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Abstract

The skeletal and immune systems are intricately linked, forming a dynamic interface that
regulates both bone homeostasis and immune function. This bidirectional relationship,
central to the field of osteoimmunology, highlights how bone and immune cells interact via
shared progenitors and signaling pathways. Osteoclasts and osteoblasts not only coordi-
nate bone remodeling but also influence hematopoietic and immune functions within the
bone marrow microenvironment. The concept of the “bone immune system” underscores
this crosstalk, particularly in pathological and regenerative contexts. Despite progress, con-
tradictory findings complicate our understanding of cytokine activity. Pro-inflammatory
mediators such as TNF-o and IL-17 are typically associated with bone loss, yet under cer-
tain conditions, they paradoxically promote repair by stimulating osteoblast differentiation.
Conversely, anti-inflammatory cytokines like IL-10 and TGF-{3 are generally protective,
but their effects vary depending on local context, sometimes even impairing regenera-
tion. These inconsistencies highlight unresolved questions and gaps in mechanistic insight
into immune-bone interactions. Bone tissue engineering (BTE) has advanced through
biomimetic scaffolds, osteogenic cells, and bioactive molecules, offering hope for large
defect repair. However, clinical translation remains limited, largely because immune modu-
lation is not fully integrated into scaffold design. Current preclinical models often fail to
capture the complexity of immune-skeletal interplay, reducing predictive value. Address-
ing these gaps requires improved models and systematic evaluation of immunoregulatory
biomaterials, paving the way for more effective and personalized regenerative therapies.

Keywords: osteoimmunology; bone immune system; bone tissue engineering; biomimetic
scaffolds; immunoregulatory biomaterials

1. Introduction

The skeletal and immune systems are finely interconnected, and their reciprocal
regulation forms the basis of osteoimmunology, a discipline that investigates how immune
mechanisms influence bone physiology and pathology [1,2].

Bone is not only a structural organ but also a dynamic tissue that supports mineral
metabolism, hematopoiesis, and endocrine signaling, thereby linking skeletal integrity to
systemic homeostasis [3-5].

Recent advances have revealed that immune-derived signals critically affect bone
remodeling, influencing osteoclast and osteoblast activity and determining outcomes in
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both health and disease [6-11]. This interplay has great implications for regenerative
medicine, particularly in the context of bone tissue engineering (BTE), where immune
responses dictate the integration and functionality of biomaterials [12-17].

The aim of this review is to provide a comprehensive overview of bone-immune
interactions, with a particular focus on their role in remodeling and regeneration. We
highlight the cellular and molecular mechanisms that govern osteoimmunity, examine how
engineered bone constructs modulate local immune responses, and discuss the importance
of designing biomaterials with immunoregulatory properties. Finally, we emphasize
the need for improved preclinical models capable of assessing immunological outcomes,
which will be essential for translating osteoimmunology-informed strategies into effective
clinical therapies.

2. Bone Remodeling and Osteoimmunity
2.1. Overview of Bone Remodeling

Bone is a mineralized connective tissue composed of a collagen-rich matrix, vascular
and neural networks, and four primary bone cell types: osteoblasts, osteocytes, osteo-
clasts, and osteogenic progenitors [18,19]. These cells coordinate the dynamic process of
bone remodeling through osteoclast-mediated resorption and osteoblast-driven formation.
Beyond structural support, bone performs multiple physiological roles, including organ
protection, locomotion, mineral storage (particularly calcium and phosphorus), and blood
cell production within the bone marrow niche [20,21].

This multifunctionality highlights its integration with other physiological systems,
particularly the immune system.

2.2. Bone-Immune Interactions

Bone and immune systems share developmental origins and signaling pathways [22].
Osteoclasts, the bone-resorbing cells, originate from myeloid precursors common to
macrophages and dendritic cells, while osteoblasts, responsible for bone formation, regulate
hematopoietic stem cell niches. Within the bone marrow microenvironment, bone, immune,
and stromal cells communicate through cytokines, chemokines, and growth factors that
modulate remodeling [23].

This integrated network, known as “bone immune system” links skeletal integrity
with immune function, a paradigm defined as osteoimmunity (Figure 1) [24-26].
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Figure 1. Lineage commitment and differentiation of hematopoietic stem cells (HSCs) and bone

marrow mesenchymal stem cells (bmMSCs) within the red bone marrow microenvironment. HSCs
give rise to common lymphoid progenitors (CLPs) and common myeloid progenitors (CMPs). CLPs
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differentiate into: B cells, T cells, and natural killer (NK) cells. CMPs generate basophils, eosinophils,
neutrophils and monocytes. Monocytes further differentiate into macrophages and finally into
osteoclasts. Concurrently, bnMSCs differentiate into pre-osteoblasts, which mature into osteoblasts,
and subsequently into osteocytes.

