside in the fluid-filled cavities (lacunae) within the mineralized bone.[24] 

The cortical bone is covered by a fibrous connective tissue layer – the periosteum - onto 

which muscles, ligaments, and tendons attach. In contrast, the inner surface of cortical 

bone, cancellous bone, and blood vessels canals are surrounded by the endosteum.[23] 

The development of bone tissue is achieved via intramembranous (mainly flat bones) or 

via endochondral (mainly long bones) ossification (Figure 1C-D). During the 

intramembranous bone formation, mediated by the inner periosteal osteogenic layer, 

capillaries from surrounding tissues invade the mesenchymal zone, differentiating 

mesenchymal stem cells (MSCs) directly into mature osteoblasts. On the other hand, the 

development of bone via endochondral ossification is more complex, requiring an initial 

mobilization and hypertrophy of cartilage cells, the chondrocytes. After directing the 

mineralized matrix formation and attracting blood vessels, the hypertrophic 

chondrocytes undergo apoptosis. Then, the cartilaginous matrix functional properties 

coupled with infiltrating blood vessels contribute to osteoblasts invasion, longitudinal 

bone growth, and hematopoietic marrow replacement.[25]  

The modelling and remodelling processes are vital to maintain bone strength, integrity, 

and mineral homeostasis during a bone lifetime. Bone modelling is an anabolic process 

that forms and adapts the spatial distribution of the grown tissue, optimizing its 

geometry in response to physiological influences or mechanical forces until skeletal 

maturity is achieved.[26] Otherwise, bone remodelling is a continuous process where 

osteoblasts and osteoclasts work sequentially in the same remodelling unit to resorb old 

bone (termed as osteoclastogenesis) and form new tissue (termed as osteogenesis) 

(Figure 1B). There are four sequential remodelling phases, namely activation, 
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resorption, reversal, and formation, where old bone packets are removed and replaced 

with a newly synthesized extracellular matrix (ECM), followed by matrix 

mineralization.[23,27] Briefly, the activation phase involves the detection of biochemical 

or physical signalling, such as mechanical strain or parathyroid hormone (PTH) action 

by osteocytes, which leads to the recruitment and activation of mononuclear cells, and 

subsequently, their fusion and differentiation into multinucleated preosteoclasts.[28] 

Afterwards, the resorption phase is characterized by the release of C-C motif chemokine 

ligand 2 (CCL2) by osteoblasts in response to PTH signalling, increasing the 

recruitment of preosteoblasts to the bone surface.[29] Additionally, the expression of 

osteoprotegerin (OPG) is decreased by osteoblasts, while colony-stimulating factor 

(CSF-1) and receptor activator of NF-κB ligand (RANKL) are enhanced, leading to 

osteoclast proliferation and maturation, followed by degradation of the mineralized 

bone matrix.[30,31] Meanwhile, metalloproteinases (MMPs) produced by osteoblasts 

enable the degradation of unmineralized osteoid, exposing the arginyl-glycyl-aspartic 

acid (RGD)-binding sites for osteoclasts attachment. Then, mature osteoclasts anchor to 

RGD-binding sites via αvβ3 integrin molecules, generating an acidic microenvironment 

able to degrade the organic and inorganic components of bone.[32] During the reversal 

phase, a cleaning process involving mononuclear and mesenchymal-bone lining cells 

begins to remove and engulf matrix debris remaining in the bone resorption cavity, 

preparing the surface for the subsequent bone formation.[33] Ultimately, during the 

formation phase, the formed cavity starts to be replaced and filled with osteoblastic 

cells. Derived from pluripotent MSCs through the master runt-related transcription 

factor 2 (RUNX2), osteoblasts rapidly deposit ECM, composed mostly of collagen I, in 

densely packed columns.[34] This process is completed after gradual mineralization by 

osteoblasts, which release membrane-bound matrix vesicles that concentrate calcium 

and phosphate while enzymatically destroying mineralization inhibitors such as 

pyrophosphate or proteoglycans.[35] A portion of osteoblasts become engulfed by 

unmineralized osteoid, undergoing terminal differentiation into osteocytes and forming 

a network extending throughout the mineralized bone.[24] Osteocytes are sensitive to 

mechanical stimulus and have been described as having a role in spatial organization 

control and bone remodelling cycle during their long lifetime (compared to osteoblasts 

and osteoclasts). This remodelling process is ended when an equal amount of resorbed 

bone has been replaced.[36]  
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2.2. Mechanisms of bone repair and regeneration 

Nowadays, more than 10% of fractures involve delayed or compromised healing.[37] In 

humans, fractures are the most common large-organ traumatic injuries. The healing 

process resembles the ontological events that take place during embryonic skeletal 

development. Such a postnatal process can restore the damaged skeletal organ in terms 

of cellular composition, structure, and biomechanical function, reproducing the pre-

injured tissue.[38] After tissue damage, a dynamic and well-regulated interplay between 

cellular, humoral, and molecular mechanisms is required to restore the native tissue 

architecture. The healing process occurs in three distinct stages which overlap in time 

and space: inflammation, soft and hard callus formation, and remodelling.[39,40] More 

recently, it has been shown that immune cells significantly impact the differential 

capacity for healing. For instance, depletion of T-lymphocytes decreases osteoblast 

maturation and bone mineralization, contributing to delayed repair and remodelling.[41]  

Macrophages were shown to induce progenitor cells to undergo osteogenesis and to 

secrete mineralization-related proteins such as alkaline phosphatase (ALP) and collagen 

type I.[42,43] In fact, immunocompromised HIV patients were shown to have impaired 

healing or non-union fractures, and grafts of bone marrow in immunocompromised 

animals strongly enhanced their bone healing ability.[44,45] Additionally, both osteoblasts 

and osteocytes were shown to release immune mediators to recruit immune cells when 

responding against a pathogenic bone infection.[46,47] Cells from the innate immune 

system are the first components to arrive at the injury scene. The inflammatory phase is 

characterized by the development of a hematoma resulting from the bleeding at the 

fracture site and the activation of the plasma coagulation cascade. The formation of a 

provisional fibrin matrix is followed by the influx of inflammatory cells, attracted by 

platelet-derived factors, endogenous molecular patterns, and local tissue 

macrophages.[39] Short-lived neutrophils, usually the first inflammatory cells to arrive at 

the fracture site, express several proteases and antimicrobial substances essential to 

degrade potential pathogens. Importantly, neutrophils also secrete inflammatory and 

chemotactic mediators, such as IL (interleukin)-6 and CCL2, to recruit the second wave 

of cells, namely monocytes and macrophages.[48,49] During the clearing of damaged 

areas, T-lymphocytes and natural killer (NK) cells were shown to have an active role by 

producing RANKL and inducing the differentiation of myeloid progenitors into 

osteoclasts.[50,51] While osteoclasts resorb necrotic bone fragments and necrotic edges of 
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bone tissue, macrophages phagocyte the provisional fibrin matrix and necrotic cells. 

Simultaneously, macrophages release a repertoire of mediators in a spatially controlled 

manner, such as tumour necrosis factor-α (TNF-α), IL-1β, IL-6, and CCL2, that initiate 

the recruitment of fibroblasts and osteoprogenitor cells from their local niches.[52–54] 

Under the influence of stromal-derived factor-1 (SDF-1) and bone morphogenetic 

proteins (BMPs), MSCs are recruited and migrate into the injured site. At the same 

stage, local strategies such as members of the transforming growth factor-β (TGF-β) 

family, as well as vascular endothelial growth factor (VEGF), platelet-derived growth 

factor (PDGF), and fibroblast growth factor-2 (FGF-2) are vital for angiogenesis and 

redevelopment of the vascular network.[55,56] As result, the fracture is replaced with 

fibrinous/granulation tissue composed of an unorganized extracellular collagen matrix 

full of MSCs and new blood vessels. The callus formation is identified during the 

replacement of the formed granulation matrix. In the peripheral regions of bone, the 

production of periosteum occurs via intramembranous bone formation by the 

differentiation of progenitor cells into osteoblasts (Figure 1C). In contrast, the repair of 

the inner part of the fracture occurs via endochondral ossification with the 

differentiation of progenitor cells into chondrocytes and following synthesis of the 

cartilaginous matrix (Figure 1D).[57] The cartilaginous template is produced by 

chondrocytes and results from the synthesis of a combination of type-I and -II collagen 

to provide mechanical support to the fracture for the subsequent mineralization. 

Fibroblasts replace gaps where cartilage is insufficient, generating fibrous tissue. All 

these well-coordinated events that mediate cell differentiation and proliferation are 

stimulated by the expression of growth factors, including TGF-β2 and -β3, as well as 

BMPs.[39] Within the soft callus construct, chondrocytes are able to synthesize 

considerable amounts of collagen type II.[58] Afterwards, these cells undergo 

hypertrophy, releasing collagen-X and calcium, mineralizing the surrounding 

cartilaginous matrix. T- and B-lymphocytes also emerge during the mineralization of 

cartilaginous callus and support endochondral differentiation. By releasing TNF-α and 

IL-17, both lymphocytes trigger mature chondrocytes apoptosis and suppress the 

differentiation of MSCs into chondrocytes.[59,60] Simultaneously, it is observed the 

differentiation of perichondrial cells into osteoblasts and further deposition of woven 

bone on the cartilage scaffold, while the primary soft cartilaginous callus is resorbed.[61] 

This stage of bone healing is commonly recognized as the formation of hard callus, 

typically irregular and under-remodelled. Macrophages have been shown to have a key 
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role during cartilage degradation by producing MMPs. Any dysregulation in the activity 

of MMPs has been related to bone fracture non-union.[62,63] Overall, the transition of 

soft into hard callus is highly controlled by immune cells, showing the continued 

significance of immune-bone interaction even after the end of the inflammation phase. 

Ultimately, the woven bone-hard callus remodelling is the final step that can last for 

several years. Essentially, the woven hard callus is gradually replaced by lamellar bone, 

and the process is sustained with a balance of hard callus resorption by osteoclasts and 

lamellar bone deposition by osteoblasts.[64]  

2.3. The impact of immune cells during bone regeneration 

Several years ago, it was established that soluble factors produced by antigen-stimulated 

immune cells induced osteoclast formation and stimulated bone resorption. This activity 

was named osteoclast-activating factor.[65] Subsequently, accumulating evidence has 

indicated that physiological bone formation and remodelling processes require a well-

established network between skeletal and immune cells. Indeed, immune cells regulate 

bone resorption via cytokine release, namely CSF-1, RANKL, and OPG.[66,67] The 

RANKL/RANK signalling promotes the differentiation of multinucleated osteoclasts 

from their precursors and their activation and survival in normal bone remodelling. 

Alternatively, OPG protects bone from excessive resorption by binding to RANKL and 

disrupting its interaction with RANK.[67] RANKL is mainly sourced by osteoblasts, 

activated T-lymphocytes, and neutrophils, while OPG is secreted by various MSCs, as 

well as by B-lymphocytes.  

B- and T-lymphocytes are major components of the adaptive immune system and are 

responsible for humoral and cell-mediated immunity, respectively. Depending on the 

subtype, these immune cells have been shown to dynamically influence skeletal 

homeostasis. For instance, regulatory T cells CD4+CD25+, a subset of T-lymphocytes, 

support osteoblastic differentiation and negatively impact osteoclast formation. Such 

subset inhibits osteoclastogenesis through direct cell-cell contact via CTLA-4.[68] On the 

other hand, it was also observed that the lack of an adaptive immune system in knock-

out mice significantly enhanced fracture healing.[69] In fact, the CD8+ T-lymphocytes 

subset was shown to impact endogenous bone regeneration negatively.[70] Lymphocytes 

do not appear to affect the initial stages of fracture healing; however, their absence 

impacts matrix organization and formation, resulting in stiffer bones deficient in 
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elasticity and dysregulations in collagen deposition. Thus, the lack of lymphocytes 

makes bone tissue more susceptible to fractures.[69,71] The release of IL-17 by T-

lymphocytes is another essential feature during osteogenic differentiation. IL-17-

releasing T-lymphocytes stimulate the proliferation and osteoblastic differentiation of 

MSCs.[72] IL-17 also supports osteoclasts differentiation by inducing the expression of 

M-CSF and RANKL by MSCs.[73] Furthermore, B- and T-lymphocytes are crucial 

mediators during callus remodelling. Both cells were shown to infiltrate the bone callus 

during the mid-to-late bone regeneration and release OPG, inhibiting 

osteoclastogenesis.[74] The crosstalk between B- and T-lymphocytes, via CD40/CD40L 

co-stimulation, also increase OPG production.[75] Interestingly, decreased ratios of CD8+ 

T-lymphocytes and regulatory T lymphocytes are correlated with enhanced healing 

outcomes.[76] Compared to naïve immune phenotypes, the experience of the immune 

system was shown to have a direct influence on bone formation capability, disturbing 

the structural properties of trabecular and cortical bone, as well as overall mechanical 

competence.[77] Thus, the potential of the adaptive immune system to promote 

successful bone healing after fracture is highly dependent on the polarization balance of 

immune cells. 

Alternatively, NK cells belong to the lymphoid lineage but mediate innate immune 

responses against viral-infected and tumour cells. The role of NK cells during fracture 

healing is not yet fully understood. Besides their function as cleaners of damaged cells, 

NK cells were shown to release chemokines, such as (C-X-C motif) ligand (CXCL7), 

which can induce MSCs migration.[78] Moreover, NK cells are known to express 

RANKL and M-CSF, and they can trigger the differentiation of monocytes into 

osteoclasts.[51]  

After a fracture, neutrophils seem to be involved in the secretion of multiple cytokines 

and chemokines essential to initiate downstream responses leading to bone regeneration. 

These innate immune cells are the first to invade the callus, being responsible for 

recruiting monocytes and macrophages to the injury site.[79,80] Macrophages tend to 

exhibit the highest regulatory activity in both repair and fibrosis stages among all 

immune cells.[81]  

Owing to their significant potential for therapeutic strategies, the study of different 

macrophage populations in different stages of tissue repair, fibrosis, and regeneration 

has increased in the past years. Also known as osteomacs, resident macrophages were 

notably located immediately adjacent to mature osteoblasts.[82] Osteomacs contribute to 
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tissue homeostasis, tissue-specific physiology, and innate immune surveillance, being 

present within virtually all types of tissues throughout life. Macrophages were also 

shown to be required for hematopoietic stem cells (HSCs) niches maintenance.[83] The 

absence of macrophages may lead to loss of endosteal osteoblasts and egress of HSCs 

into the bloodstream. Murine osteomacs were found to express the F4/80 marker; 

however, it is still unclear if all resident macrophages are positive for this marker.[84] 

The recruited monocyte-derived macrophages are in charge of interstitial immune 

surveillance. These derived macrophages penetrate infected tissues to coordinate innate 

and adaptive immune responses, promoting host antimicrobial defence, antitumor 

immunity, and inflammatory responses.[85] Based on distinct receptor expression, 

cytokine production, effector function, and chemokine repertoires, macrophages have 

been broadly characterized into M1 and M2 phenotypes. M2 macrophages can also be 

classified into different sub-populations, namely M2a, M2b, M2c, M2d, and M2f, 

depending on the nature of the differentiation biomolecules and expressed markers.[85–

87] Once activated, the classically activated M1 macrophage subset is characterized by 

high production of pro-inflammatory mediators (e.g. TNF-α, IL-6, and IL-1β), whereas 

alternatively activated M2 macrophages exhibit ECM synthesis and remodelling 

functions, releasing anti-inflammatory, angiogenic, and growth factors (e.g. IL-10 and 

TGF-β).[85] 

There is factual evidence that macrophages play fundamental regulatory roles in 

essential aspects of the bone healing process. The critical role of macrophages during 

bone repair was convincingly proved by a complete failure in bone mineralization in 

fracture in vivo models depleted of macrophages.[42,88] After an injury, the paracrine 

signalling between MSCs and macrophages is pivotal for osteogenic differentiation. The 

in vitro culture of MSCs with a macrophage cell line conditioned medium was shown to 

increase the MSC’s ALP activity. The osteoinduction induced by macrophages was 

mediated by BMP-2 and TGF-β.[89] Additionally, MSCs co-cultured with macrophages 

showed overexpression of osteocalcin and osteopontin, two well-known osteogenic 

differentiation markers.[90] Macrophages can also induce the differentiation of MSCs 

into osteoblasts by releasing oncostatin M (OSM), and by activating the MSCs signal 

transducer and activator of transcription 3 (STAT3). The MSC-mediated bone 

formation was established by the expression of CCAAT/enhancer-binding protein δ 

(C/EBP δ), core-binding factor subunit alpha-1 (Cbfa1), ALP, and bone sialoprotein 

(BSP) markers. The OSM production by macrophages depends on a prostaglandin E2 
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(PGE2) and cyclooxygenase 2 (COX2) regulatory loop and requires direct cell-cell 

contact with MSCs.[91,92] 

Moreover, the polarization state acquired by macrophages can have a considerable 

influence on osteogenic stem cell differentiation. After tissue damage, the inflammatory 

response is mediated mainly by M1 macrophages, vital for the acceleration of fracture 

repair. In later stages of bone remodelling, M2 macrophages control the bone formation 

process by releasing pro-regenerative cytokines. For instance, the anti-inflammatory 

factor IL-10, mainly secreted by M2 macrophages, has a critical function in bone tissue, 

affecting bone stability. IL-10 depleted mice presented features of osteoporosis, 

including a reduction in skeletal mass, suppressed bone formation, and lack of 

biomechanical strength compared to wild-type counterparts.[93] IL-10 also has an effect 

on osteoclastogenesis by up-regulating OPG expression, which inhibits osteoclasts 

formation.[94] The controlled and timely switch of macrophages between M1 and M2 

phenotypes was already observed in a mouse osteotomy model during endochondral 

ossification.[95] Nevertheless, an excessive inflammatory response in the initial phase 

leads to impaired bone healing, while prolonged M2 phenotype in the later stages can 

lead to the formation of detrimental foreign body giant cells (FBGCs) and chronic 

inflammation.[96] Although in vitro studies demonstrated that macrophages are highly 

plastic and oscillate between different polarization states, it is still unclear if 

macrophages switch individually from M1 to M2 phenotypes or if different phenotypes 

of macrophages emerge and vanish during the distinct stages of tissue repair. In fact, the 

exact function of the diverse polarization states of macrophages during bone repair 

remains undetermined.[97,98]   
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Figure 1 – A. Schematic illustration representing the hierarchical organization of bone tissue, 

from macro- to nano- and ultra-structures. B. Role of bone and immune cells during the bone 

remodelling process. C. Intramembranous ossification stages: (i) formation of an ossification 

centre in the fibrous connective tissue, (ii) secretion and mineralization of bone matrix (osteoid), 