2.3. Bone Composition and Cellular Organization

The skeleton undergoes lifelong remodeling to maintain bone strength and mineral
homeostasis. This physiological process is governed by a dynamic equilibrium of bone re-
sorption and formation, orchestrated by complex interactions among various cell types [20].

The extracellular matrix of bone consists of type I collagen (organic component),
providing tensile strength and structural integrity, and hydroxyapatite crystals (inorganic
portion), conferring rigidity and compressive strength [27].

The principal cellular components of bone include osteoblasts, which synthesize
and deposit matrix osteoclasts, which are specialized in bone resorption, and osteocytes,
embedded within the matrix as mechanosensors that regulate bone turnover [21,28]. Os-
teogenic progenitors further contribute by differentiating into osteoblasts and contributing
to bone regeneration [29]. Additional contributors, such as stromal, cartilage, hematopoietic,
and mesenchymal stem cells, participate in bone composition, forming a dense signaling
network [30,31].

Bone remodeling occurs within specialized anatomical structures known as basic
multicellular units (BMUs), where bone-lining cells create microenvironments for sequential
resorption and formation [32-34].

The cycle begins with activation, triggered by mechanical strain or hormonal sig-
nals such as estrogen or parathyroid hormone, which are detected by osteocytes [35,36]
(Figure 2). This initiates resorption, driven by osteoclast precursors. Following osteoclast
apoptosis, the reversal phase begins, with osteoblasts synthesizing new matrix to fill the
cavities left by resorption. The final mineralization phase calcifies the matrix, after which
osteoblasts undergo apoptosis, become bone-lining cells, or are incorporated into the matrix
as osteocytes, entering quiescence [37,38].
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Figure 2. Cellular and Molecular Mechanisms of Bone Remodeling. Bone remodeling occurs se-
quentially at the same site, with osteoclast-mediated resorption followed by osteoblast-driven bone
formation. Hematopoietic stem cells (HSCs) give rise to pre-osteoclasts under M-CSF and RANKL,



Int. J. Mol. Sci. 2025, 26, 11642

40f18

maturing into osteoclasts that resorb bone. Bone marrow mesenchymal stem cells (bmMSCs) differen-
tiate into pre-osteoblasts under PTH, VD3, and PGE2, maturing into osteoblasts that produce osteoid
and become osteocytes. Macrophages clear apoptotic cells during the reversal phase. Osteoblast-
derived osteoprotegerin (OPG) inhibits RANKL-RANK signaling, regulating osteoclastogenesis.

Immune-derived signals strongly influence these phases [39,40]. Pro-inflammatory
cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor-alpha
(TNF-«) promote osteoclastogenesis, thereby enhancing bone resorption. In contrast,
anti-inflammatory mediators, including interferon-beta (IFN-f3), interferon-gamma (IFN-
v), interleukin-4 (IL-4), interleukin-12 (IL-12), and interleukin-18 (IL-18), suppress osteo-
clast formation and activity, supporting bone preservation and maintaining remodeling
balance [41-43].

2.4. Bone Tissue Engineering and Regenerative Implications

Although bone can naturally regenerate, exceed this capacity, creating a major clinical
challenge for millions of patients [44,45]. BTE addresses this by combining biocompatible
scaffolds, osteogenic cells, and bioactive molecules to promote functional bone regenera-
tion [46]. Recent advances, including nanotechnology-enhanced scaffolds and 3D-printed
biomaterials, have demonstrated improved osteointegration and cellular responses [47,48].
However, the success of BTE depends not only on the material and cellular components
but also on immune modulation. Immune cells play a pivotal role in determining the fate
of implanted constructs, influencing both their integration and the quality of newly formed
bone [49]. Understanding bone-immune crosstalk is therefore essential for advancing
regenerative therapies and developing immuno-informed biomaterials.

3. The Immune System and Its Role in Bone Biology
3.1. Immune Cell Types and Signaling Pathways

The immune system is a complex network of cells, tissues, and signaling molecules
that defends the body against pathogens and maintains tissue homeostasis [50]. Within
the bone marrow, hematopoietic stem cells (HSCs) differentiate into a broad spectrum of
immune cells, including macrophages, dendritic cells, neutrophils, T cells, B cells, and
natural killer (NK) cells. These immune cells not only contribute to host defense but also
play pivotal roles in bone remodeling and regeneration by interacting with bone-resident
cells and influencing their behavior [51,52].

Pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), NOD-like
receptors (NLRs), and RIG-I-like receptors (RLRs), detect pathogen-associated molecular
patterns (PAMPs) and danger-associated molecular patterns (DAMPs) within the bone mi-
croenvironment. Their expression on both immune and bone cells allows direct modulation
of remodeling [53].

3.2. Regulation of Osteoclastogenesis: Systemic and Local Signals

Osteoclastogenesis in vivo is regulated by a hierarchical network of systemic hormones
and local cytokines that converge on the RANK/RANKL/OPG signaling axis to control
osteoclast precursor differentiation, activity, and survival [54].

Systemic signals act through endocrine mechanisms and include parathyroid hormone
(PTH), 1e,25-dihydroxyvitamin D3, and soluble RANKL. These factors stimulate bone
cells to produce local mediators, thereby amplifying osteoclastogenic responses within the
bone microenvironment. For example, PTH directly regulates RANKL gene expression in
osteocytes [55], while 1«,25-dihydroxyvitamin D3 modulates RANKL and OPG expression
in synoviocytes and osteoblasts [56]. Soluble RANKL itself circulates and binds to RANK
on osteoclast precursors, initiating differentiation.
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Local signals are produced by bone-resident and immune cells and act in a paracrine
or autocrine manner. Membrane-bound RANKL expressed by osteoblasts, osteocytes, and
activated T cells is a central mediator of osteoclastogenesis. Pro-resorptive cytokines such
as TNF-«, IL-1, IL-6, IL-11, IL-17, and IL-7 promote osteoclast differentiation by upreg-
ulating RANKL and suppressing OPG. TNF-«, for instance, directly enhances RANKL
expression and inhibits OPG production in osteocytes [57,58], while IL-1 and IL-6 activate
NEF-«B signaling and stimulate RANKL production [59-61]. IL-11, produced by stromal
cells, supports osteoclastogenesis by increasing RANKL expression and facilitating bone
resorption [62,63]. IL-17, secreted by Th17 cells, mediates PTH-induced bone loss through
IL-17 receptor signaling [64,65], and IL-7 indirectly increases RANKL expression by ac-
tivating the c-Fos/c-Jun pathway in T cells [41,66]. Prostaglandin E; also contributes by
influencing osteoblast and osteoclast activity through EP4 receptor signaling [67,68]. In ad-
dition, macrophage colony-stimulating factor (M-CSF) is essential for osteoclast precursor
survival and upregulates RANK expression, working synergistically with RANKL to drive
differentiation [69,70].

In contrast, anti-resorptive cytokines (IL-13, IFN-y, IL-4, IL-10, IL-18, IL-33, TGF-§3)
act as inhibitors of osteoclast formation and activity. IL-13 and IL-4 stimulate OPG produc-
tion via the STAT6 pathway, counteracting RANKL-mediated osteoclastogenesis [41,71].
IL-4 suppresses osteoclast formation both in vitro and in vivo [72]. IFN-y interferes with
RANKL signaling by degrading TRAF6 and suppressing RANK and CSF1R expression in
osteoclast precursors [73,74]. IL-10 modulates both osteoclast and osteoblast activity, alter-
ing the RANKL/OPG ratio and suppressing mineralization [75]. IL-18 indirectly inhibits
osteoclast differentiation by stimulating GM-CSF production from naive T cells [76,77].
IL-33 exhibits dual effects, functioning as an anti-osteoclastogenic factor in some contexts
while synergizing with IL-6 to promote bone resorption in others [78]. Transforming growth
factor-beta (TGF-f3), produced by macrophages and other cell types, reduces RANKL, en-
hances OPG and modulates the release of pro-inflammatory cytokines, thereby promoting
bone stability [79].

Table 1 provides an overview of the key systemic and local cytokines and factors
involved in osteoclastogenesis and bone resorption. It highlights their specific regulatory
effects on the RANK/RANKL/OPG signaling axis, identifies their primary cellular sources,
and outlines their impact on bone remodeling.

Table 1. Systemic and local factors regulating osteoclastogenesis through the RANK/RANKL/OPG axis.

Factor Effect on

Cytokines RANK/RANKL/OPG Immune Cell Source Impact on Bone Ref.
. Axis
Tomame  trawe Pribvmidded | Smae
dihydrlo"],‘s’giitamin TRANKL, Synoviocytes | Enhances osteoclas 561
TNF-« T Ifgllfgh Mac{‘;‘;ﬂ:ges' erljkc\);ir::ter [57,58]

of bone resorption
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Table 1. Cont.