(iii) development of trabecular bone, (iv) formation of compact bone and periosteum and 

emerging of red bone marrow D. Endochondral ossification stages: (i) chondrocytes undergo 

differentiation and condensation, (ii) maturation and hypertrophy of chondrocytes to develop 

the calcified hyaline cartilage surrounded by the perichondrium (primary ossification centre), 

(iii) cavitation of the primary ossification centre and invasion of blood vessels of periosteal bud 

followed by the formation of the secondary ossification centres, (iv) ossification of the 

epiphyseal plates to form epiphyseal lines. Nomenclature: BMP – bone morphogenetic protein; 

CCL – C-C motif chemokine ligand;  ECM – extracellular matrix; IL – interleukin; IFN – 

interferon; LPS – lipopolysaccharides; M0 – unpolarized macrophages; MMP – 

metalloproteinases; MSCs – mesenchymal stem cells; OBs – osteoblasts; OCs – osteoclasts; 

OPG – osteoprotegerin; OSM – oncostatin M; PDGF – platelet-derived growth factor; RANK - 

Receptor activator of nuclear factor kappa-B; RANKL – RANK ligand; TGF – transforming 

growth factor; TNF – tumour necrosis factor; VEGF – vascular endothelial growth factor. 
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2.4. The impact of immune cells on bone vascularization 

Bone is a highly vascularized tissue, being thus of paramount importance to re-establish 

a proper blood flow after a fracture. Dysfunctions in the blood flow may result in 

defective angiogenesis and osteogenesis.[99] Usually, following a fracture, the lack of 

oxygen, nutrients, and trophic factors promote the repair via endochondral ossification, 

whereas in non-hypoxic cases, the intramembranous ossification is triggered.[100] During 

bone healing, the release of angiogenic growth biomolecules in a spatiotemporally well-

regulated manner is required to stimulate and stabilize the development of blood 

vessels.[101] Macrophages are critical regulators of inflammatory angiogenesis and 

vascular remodelling. These innate immune cells are believed to release and express a 

plethora of pro-angiogenic and cell recruiter factors, including interleukins, TNFs, 

MMPs, CSFs, CXCLs, CCLs, TGFs, VEGFs, FGFs, and insulin-like growth factors 

(IGFs), to initiate vascular repair.[102–104] A study in murine models showed that by 

decreasing the number of macrophages through a clodronate liposome treatment, the 

number of blood vessels diminished in the intramembranous bone area when compared 

to controls.[95] However, an appropriate bone vascularization during bone regeneration 

is dependent on the timely polarization from pro-inflammatory M1 macrophages to the 

anti-inflammatory M2 phenotype since prolonged inflammatory signalling is correlated 

with delayed bone healing.[98,105] While M1 macrophages release VEGF and are 

implicated in the initial stages of blood vessels formation, M2 macrophages secrete 

PDGF-BB to induce vascular anastomosis.[106,107] Spiller et al. demonstrated that M1 

macrophages might work simultaneously with M2c macrophages in the early stages of 

tissue repair. The later stages of regeneration seem to be controlled by the M2a 

macrophage sub-population.[108] Additionally, distinct anti-inflammatory macrophage 

sub-populations may control the angiogenic behaviour of endothelial cells in different 

ways. M2a macrophages appear to control the endothelial cells-pericytes interactions; 

M2c macrophages are involved in cell sprouting; whereas vessel maturation seems to be 

regulated by M2f macrophages.[87] In fact, macrophages were shown to be involved in 

cell sprouting through the directed filopodia extension towards a higher VEGF 

concentration.[109] Other immune cells may also be involved in the vascularization of 

bone tissue. For instance, immature myeloid cells appear to affect neovasculature 

following a bone fracture. Besides increasing the migration and motility of endothelial 

cells, these progenitors of the myeloid lineage were shown to enhance endothelial tube 
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formation.[110] Mast cells are also a potent source of pro-angiogenic factors and were 

shown to mediate vascular regeneration in an ischemia mouse model.[111] Regulatory T-

lymphocytes are highly tissue- and context-specific and thus, may exhibit contrasting 

behaviours in angiogenesis. However, most studies demonstrate their effectiveness in 

promoting new vessels formation through VEGF signalling or by modulating the 

response of other immune cells.[112,113] VEGF can also recruit MMP-9-delivering 

neutrophils, which consequently promotes angiogenesis.[114] Also, neutrophils were 

shown to migrate and accumulate in a directional way around the nodes where 

endothelial sprouting begins.[115]  

Therefore, the design of different engineered strategies should modulate the local 

immune environment in an effort to improve bone regeneration, angiogenesis, and 

osteointegration. Additionally, the crosstalk between immune and stem cells requires a 

complete elucidation since the use of cell-laden TERM strategies usually involves the 

encapsulation of MSCs. 

3. Osteoimmunomodulatory hydrogels and cell encapsulation strategies for bone 

regeneration 

Since TERM principles were defined,[116] significant progress has been achieved. The 

concept relies in the bioengineering of living tissues that could substitute or aid specific 

biological processes by combining cells and biomaterial-based scaffolds, which can be 

further functionalized with biomolecules of interest.[117] The aim is to develop 

customizable and immune-compatible constructs able to restore, maintain, or improve 

injured or diseased tissues instead of replacing them with inert constructs.[117] 

Metallic-based scaffolds, widely used to displace bone fractures, provide physiological 

load-bearing functionality to the implant site, and facilitate healing. Although 

possessing good mechanical strength, such strategies are bioinert and cannot fully 

integrate with the host's surrounding tissues.[118] Along with TERM field evolution, 

plenty of other strategies aiming for bone substitution has emerged. The incorporation 

of cells in instructive biomaterials to ultimately regenerate damaged tissues is a crucial 

element in TERM. Seeded cells deposit ECM to produce the foundations of a tissue. 

Since various cell types are available in the skeletal structure, the use of primary and 

multipotent stem autologous cells has been shown to improve the multifunctional-

engineered systems to regenerate damaged tissues.[119] Ideally, to prevent a clinical 
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intervention from removing the implant, bone regeneration technologies should be able 

to replace the bone ECM without necrosis or scar in parallel with scaffold degradation. 

Hydrogels are the majority of cell encapsulation systems used for tissue regeneration. 

Due to a number of appealing features, such as resemblance with native ECM, 

biotolerability, suitability for incorporation of molecules of interest, and high-water 

environment, hydrogels are a promising strategy to substitute the gold standard 

grafts.[120] Furthermore, hydrogels can be implanted by minimally invasive procedures 

(injectability) with the ability to match irregular defects. Although the lack of 

osteoconductivity is an issue for natural hydrogels, multiple strategies have been used to 

improve their mechanical properties, including the reinforcement with bioactive glass 

and hydroxyapatite crystals or interpenetrating double networks to increase their 

strength and toughness.[121,122]  

Overall, one of the current trending topics in TERM is the immunomodulatory 

perspective on how bone biomaterials are envisioned. Herein, we will overview the 

immunomodulatory power of hydrogels and cell-encapsulation systems, which are able 

to improve the bone regeneration process through the control of the polarization of 

macrophages during the inflammatory reaction. 

3.1. Hydrogels with osteoimmunomodulatory potential 

Besides playing critical roles during osteogenic differentiation, macrophages also 

determine the success or failure of bone substitute implants.[123] The biomaterial-tissue 

interaction usually activates a foreign body response (FBR), which can lead to chronic 

inflammation, tissue damage, and fibrosis.[124]  Following implantation of a biomaterial, 

a provisional matrix interface between the surrounding tissues and material is 

immediately created. The biomaterial-tissue interaction is initiated by the absorption of 

plasma proteins, such as fibrinogen and complement, onto the surface. Then, similarly 

to the natural healing process, acute inflammation is triggered and driven by 

neutrophils, mast cells, and other immune cells. At the same time, multiple bioactive 

compounds are released in a sequential fashion to regulate the inflammatory 

response.[125]  Monocytes are also recruited and differentiated into macrophages to act 

as antimicrobial and phagocytic agents.[126] The prolonged presence of mononuclear 

cells, including monocytes and lymphocytes, gives rise to the chronic inflammatory 

phase. When the biomaterial is biocompatible, the next step relies on fibroblasts 

recruitment, granulation, neovascularization, and new tissue formation.[127] However, if 
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the inflammation phase persists, usually beyond a three-week period, it implies that the 

implanted biomaterial is not biocompatible and an indicator of infection. The presence 

of macrophages and FBGCs, which are multinucleated cells that arose from fused 

adhered macrophages, are indicative of FBR.[124] Additionally, when the biomaterial’s 

surrounding microenvironment fails to polarize inflammatory macrophages into an M2 

phenotype and control the inflammation, it may lead to fibrous capsule formation.[123] 

However, the prolonged presence of M2 macrophages is as well demonstrated to induce 

the formation of FBGCs.[96] The fibrous capsule separates the implant from the host’s 

tissue, impairing the biomaterial’s integration and compromising its function to fill the 

fracture with fully functional bone.[15] Through specific interactions between a 

repertoire of receptors, macrophages recognize several proteins, saccharides, lipids, and 

nucleic acid ligands. These interactions may elicit a diverse range of cellular responses, 

which may be supportive or detrimental to bone healing.[128] Thus, it is important to 

design osteoimmunomodulatory biomaterials to stimulate immune cell activation 

toward a favourable regeneration profile and biomaterial integration without inducing 

an FBR. To achieve full integration, it is imperative to understand the immunological 

profile of biomaterials.  

Lately, great examples of advanced hydrogels that improve bone regeneration while 

enhancing the host’s immunomodulation have been studied. However, the regulation of 

macrophages polarization by natural biomaterials remains limited. For that, an 

injectable alginate/sericin/graphene oxide hydrogel was envisioned to promote bone 

regeneration while controlling macrophage polarization (Figure 2A (i)).[129] The 

proposed hydrogel was crosslinked via HRP-catalysed reaction and exhibited controlled 

degradation, releasing sericin and graphene oxide. The controlled release of sericin was 

shown to promote macrophage migration and polarization into an M2 phenotype via the 

NF-κB and MAPK pathways (Figure 2A (ii)). On the other hand, the enhanced 

osteogenic differentiation and mineralization of encapsulated rat MSCs were associated 

with the graphene oxide release and macrophage polarization. When injected into rat 

distal femoral defects, the inflammatory host response to the biomaterial remained low, 

while the bone defect was quickly repaired.[129] In a different approach, electrostatic 

reinforced hydrogels composed of alginate/gellan gum matrix and amino-functionalized 

45S5 bioactive glass induced the polarization of macrophages to an M2 phenotype 

while up-regulated the osteogenic gene expression of rat bone marrow MSCs.[130] An 

injectable periosteal ECM (PEM) hydrogel was shown promising for bone healing when 
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implanted in a rat critical-sized calvarial defect model. Results confirmed that the PEM 

hydrogel facilitated the transition from M1 to M2 macrophages, promoted blood vessel 

migration, and matured bone formation in large bone defects compared to collagen I 

hydrogels.[131] An interesting strategy to immunomodulate the local bone environment 

during scaffold implantation is proposed by Chengcheng and colleagues.[132] Briefly, the 

idea relies on the fabrication of a biomimetic anti-inflammatory nano-capsule coated 

with LPS-treated macrophage cytokine receptors to neutralize the inflammatory 

cytokines. Additionally, the nano-capsules deliver in a controlled manner resolvin D1, 

which promotes M1 to M2 macrophage polarization. The biomimetic nano-capsules 

were implanted with boron-containing mesoporous bioactive glass scaffolds. Scaffolds 

alone or nano-capsules without resolving D1 were used as controls. When implanted 

into a mouse femoral defect model, the results confirmed a decreased inflammatory 

response and enhanced newly formed bone compared to controls.[132]  

Gelatine methacryloyl (GelMA) has been widely used for bone tissue engineering. 

More recently, besides incorporating inorganic compounds in GelMA to improve bone 

regeneration, these constructs have also been evaluated for their immunomodulatory 

impact.[133,134] The incorporation of nanosilver and halloysite nanotubes in GelMA 

hydrogels was suggested as an osteoimmunomodulatory biomaterial.[133] While 

nanosilver possesses potent anti-inflammatory and antibacterial effects, halloysite 

nanotubes exhibit bone regeneration capacity. After being studied in vitro and in vivo, 

the hybrid hydrogel demonstrated a good ability to modulate the immune environment 

toward improved bone healing, with the extra of exhibiting antibacterial activity against 

both Gram-negative and Gram-positive bacteria.[133] When nano fishbone (NFB) was 

incorporated in GelMA, similar results were obtained. The presence of NFB within the 

hydrogel resulted in the polarization of macrophages to an M2 phenotype. The NFB-

containing hydrogel was also an effective strategy for the osteogenic differentiation of 

human dental pulp stem cells (hDPSCs) in vitro. After implantation in rat cranial bone 

defect model, the NFB-hydrogels enhanced new bone formation and osteointegration 

with a thinner fibrous layer, compared to animals without material implantation or 

implantation of GelMA without NFB (Figure 2B).[134] 

Interestingly, hydrogels were also envisioned as adhesive strategies while regulating 

bone metabolism to avoid loosening implant osteointegration under osteoporotic 

conditions. For that, a double-adhesive hydrogel composed of MA hyaluronic acid with 

alendronate, commonly employed as the first-line therapy for osteoporosis, was 
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integrated with aminated bioactive glass modified by oxidized dextran. The hydrogel 

bonded to both inorganic calcium phosphate and organic collagen on trabecular bone. 

The double-adhesive hydrogel could inhibit the osteoclast differentiation of 

macrophages induced by RANKL and promote osteoblasts differentiation. Improved 

fixation of the orthopaedic implants (titanium screws) was also observed when screws 

were injected with the hydrogels before implantation, promoting cancellous bone 

reconstruction by regulating the local metabolism.[135] 

3D-printed hydrogels with immunomodulatory properties have also been proposed for 

bone regeneration. The fabrication of chitosan/silk fibroin/cellulose nanoparticles 

(CS/SF/CNPs)[136] and ECM/polyethylene glycol diacrylate (PEGDA)[137] hydrogels are 

examples that 3D printing can be combined with osteoimmunomodulation. After 1 day 

of culture, Raw 264.7 macrophages in contact with the CS/SF/CNPs hydrogel exhibited 

iNOS and CD68, characteristic of inflammatory M1 macrophages. However, a 

polarization to regenerative M2 macrophages was quickly observed through enhanced 

expression of CD86 and CD163 markers 3 days after culture. Furthermore, the 

osteogenic potential of CS/SF/CNPs hydrogels was tested in rats. Results showed their 

ability to trigger bone regeneration, with increased density of newly generated cells and 

mature osteocyte cells compared to CS and CS/CNPs scaffolds and negative groups 

(without treatment).[136] 

Overall, the study of the immunomodulatory properties of hydrogels is necessary and is 

expanding since the immune system plays a significant role in bone regeneration. The 

bioengineered strategies should not only present osteogenic properties but also 

modulate the immune environment for enhanced tissue integration.  

 

3.1.1. Impact of mechanical signals in macrophage immunobiology 

The physical properties of hydrogels can positively or negatively influence osteogenesis 

and immunomodulation. It is well-known that osteoprogenitor cells are sensitive to 

mechanical cues, and the lack of biophysical forces in native environment can affect 

significantly the formation, resorption, and adaptation of bone tissue.[138,139] Thus, the 

selection of an appropriate biomaterial is indispensable, since the mechanical properties 

of the matrix effectively impact the behaviour of osteoprogenitor cells. For instance, 

stiffer matrices have been shown to increase the osteogenic differentiation of 

MSCs.[140,141] Although biomaterials with mechanical properties close to the native bone 
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tissue increase mineral deposition, the implantation of these stiffer engineered 

approaches might have a negative effect on immunomodulation and biomaterials 

integration.[142,143] In fact, the physical properties of hydrogels, including the 

stiffness[142–144], pore size[145,146], and surface modification[147,148], can control the 

proliferation, differentiation, and function of macrophages. However, the 

mechanobiology of these immune cells is still poorly understood, since most of the 

studies just correlate the biomaterials design with macrophage polarization, without 

exploring the molecular signalling pathways.[149]  

The stiffness of hydrogels is one of the most explored physical factors since 

macrophages were shown to be highly mechanosensitive.[150] Zhuang and colleagues 

found that stiffer GelMA hydrogels (29.2 ± 1.5 kPa) induced macrophage polarization 

into a more pro-inflammatory phenotype, presenting more focal adhesion staining and 

releasing significantly higher amounts of IL-6 and TNF-α. On the other hand, softer 

GelMA hydrogels (1.9 ± 1.8 kPa) showed a more elongated shape, releasing 

significantly more TGF-β and CCL17 anti-inflammatory factors. When softer hydrogels 

were subcutaneously implanted in mice, Arg-1 and iNOS staining revealed more anti-

inflammatory M2 macrophage infiltration with thinner fibrotic capsule formation than 

stiffer hydrogels (Figure 2C).[142] Contradictory findings were observed when mice 

bone marrow-derived macrophages were cultured in polyacrylamide hydrogels with 

different substrate stiffnesses. The designed hydrogels with low (2.55 ± 0.32 kPa), 

middle (34.88 ± 4.22 kPa), and high (63.53 ± 5.65 kPa) substrate modulus were 

comparable to collagen fibres, osteoid and pre-calcified bone, respectively. After 3 and 

5 days in culture, results evidenced that macrophages seeded in low stiffness hydrogels 

expressed more CD86, produced higher amounts of reactive oxygen species (ROS), and 

released more pro-inflammatory cytokines than the other groups, suggesting their 

polarization into a M1 phenotype. After subcutaneous implantation in C57/BL6 mice, 

hydrogels with low substrate stiffness were infiltrated mainly by pro-inflammatory 

CD86+ macrophages while stiffer substrates were surrounded by anti-inflammatory 

CD206+ macrophages. Moreover, researchers concluded that macrophage polarization 

was mediated through the NF-κB signalling pathway.[144] The pore size of hydrogels 

also influences macrophage polarization. For instance, poly(2-hydroxyethyl 

methacrylate) (pHEMA) hydrogels with distinct pore sizes were implanted 

subcutaneously in a mouse model. Non-porous hydrogels were used as control. After 3 

weeks of implantation, the infiltration of M2 macrophages was more evident in the 
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large pore size hydrogels (160 μm) than in the small pore size hydrogels (34 μm). 

However, results suggested that the small pore size hydrogel increased vascular density. 