Factor Effect on

Cytokines RANK/RANKL/OPG Immune Cell Source Impact on Bone Ref.
Axis
Drives
IL-1 T flé)ll\?}gh M&gggfiﬁgs’ inflammatory [42,60]
y bone loss
T cells, Promotes osteoclast
1L-6 T RANKL Macrophages activity [41,61]
IL-11 + RANKL Stromal cells Supports [62,63]
osteoclastogenesis
IL-17 + RANKL Th17 cells Strongly [64,65]
pro-resorptive
Contributes to
IL-7 (iTnI(iﬁiﬁL) T cells osteoclast precursor [41,66]
y priming
Prostaglandin E; Macrophages, Promotes
(PGE,) T RANKL stromal cells bone resorption (6775
Facilitates
M-CSF eTxRils\lIif)i I\S/E[igﬁglh ;gli::’ osteoclast precursor [69,70]
p survival
Suppresses
IL-13 J RANKL, 1 OPG Th2 cells osteoclast [41,71]
formation
|+ RANKL; inhibits Potently suppresses
IL-4 osteoclast Th2 cells Y suppres: [41,71,72]
differentiation osteoclast formation
J RANKL signaling, Blocks
IFN-y inhibits stimulatory T cells osteoclast [73,74]
cytokines differentiation
J NFATc], Macrophages, osteogg::; lthesis
IL-10 alters RANKL/OPG T cells o [75]
ratio B cells . -
mineralization
Indirectly
; 1 IEN-y, Dendritic cells, suppresses
IL-18 1T GM-CSF macrophages osteoclast [76,77]
precursors
Indirectly
1-33 1 IFN-y, Dendritic cells, suppresses (78]
1T GM-CSF macrophages osteoclast
precursors
J RANKL, 1 OPG; . .
modulates Macrophages, Anti-resorptive,
TGF-B promotes bone [79]
inflammatory stromal cells stabili
cytokines ty

Symbols: 1 = increase, | = decrease.

Downstream of these systemic and local signals, RANKL binding to RANK activates
intracellular pathways including NF-xB, MAPK, and AP-1 (c-Fos/c-Jun), which drive the
transcription of genes essential for osteoclast differentiation and function. NFATc1, the
master transcription factor of osteoclastogenesis, integrates these signals to orchestrate the
formation and activity of mature osteoclasts [70,80].

This integrated framework highlights how systemic factors initiate osteoclastogenic
signaling, local mediators amplify and fine-tune the response, and intracellular pathways
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execute the differentiation program, ensuring that bone resorption remains tightly regulated
within skeletal homeostasis (Figure 3).
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Figure 3. Molecular regulation of skeletal homeostasis. The image illustrates the balance of factors
and cytokines that regulate skeletal homeostasis by influencing bone formation and bone resorption.
Bone formation is stimulated by pro-osteogenic factors such as PTH, IGF, FGF, Wnt, BMP, Hedge-
hog, and Notch. Bone resorption is promoted by pro-resorptive cytokines like TNF-«, IL-1f3, IL-6,
IL-7, and IL-17. Anti-resorptive cytokines including IFN-y, IL-4, IL-10, IL-12, IL-18, IL-33, TGF-p
inhibit osteoclastogenesis.

3.3. The RANK/RANKL/OPG Axis

The RANK/RANKL/OPG pathway is central to bone remodeling and osteoimmunol-
ogy. RANKL, expressed by osteoblasts, stromal cells, and activated T cells, binds to its
receptor RANK on osteoclast precursors, triggering a cascade of intracellular events that
promote osteoclast differentiation and resorption. Macrophage colony-stimulating factor
(M-CSF) enhances this process by upregulating RANK and supporting precursor fusion
into multinucleated osteoclasts capable of degrading bone matrix [81-84].

OPG, secreted by osteoblasts and B cells, acts as a decoy receptor binding RANKL with
high affinity and preventing its interaction with RANK. This competitive inhibition suppresses
osteoclastogenesis and protects bone from excessive degradation [82]. The RANKL/OPG
balance determines skeletal homeostasis and is influenced by a variety of cytokines, hormones,
and mechanical stimuli. Dysregulation contributes to osteoporosis, rheumatoid arthritis, and
metastatic bone disease, making this axis a major therapeutic target [85].

4. Osteoimmunology: Bridging Bone and Immunity
4.1. Shared Origins of Osteoclasts and Immune Cells

Osteoclasts, the specialized bone-resorbing cells, originate from HSCs within the bone
marrow, specifically the monocyte/macrophage lineage. This shared origin explains the
immunological behavior, including responsiveness to cytokines and capacity to modulate
immune responses [86].