Additionally, the non-porous hydrogel induced the formation of a thicker fibrous 

collagen capsule containing a denser cell infiltration, compared to the other 

conditions.[145] Interestingly, the spatial confinement of macrophages has been shown to 

downregulate the LPS-induced late-responsive genes, decreasing the expression of pro-

inflammatory markers, such as IL-6, CXCL9, and iNOS, by mechanomodulating 

chromatin compaction and epigenetic alterations (HDAC3 levels and histone 3 lysine 36 

dimethylation). These results were obtained regardless of whether the cells were 

confined by micropatterning, microporous substrates or cell crowding.[146] Importantly, 

the phenotype of macrophages-laden hydrogels can also be programmed through 

integrin-mediated interactions. Incorporating cell-binding domains within hydrogels, 

such as α2β1, has driven encapsulated macrophages towards a natural healing 

phenotype. When the integrin α2β1 was blocked, encapsulated macrophages polarized 

to the M1 phenotype.[147] Undoubtedly, macrophages recognize the architecture and 

spatial information of the surrounding environment. The phenotype of these immune 

cells is regulated and adapted by the microenvironmental niches in which they reside 

due to macrophage’s vast array of sensing molecule.[151] Thus, it is crucial to understand 

the mechanotransduction pathways of macrophages when designing smart hydrogels for 

bone TE, in order to direct endogenous macrophages to promote tissue regeneration and 

biomaterials integration.  

3.2. Biological factors delivery 

Different bioactive molecules are known to be crucial for bone homeostasis and 

regeneration. However, direct signal factors and cytokines delivery requires a large 

amount due to the fast inactivation and clearance, which is associated with a high risk of 

adverse effects.[152] On the other hand, the controlled and sequential delivery of 

cytokines was shown promising to harness the angiogenic behaviour of host 

macrophages. A decellularized scaffold prepared from trabecular bone was designed to 

release a short amount of interferon γ (IFN-γ), known to drive macrophages to 

classically activated M1 macrophages, followed by a sustained release of IL-4, known 

to induce a M2 phenotype. Accordingly, results show that the polarization of 

macrophages from M1 to M2 phenotypes occurred. Additionally, after implantation in a 
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murine subcutaneous model, scaffolds releasing solely IFN-γ showed increased 

vascularization compared to negative controls (scaffolds without IFN-γ).[98]  

Within this scope, hydrogels have emerged as a promising technology for bone tissue 

engineering, acting as bioactive molecule carriers while conferring support for tissue 

growth. The molecules of interest can be protected and delivered in a controlled and 

targeted way, recruiting endogenous stem and immune cells to the defect site to mediate 

osteoimmunomodulation and healing of bone tissue.[153] The main examples of signal 

factors used in biomaterials to modulate the immune response while inducing bone 

osteogenesis and angiogenesis are anti-inflammatory cytokines, such as IL-4 and IL-10, 

growth factors, including TGF-β, PDGF-BB, and FGF, or even ions and exosomes.[154–

159] 

IL-4 and SDF-1α were incorporated in high-stiffness transglutaminase crosslinked 

gelatines (TG-gels) to decrease the inflammatory response that this hydrogel typically 

triggers.[156] The presence of IL-4 effectively polarized macrophages to a M2 

phenotype, with increased immunostaining for CD163 and CD206, compared to 

hydrogels without IL-4. Additionally, when MSCs-laden TG-gels were indirectly co-

cultured with macrophages using transwell inserts, the Alizarin Red S staining and ALP 

activity demonstrated that the presence of M2 macrophages enhanced the osteogenic 

differentiation of MSCs. When TG-gels were implanted in rat periodontal defects, the 

tissue biopsies revealed the same tendency of in vitro studies, with a higher amount of 

recruited M2 macrophages, while SDF-1α guided endogenous MSCs to the defect 

site.[156] Another interesting concept explored by Fan and colleagues was the fabrication 

of blood clot gels loaded with BMP-2. Also, a mild localized laser-induced 

hyperthermia treatment was performed to accelerate bone repair. The BMP-2 blood clot 

gels were implanted in mice with large bone defects, and results indicate a certain 

degree of inflammation caused by local trauma. However, macrophage polarization into 

a pro-regenerative M2 phenotype was observed after the fourteenth day, reinforced with 

a high release amount of IL-4 and IL-10. At the same time, the healing of bone tissue 

was significantly accelerated.[160] Wang et al. developed hydrogels composed of 

hyaluronic acid grafted with quaternary chitosan loaded with IL-4 and BMP-2 to 

modulate macrophages polarization and accelerate osteoblasts differentiation. The 

loaded hydrogel was complexed with a 3D-printed mesoporous titanium alloy scaffold 

due to its excellent mechanical support and osteoconductivity. The release of the signal 

factors boosted the polarization of macrophages to a M2 phenotype (Figure 2D), and 
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the osteoblastic differentiation of MSCs.[161] IL-4 and BMP-2 cytokines were also 

incorporated in graphene oxide, and then embedded in carboxymethyl chitosan/PEGDA 

hydrogels for osteoimmunomodulation purposes.[162] This combination of factors is 

widely explored to create effective osteoimmunomodulatory biomaterials, obtaining 

similar results both in vitro and in vivo.  

TGF-β1 is a growth factor known to stimulate alternatively activated M2 macrophages 

differentiation. An injectable lithium-heparin hydrogel containing gelatine-heparin 

microspheres loaded with TGF-β1 was envisioned for bone repair and modulation of the 

early-stage osteoimmune response. After 4 weeks of implantation in a rabbit femoral 

defect, M2 macrophages were activated, and a significant increase of osteogenic and 

angiogenic factors, including TGF-β1, BMP-2, and VEGF, was observed. After 12 

weeks, the bone defects filled with the TGF-β1-loaded hydrogel were almost fully 

healed, with a considerable amount of new-formed bone matrix and a high number of 

newly formed vessels (Figure 2E).[155] 

Besides cytokines and growth factors, biomaterials can release other agents to regulate 

the early-stage osteoimmune response. The dual release of SEW2871 and platelet-rich 

plasma (PRP) from gelatin hydrogels was envisioned for bone repair.[163] SEW2871 is a 

sphingosine-1 phosphate agonist able to recruit macrophages. In contrast, PRP was 

already associated with improved osteogenesis and vascularization, since it contains 

multiple growth factors, including TGF-β, PDGF, VEGF, SDF-1, and EGF. SEW2871 

was solubilized through micelle formation with L-lactic acid oligomer-grafted gelatine 

micelles to overcome its insolubility limitation. Results show that the migration of 

macrophages was significantly higher when hydrogels released both SEW2871 and PRP 

in vitro and in vivo. Additionally, the presence of both agents significantly increased the 

mRNA expression of TGF-β1 and OPG in the biopsied tissues after 3 days of 

implantation, compared to controls. The implantation of SEW2871-PRP gelatine 

hydrogels into rat bone defects resulted in more extensive bone tissue formation than 

hydrogels incorporating either SEW2871 or PRP (Figure 2F).[163] 

Injectable hyaluronic acid hydrogels loaded with endothelial cell-derived exosomes 

(EC-Exos), and an IRE-1α inhibitor (APY29) were fabricated to regulate the balance 

between osteoblasts and osteoclasts as well as M1 and M2 macrophages. MiR-26a-5p is 

well-known as an osteogenic differentiation regulator; however, due to miRNAs 

instability, EC-Exos were used as carriers (EC-ExosmiR‑26a‑5p), which in turn were also 

shown to have anti-osteoclast properties. Also, APY29 inhibits the phosphorylation of 
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IRE-1α, increasing the polarization of M2 macrophages. After injecting in a mouse 

femoral fracture, the in situ sustained release of this cocktail therapy improved bone 

formation, with increased levels of bone volume, total volume, and bone mineral 

density after 14 and 21 days. Additionally, the injectable hydrogel reduced the 

osteoclast differentiation, which was evaluated by tartrate-resistant acid phosphatase 

(TRAP) osteoclasts marker staining. At the same time, macrophages were shown to 

polarize into the M2 phenotype in the collected calluses.[159] In an alternative study, 

Mg2+-releasing alginate hydrogels were investigated to evaluate the response of 

endogenous macrophages to bio-metal ions while regulating bone regeneration. After 7 

days of implantation in a rat femoral defect model, macrophages were shown to 

infiltrate the injured site. TRAP-positive cells were suggested to migrate from the edge 

to the periphery of the defect, becoming multinucleated after 7 days of implantation. 

Interestingly, a gradual increase of M2 macrophages expressing CD206 was followed 

by a decrease in M1 macrophages over time. The defect was filled with mineralized 

bone after 56 days of implantation.[164] 

A 3D-printed strategy was characterized by incorporating the anti-inflammatory 

phytomolecule honokiol in decellularized cartilage ECM/PEGDA hydrogels. The 

printed hydrogel, utilizing stereolithography technology, was co-cultured with LPS 

stimulated Raw 264.7 macrophages, differentiating macrophages to a M1 phenotype. 

The incorporation of honokiol significantly suppressed the release of TNF-α, IL-1β, and 

IL-6, known pro-inflammatory factors. After implantation in Sprague-Dawley rats with 

cylindrical osteochondral defects, micro-CT scans demonstrated more calcified tissue 

when implanted with ECM/PEGDA hydrogels with or without honokiol. The 

histological analysis revealed that at 4 and 8 weeks after surgery, the incorporation of 

honokiol significantly improved osteochondral regeneration.[137] 
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Resveratrol is also a known anti-inflammatory compound, which has been incorporated 

in collagen hydrogels to repair osteochondral defects. Due to its insolubility in water, 

resveratrol was grafted in polyacrylic acid. When transplanted to rabbit defects, the gene 

expression of anti-inflammatory IL-1β, MMP-13, and COX-2 markers in the 

osteochondral tissue defects was up-regulated; however, the expression decreased over 

time. Additionally, there was an up-regulation in the gene expression of osteochondral 

markers, including SOX-9, aggrecan, collagen II and I, compared to controls (only 

collagen or untreated).[165] 

 

Figure 2. Cell-free and bioactive factors-loaded hydrogels with osteoimmunomodulatory 

properties. A. (i) Schematics on the fabrication of alginate/sericin/graphene oxide hydrogel. (ii) 

Recruitment of F4/80 macrophages detected by immunochemistry staining 4 days after 

implantation. Scale bars: 200 μm (left) and 50 μm (right). Reprinted with permission.[129] 

Copyright 2021, Elsevier. B. Illustration of the development of GelMA/nano fishbone hybrid 

hydrogels. Microscopic images of haematoxylin and eosin (H&E) and TNF-α staining 4 weeks 

after implantation in rat cranial bone defect models. NB: new bone. *: implants. Reprinted with 

permission.[134] Copyright 2020, American Chemical Society. C. Immunofluorescence 

microscopic images of macrophages positively stained for iNOS (green) and Arg-1 (pink) after 

soft and stiff GelMA subcutaneous implantation. Reprinted with permission.[142] Copyright 

2020, American Chemical Society. D. Confocal microscopic images of macrophages primed 
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with IL-4 and BMP-2-loaded hydrogels (CD206 – red; F-actin – green; nuclei – blue). Scale 

bar: 100 μm. Respective cell surface expression of CD206 and F4/80 of macrophages in same 

conditions. Reprinted with permission.[161] Copyright 2022, Oxford University Press. E. 

Masson’s trichrome staining of histological sections 12 weeks after TGF-β1-loaded hydrogel 

implantation in rabbit femoral defects. New blood vessels are indicated by red arrows. NB: new 

bone. OS: osteoid tissue. Reprinted with permission.[155] Copyright 2022, Elsevier. F. μCT 

images of bone defects 6 weeks after implantation of hydrogels containing SEW2871 and/or 

PRP in rat bone defects. Reprinted with permission.[163] Copyright 2014, Elsevier. 

3.3. Co-encapsulation of immunomodulatory mesenchymal stem cells  

MSCs are highly attractive for bone tissue engineering and cell therapy. These cells 

possess self-renewal capacity, multilineage differentiation potential, and exhibit 

powerful immunomodulatory properties.[166] Besides their ability to undergo osteogenic 

differentiation, MSCs can mediate the immune response under the influence of pro-

inflammatory or anti-inflammatory environments.[167] Furthermore, MSCs were shown 

to interact with both innate and adaptive immune cells in the course of bone 

regeneration via paracrine and juxtacrine signalling. In fact, MSCs have the ability to 

polarize macrophages into a regulatory-like profile by releasing PGE2 via iNOS and a 

COX2 dependent pathway.[168,169] MSCs also have chemotaxis properties. The 

implantation of MSCs in a murine cranial defect model was shown to induce 

macrophage recruitment by secreting VEGF.[170]  Under the influence of inflammatory 

signals, MSCs can also recruit and regulate T-lymphocyte activation and differentiation 

by expressing CXCL9, CXCL10, and CCL2.[171,172] To date, several MSC-based 

approaches have been suggested for bone regenerative applications, but the purpose has 

been to enhance the pool of osteoprogenitor cells instead of acting as 

immunomodulatory agents.[173,174]  

To invert this trend, the potential of MSCs in bone tissue engineering strategies has 

been demonstrated by immunomodulating the host’s implantation environment to 

support bone repair and osteointegration. For that, fibrin hydrogels encapsulating MSCs 

have been employed to promote bone healing by stimulating endogenous regeneration. 

Seebach and colleagues showed that implanting bone marrow MSC-laden fibrin 

hydrogels in rat femoral bone defects induced the rapid infiltration of pro-inflammatory 

M1 macrophages and endothelial cells (Figure 3A). On the other hand, cell-free fibrin 

hydrogels were not invaded. Authors attributed such enhanced infiltration of cell-laden 
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hydrogels to the release of bioactive factors, such as VEGF, by MSCs.[175] Human 

amniotic MSCs were also encapsulated in fibrin hydrogels to evaluate their ability to 

promote endogenous bone regeneration. Interestingly, in vitro studies demonstrated that 

the indirect co-culture of amniotic and bone-marrow MSCs could promote osteogenic 

differentiation of bone marrow MSCs. Amniotic MSCs can also stimulate the 

polarization of macrophages into alternatively activated M2 phenotype and induce 

capillary-tube formation of endothelial cells. When implanted in rabbit cranial defects, 

the amniotic MSC-laden hydrogels were shown to recruit mainly M2 macrophages. 

Additionally, M2 macrophages that infiltrated the hydrogel expressed a substantial 

amount of BMP-2 and VEGF, promoting cranial defect healing.[176] Ji et al. reported 

similar results regarding MSCs' osteoimmunomodulatory properties. In this study, 

MSCs encapsulated in hydroxypropyl chitin (HPCH) hydrogels were infused into a 

poly(ε-caprolactone)/nano-HAp (PCL/nHA) construct to create a 3D hybrid scaffold. 

MSC-laden hydrogel indirectly co-cultured with RAW 264.7 macrophages increased 

gene expression of VEGF, PDGF-BB, and MMP9 in macrophages, compared to 

individual HPCH and PCL/nHA scaffolds. MSCs could also trigger the polarization of 

macrophages from M1 to M2 phenotypes in an LPS-induced inflammatory environment 

in vitro. Moreover, the presence of MSCs shifted macrophages into a CD206-positive 

pro-regenerative profile when implanted subcutaneously in rats (Figure 3B) and 

increased the bone volume formation when implanted in a calvarial defect model.[177] 

Our group also proposed liquefied microcapsules for bone tissue engineering.[178] The 

concept relies on the subsequent  (i) encapsulation of adipose-derived MSCs and poly(ε-

caprolactone) microparticles within alginate beads; (ii) construction of a layer-by-layer 

membrane composed of poly(L-lysine), alginate, and chitosan as polyelectrolytes; and 

then (iii) liquefaction of the core by chelation with ethylenediaminetetraacetic acid 

(EDTA). The microparticles function as cell adhesion spots, allowing MSCs 

proliferation and ECM deposition. Besides excellent viability, in vitro results 

demonstrated that encapsulated MSCs within the liquefied microcapsules underwent 

osteogenic differentiation and deposition of mineralized matrix.[178–180] Interestingly, 

changing the outer layer of the liquid microcapsules can trigger different 

immunomodulatory responses. Expressly, when the microcapsules were cultured in 

vitro with macrophages, results indicated that chitosan-ending microcapsules, and the 

presence of MSCs, favoured the balance of macrophage polarization towards a more 

regenerative profile.[181] 
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Given the importance of polarizing macrophages to a pro-healing state in regenerative 

medicine strategies, Ueno and colleagues engineered a lentivirus-transduced IL-4 

overexpressing MSCs (IL-4-MSCs). The purpose was to release IL-4 in a sustained 

fashion, aiming to shift macrophages towards a M2 phenotype. The IL-4-MSCs were 

incorporated within a gelatine microribbon hydrogel and implanted in mice critical-size 

femoral defects. After implantation, hydrogels encapsulating IL-4-MSCs were 

populated with significantly more macrophages compared to hydrogels encapsulating 

non-transduced MSCs (control). Importantly, the phenotype of such recruited 

macrophages was mainly related to the M2 state, with high expression of Arg-1 and 

CD206. Additionally, the IL-4-MSC-laden hydrogel promoted bone bridging and bone 

formation, whereas this was not observed in the controls.[182] Interestingly, such IL-4-

MSC-laden hydrogel obtained better osteogenic differentiation and macrophage 

polarization when implanted in male mice. On the other hand, an increased number of 

TRAP-positive osteoclasts were observed in female mice.[183] 

Glucomannan has been used to coat MSC-laden hydrogels in order to enhance their 

immunomodulatory potential since this polysaccharide shows an affinity for 

macrophage receptors. The coating of 3D cell-laden hydrogels revealed promising 

results, facilitating macrophage adhesion and activation while inducing the 

macrophage’s gene expression of osteogenic and angiogenic markers. Upon 

subcutaneous implantation, it was observed the formation of a fibrous layer around the 

coated hydrogel (Figure 3C). However, the thickness of the layer did not increase over 

time, as observed in uncoated controls. Additionally, the osteogenic differentiation of 

MSCs embedded in the coated hydrogel was significantly higher than in uncoated 

hydrogels after implantation.[184]  
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Other strategies have also demonstrated the potential of MSCs-laden hydrogels in 

generating a favourable host’s immune microenvironment for bone healing.[185,186] The 

encapsulation of MSCs with signalling factors or anti-inflammatory drugs has been 

successfully immunomodulating the response of macrophages and T-lymphocytes 

within the host’s microenvironment in general tissue engineering applications.[187–189] 

Overall, these recent data highlight the potential of MSC-based bioengineered strategies 

for osteoimmunomodulation, and might be a starting point for translation into clinical 

practice.  

Figure 3. Encapsulation of immunomodulatory stem cells and immune cells for bone tissue 

engineering. A. Immunohistochemistry staining of infiltrated cells within the callus 6 days after 

implantation of MSC-laden fibrin hydrogel. Macrophages were identified by the expression of 

CD68 and endothelial cells by CD31. Arrows indicate primitive vessel formation. Scale bar: 

100 μm. Reprinted with permission.[175] Copyright 2014, Elsevier. B. Immunofluorescence 

staining of hydrogels with or without MSCs 7 days after subcutaneous implantation (nuclei – 

blue; CD206 – green; iNOS – red). Scale bar: 100 μm. Reprinted with permission.[177] Copyright 

2020, The authors. C. Masson's trichrome staining of MSC-laden hydrogels coated with 

glucomannan after subcutaneous implantation with the respective quantification of the fibrous 

capsule layer thickness. Scale bar: 50 μm. Reprinted with permission.[184] Copyright 2017, 

Elsevier. D. (i) Immunofluorescence microscopic images of the Haversian bone-mimicking 
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scaffold. Macrophages were distributed in the Haversian canals (green), and MSCs were 

allocated in the cancellous bone (red). (ii) Confocal microscopic images showing MSCs and 

macrophages within each compartment. Scale bar: 100 μm. Reprinted with permission.[190] 

Copyright 2021, Elsevier. E. Microscopic images revealing the migration of MSCs toward 

hydrogels with or without macrophages. Scale bar: 100 μm. Reprinted with permission.[156] 

Copyright 2019, Elsevier. F. Osteocalcin (green) immunofluorescence staining of the calvarial 

section after delivering wild-type (wtMO) and diabetes mellitus (dbMO) macrophages into 

healthy (WT) and unhealthy (DB) rats. Scale bar: 50 μm. Reprinted with permission.[191] 

Copyright 2021, The authors. 

3.4. Incorporation of immune cells 

Nowadays, it is well-established that immune cells play significant roles in the 

homeostasis and healing of multiple tissues. Consequently, the incorporation of immune 

cells within biomaterials has been investigated to understand their potential for cell-

based therapies.[192,193] Indeed, exciting results have been gathered. For instance, 

macrophages encapsulated in gelatine hydrogels affect the incoming host’s cell 

behaviour, facilitating the biomaterial integration upon implantation.[194] Also, 

macrophage-laden hydrogels were shown more effective in recruiting endothelial cells 

and fibroblasts than monocyte-laden hydrogels.[194] The incorporation of monocytes 

within a gelatine-hyaluronic acid hydrogel combined with a cocktail of anti-

inflammatory cytokines was also designed to control the initial immune response, while 

the encapsulated monocytes differentiated into pro-healing macrophages.[195] Although 

the incorporation of bioactive factors in the hydrogel network could be a reliable 

strategy to immunomodulate the host’s microenvironment, as discussed in Section 3.2., 

the encapsulation of immune cells would continuously provide an active resource of 

several cytokines and growth factors.  

The presence of macrophages within hydrogels demonstrates as well potential 

advantages for tissue remodelling and vascularization. Barthes and colleagues found 

that macrophages co-cultured with endothelial cells within gelatine hydrogels enhanced 

the vessel-like structure organization, demonstrated by increased sprouting. When tri-

cultured with endothelial cells and fibroblasts, macrophages enhanced the organization 

of the ECM structure with well-defined intercellular junctions.[196] Furthermore, the 

encapsulation of macrophages in alginate beads enhanced angiogenesis and 

arteriogenesis following implantation in a mouse hindlimb ischaemic model.[197] When 
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incorporated in poly(ethylene glycol)-based hydrogels, macrophages changed the 

morphology in an endothelial cell-dependent manner, and in the presence of endothelial 

cells, macrophages increased the vessel tubule volume.[198] Thus, incorporating these 

immune cells and controlling their phenotypes can develop superior physiological in 

vitro tissue models as well as improve the integration of biomaterials following 

implantation. Additionally, the immune microenvironment is also modulated by the 

direct cell-cell contact between macrophages and MSCs.[199] The juxtacrine interactions 

between macrophages and bone marrow-derived MSCs were shown to induce the 

release of IL-6 by MSCs through the gp130/STAT3 pathway, which consequently 

promoted the migration and proliferation of MSCs.[200] Thus, the encapsulation of 

macrophages can be particularly useful in co-cultured systems to recruit host’s MSCs in 

vivo. 

Few studies have applied macrophages within hydrogels aiming at specific tissues. 

However, the tissue engineering paradigm has been changing, and the role of 

macrophages in tissue healing has been recognized more than ever. Juhas et al. 

demonstrated that the integration of macrophages within 3D muscle constructs 

stimulated myogenesis of muscle satellite cells in vitro while enhancing the blood 

vessel ingrowth, muscle regeneration, and contractile function in vivo.[201] The delivery 

of monocytes and macrophages in pullulan-collagen composite dermal hydrogels 

enhanced the rate of wound healing in wild-type and diabetic mice, while transplanted 

macrophages displayed a mixture of phenotypes.[202] Some studies have also 

incorporated macrophages within 3D hydrogels for fracture healing in the bone tissue 

engineering context. Table 1 summarizes the major researches that incorporated 

macrophages for bone tissue engineering. Designing bone tissue engineering strategies 

requires elucidating the interactions between macrophages, MSCs, and biomaterials. To 

better understand the influence of macrophages on the multipotency ability of MSCs, 

Cantu and colleagues cultured both cell phenotypes in gelatine/polyethylene glycol or 

collagen hydrogels. It was undeniable that macrophages positively affected MSC-

osteogenic differentiation in both types of biomaterials, with higher Alizarin Red S and 

von Kossa staining. Contrarily, the role of macrophages on chondrogenic and 

adipogenic differentiation was attenuated or null, respectively.[203] The use of 

macrophages was also proposed to fabricate a Haversian bone-mimicking biomaterial. 

For that, a construct composed of Haversian canals, Volkmann canals, and cancellous 

bone structures was firstly printed and then cultured with THP-1 macrophages and 
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mouse-derived bone marrow MSCs. Considering the multiphenotypic cellular 

environment of bone, macrophages were distributed in the Haversian canals structural 

units, while MSCs were allocated in the cancellous bone (Figure 3D). A stronger 

expression of M2 macrophages was observed after only 3 days of co-culture when a 

ratio of MSCs-macrophages was 2:1. Moreover, the paracrine signalling mediated by 

macrophages, through the high expression of osteogenic and angiogenic markers, such 

as OSM, WNT10b, BMP-2, and PDGF-BB, up-regulated the MSC-osteogenic 

differentiation.[190]  

The direct co-culture of human bone marrow-derived MSCs and different phenotypes of 

macrophages was proposed as a 3D model to recapitulate musculoskeletal tissues.[204] 

Following the polarization of macrophages through a pool of cytokines, M0, M1, and 

M2 macrophages were co-cultured with MSCs within GelMA hydrogels. The M1 

macrophage phenotype decreased over time when co-cultured with MSCs, whereas M2 

macrophages secreted more anti-inflammatory cytokines. Moreover, after 4 weeks of 

culture, the incorporation of macrophages enhanced MSC-osteogenic differentiation, 

with a higher amount of ALP activity, Alizarin Red S staining, and ECM 

mineralization. Interestingly, the co-culture with the M1 macrophage phenotype 

exhibited the highest levels of osteogenic differentiation.[204] In a similar strategy, He et 

al. loaded rat-derived MSCs, macrophages, IL-4, and SDF-1α within high-stiffness TG-

gels to understand their efficacy in supporting periodontal tissue repair. Due to the 

inclusion of IL-4, macrophages were able to shift into an M2 profile, with higher gene 

expression of Arg-1 and CD206. After direct and indirect co-culture with MSCs, 

macrophages positively influenced MSC-osteogenic differentiation. Furthermore, by 

using a Transwell system, the encapsulation of macrophages was shown to enhance the 

MSCs migration independently of the delivery of IL-4 and SDF-1α (Figure 3E).[156] 

Within the same approach, encapsulated macrophages in TG-gels with different degrees 

of stiffness were indirectly co-cultured with MSCs. Remarkably, macrophages 

encapsulated in low-stiffness TG-gels enhanced the osteogenic differentiation of MSCs, 

with significantly more mineralized nodules and ALP activity. On the other hand, 

macrophages within mid-stiffness and high-stiffness TG-gels negatively influenced 

MSC-osteogenic differentiation, as they were more likely to polarize into a pro-

inflammatory phenotype.[143] The immunomodulatory reaction of encapsulated 

macrophages as well as the osteogenic differentiation of MSCs, can also be modulated 

by other features of the biomaterials. For instance, needle-shaped HAp particles 
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embedded in collagen did not promote MSC-osteogenic differentiation compared to 

spherical large HAp particles. However, when macrophages were loaded into the 

collagen construct with needle-shaped particles, the osteogenic differentiation and 

calcium deposition of MSCs was significantly enhanced. The explanation for the results 

is most likely associated with the ability of needle-shaped particles to up-regulate the 

expression of BMP-2, OPN, and OSM in macrophages.[205] 

Given the attractive potential of macrophages, their transplantation has been considered 

as an approach to ameliorate the bone fracture healing process. For that, macrophages 

were embedded in a combination of a blood clot and a commercially available mineral 

bone substitute and then implanted subcutaneously in BALB/c mice. Results revealed 

that the implantation of encapsulated macrophages enhanced the amount of collagen, 

osteocalcin, and osteopontin, compared to biomaterials without cells. Additionally, 

osteoblast-like cells and osteon-like structures could be observed 4 and 8 weeks after 

macrophage-laden biomaterials implantation. Macrophages also increased the number 

of new blood vessels.[206] Another personalized and functional bone substitute was 

proposed by Jeon et al. Herein, macrophages and MSCs were obtained by 

differentiation from human-induced pluripotent stem cells (hiPSC). Then, hiPSC-MSCs 

were cultured in HA-coated poly(lactic-co-glycolic acid)/poly(L-lactic acid) for 7 days 

under osteogenic differentiation factors, after which were added hiPSC-macrophages 

under osteoclastogenesis supplementation. The final construct induced bone-like tissue 

formation in vitro and in vivo. Although osteoclasts are shown as villains of bone 

healing, the authors demonstrated that they are essential for engineering mature bone 

tissues.[207] Although promising results have been reported, the delivery of macrophages 

still presents controversial outcomes. For instance, transplantation of allogeneic bone 

marrow-derived macrophages seeded onto HA-poly(lactic-co-glycolic acid) on large 

cranial defects in mice did not stimulate bone formation. The authors explained that the 

study conditions might impact these results and that the cranial defect 

microenvironment could be less inflammatory than expected. Thus, macrophages would 

not be stimulated to induce bone regeneration.[208] As observed in other approaches, a 

smart strategy could be based on delivering immune cells “educated” ex vivo. For 

instance, the previous exposure of macrophages to peripheral nerve segments or the pre-

treatment of microglia (resident macrophages in the central nervous system) with a 

specific cytokine cocktail increased the potential of delivered macrophages to treat 

spinal cord injuries in animal models.[209,210] Also, it is necessary to consider other 
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factors, such as the presence of previous pathologies. Kang et al. studied the effect of 

type 2 diabetes mellitus on macrophages and bone healing. Although macrophages from 

wild-type and diabetes mellitus animals demonstrated similar surface antigen profiles, 

the unhealthy macrophages expressed a higher amount of pro-inflammatory factors. 

Then, the bone regeneration was negatively affected after delivering diabetes mellitus 

macrophages within collagen hydrogels in wild-type mouse critical-sized defects. On 

the other hand, the wild-type macrophages partially improved bone healing after 

transplantation into diabetic bone defects (Figure 3F).[191] The ability of wild-type 

macrophages to partially heal calvarial defects in mice with diabetes mellitus indicates 

that these immune cells can be advantageous or detrimental depending on the state 

profile
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Table 1 – Examples of bone tissue engineering strategies using immune cells.  The examples cover the following topics: the type of immune cells used to 

immunomodulate the microenvironment; other cells that were co-cultured with immune cells; the biomaterials used to incorporate the immune cells; the 

main results of the strategy; and the technique employed to study the cell-biomaterials constructs. Abbreviations: ALP – alkaline phosphatase; ECM – 

extracellular matrix; hiPSCs – human-induced pluripotent stem cells; MSCs – mesenchymal-derived stem cells. 

      

Encapsulated 

immune cells 

Co-culture 

systems 
Biomaterial Results Technique Ref. 

Human blood 

macrophages  

Human bone 

marrow-

derived MSCs 

Gelatine/polyethylene 

glycol or collagen 

hydrogels 

Macrophages enhanced osteogenic differentiation, had an 

attenuated role on chondrogenic differentiation, and did not 

affect adipogenic differentiation of MSCs. 

In vitro [203] 

RAW 264.7 

Rat bone 

marrow-

derived MSCs 

Akermanite bioceramic 

scaffold 

MSCs and macrophages cultured in a Haversian bone-

mimicking biomaterial, up-regulated osteogenic 

differentiation, and polarized macrophages into a M2 profile. 

In vitro [190] 

Human monocyte-

derived 

macrophages 

Human bone 

marrow-

derived MSCs 

Methacrylated gelatine 

(GelMA) 

Direct co-culture of macrophages and MSCs in GelMA 

shifted macrophages to a M2 profile, while the calcium 

deposition and ECM mineralization were enhanced. 

In vitro [204] 

Rat bone marrow-

derived 

macrophages 

Rat bone 

marrow-

derived MSCs 

High-stiffness 

transglutaminase 

crosslinked gelatines 

Indirect and direct co-culture of cells within hydrogels 

enhanced osteogenic differentiation, with higher Alizarin 

Red S staining and ALP activity. 

In vitro [156] 

RAW 264.7 

Rat bone 

marrow-

derived MSCs 

Transglutaminase 

crosslinked gelatines with 

different degrees of 

stiffness  

Macrophages loaded within low-stiffness hydrogels 

improved the osteogenic differentiation of MSCs, compared 

to macrophages within gels with harder degrees of stiffness. 

In vitro [143] 

THP-1 

differentiated 

macrophages 

Human bone 

marrow-

derived MSCs 

Collagen-hydroxyapatite 

scaffolds 

Macrophages significantly increased the MSC-osteogenic 

differentiation within collagen-hydroxyapatite scaffolds. 
In vitro [205] 

Rat resident 

peritoneal 

macrophages 

- Blood clot and Bio-Oss® 

Subcutaneous implantation of macrophage-laden 

biomaterials enhanced the amount of collagen and 

immunoexpression of osteocalcin and osteopontin. 

In vivo [206] 
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hiPSC-

macrophages 
hiPSC-MSCs 

Hydroxyapatite-coated 

poly(lactic-co-glycolic 

acid)/poly(L-lactic acid) 

scaffolds 

hiPSC-MSCs and hiPSC-macrophages were submitted to 

osteogenic and osteoclastogenic differentiation within the 

scaffold. The co-culture accelerated bone formation in vitro 

and in vivo. 

In vitro 

and in vivo 
[207] 

Rat bone marrow-

derived macrophages  
- 

Hydroxyapatite-

poly(lactic-co-glycolic 

acid) 

The transplantation of allogeneic macrophages did not 

influence the regeneration of critical-sized cranial defects. 
In vivo [208] 

Diabetes mellitus 

and wild-type rat 

bone marrow-

derived 

macrophages  

- Collagen hydrogels 

The transplantation of diabetic macrophages in healthy rats 

impaired bone regeneration, while the transplantation of 

healthy macrophages in a diabetes mellitus model improved 

bone healing. 

In vivo [191] 
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4. Conclusions and future perspectives 

The immune system plays a dual role in bone tissue engineering. Immune cells are 

essential for bone homeostasis and regeneration, and so far, macrophages are the most 

explored due to their multiple functions in bone healing. Additionally, the response of 

immune cells can dictate the success or failure after biomaterial’s implantation. Thus, 

the inspiration from the multiphenotypic cellular environment of bone led to the 

development of more biomimetic tissue engineering strategies. Herein, we focused on 

hydrogels and cell encapsulation systems that harnessed the distinct power of immune 

cells, mainly macrophages, to enhance bone tissue engineering performance. Given the 

importance of macrophages polarization into an M2 profile for biomaterial’s 

osseointegration and bone healing, we overviewed cell-free hydrogels and hydrogels 

loaded with cytokines and growth factors that appear to positively immunomodulate the 

bone environment following implantation. Cell therapy is also highly investigated as an 

alternative to bone grafting. The encapsulation of immunomodulatory MSCs, alone or 

co-cultured with immune cells, has been shown to have massive potential for bone 

tissue engineering. Although much work has to be done, incorporating immune cells 

within biomaterials has shown promising results. We believe that the presence of 

immune cells will reproduce the physiological development process of bone by 

continuously producing a cocktail of bioactive factors which can substitute the 

exogenous media factors usually added to scaffolds. Moreover, the encapsulation of 

immune cells enables the juxtacrine signalling with co-cultured MSCs, resulting in an 

immunopriviledge microenvironment due to the immunomodulatory properties of 

MSCs. Additionally, such strategy has the potential to influence through paracrine 

signalling the recruited immune cells and MSCs. The extent of automated immune cell 

isolation kits and methods and the ability to differentiate them into specific phenotypes 

allows the development of personalized engineered strategies using autologous 

cells.[211,212] Further research on macrophage-based therapies is needed. Additionally, it 

is necessary to consider the MSCs and macrophages ratios. For instance, increasing the 

macrophage:MSC seeding density to 5:1 has shown better osteogenic outcomes than 

1:1.[91,213] However, one of the challenges in studying the direct co-culture of immune 

and stem cells is identifying the cell source of cytokine production. Other challenges 

that should be carefully evaluated are the translation into human clinics since successful 

regenerative solutions are still far from reality. From an immunological perspective, the 
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source of transplanted macrophages or other immune cells should be autologous to 

avoid the risk of chronic inflammation and graft-versus-host disease.[214] Although cord 

blood private banking has been highly advertised, the use of autologous cells in 

standard TE approaches seems unlikely due to the high costs, lack of availability, and 

possible presence of genetic diseases.[215] The transplantation of allogeneic cells 

requires the assessment of the human leukocyte antigens (HLA) match status to reduce 

the risk of post-transplant complications. Therefore, the banking of multi-ethnic HLA-

homozygous iPSCs, as well as genome-editing strategies to engineer HLA matching in 

allogeneic settings via CRISPR-Cas9, have been envisioned to overcome the limitations 

of the use of autologous cells.[216–218] More high-throughput models are necessary to 

understand the osteoimmunomodulatory potential of different biomaterials while 

avoiding the FBR. Finally, further investigation is required to achieve advanced and 

multifunctional tissue engineering strategies that can regulate osteogenesis, 

osteoclastogenesis, and vascularization while modulating the response of the immune 

cells. 
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