T cells, particularly activated CD4+ and CD8+ subsets, can influence osteoclast differenti-
ation through RANKL binding to RANK on osteoclast precursors [7], while activated T cells
also regulate osteoclastogenesis via the RANK/RANKL/osteoprotegerin (OPG) axis [87].

Conversely, bone cells regulate immune function. Osteoblasts and osteocytes produce
cytokines and growth factors such as IL-7 and CXCL12, which are essential for B cell
maturation and T cell homing within the bone marrow [88].

Macrophages play a central role in osteoblast differentiation, partially through the se-
cretion of oncostatin M [89]. Bone-resident macrophages, named osteomacs, have emerged
as key regulators of osteoblast function and bone formation.
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Recent studies show that osteoclasts are not merely skeletal cells but also possess
immune-like functions. They can present antigens, influence T cell activation, and par-
ticipate in inflammatory signaling [1,90]. This bidirectional communication is especially
evident in pathological conditions [19]. In autoimmune diseases such as rheumatoid arthri-
tis, aberrant immune activation leads to excessive osteoclast activity and bone erosion.
Similarly, chronic inflammation alters bone remodeling, contributing to osteoporosis and
impaired fracture healing [91,92]. This dual identity of osteoclasts reshapes our under-
standing of bone remodeling, emphasizing the deep integration of skeletal and immune
systems in both health and disease.

4.2. Cytokines, Chemokines, and Growth Factors in Bone—Immune Crosstalk

The bone microenvironment is a dynamic niche where immune cells and bone cells
communicate through cytokines, chemokines, and growth factors. This crosstalk is central
to maintaining skeletal integrity and responding to physiological and pathological stimuli.

Anti-resorptive cytokines such as IL-4, IL-10, IL-13, IFN-y, and IL-18 preserve bone
mass by modulating the RANK/RANKL/OPG axis and inhibiting osteoclast activity.

Chemokines and growth factors also contribute to bone-immune crosstalk. CXCL12
and CCL19 regulate immune cell migration within the bone marrow, influencing
hematopoiesis and immune surveillance. M-CSF and RANKL are critical for osteoclast dif-
ferentiation and survival, while TGF-f3 and bone morphogenetic proteins (BMPs) promote
osteoblast activity and bone formation [93].

B cells contribute significantly to bone homeostasis, producing ~64% of total OPG
under physiological conditions. However, in aging and inflammatory states, B cell-derived
RANKL and OPG levels may shift toward promoting bone loss [94].

5. Pathological Implications of Osteoimmune Dysregulation

Osteoimmune dysregulation refers to the disruption of the delicate balance between
immune signaling and bone remodeling. Under physiological conditions, immune and
bone cells participate in coordinated crosstalk that maintains skeletal integrity. However,
chronic inflammation, autoimmunity, infection, or malignancy can disturb this communica-
tion, leading to pathological bone loss or abnormal bone formation.

5.1. Skeletal Diseases and Immune-Mediated Bone Loss

Osteoporosis is one of the most common bone disorders, characterized by reduced
bone mass, compromised microarchitecture, and increased fracture risk [95,96]. While
classical causes include calcium deficiency, endocrine dysfunction, and corticosteroid use,
chronic inflammation has emerged as a key driver of bone loss [97]. Pro-inflammatory
cytokines, particularly IL-1, IL-6, and TNF-«, enhance osteoclast activity and suppress
osteoblast function, shifting the balance toward bone resorption. The term immunoporosis
has been introduced to describe osteoporosis driven by immune dysregulation, underscor-
ing the therapeutic potential of targeting cytokine pathways [98].

Rheumatoid arthritis (RA) provides a direct example of osteoimmune interaction. This
autoimmune disease is marked by chronic joint inflammation, synovial hyperplasia, and
progressive bone erosion. CD4+ T cells lose tolerance to modified self-antigens, triggering a
cascade of cytokine release, including IL-1, IL-2, IL-6, IL-17, TNF, and IL-23, that amplifies
inflammation and enhances RANKL expression. Th17 cells play a central role by secreting
IL-17, which recruits macrophages and neutrophils, further promoting osteoclast activation
and bone resorption [99].
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Periodontal disease also exemplifies immune-driven bone loss. Activated B and T
cells in gingival tissues produce RANKL, stimulating osteoclast-mediated degradation of
alveolar bone [100].

5.2. Systemic Conditions Affecting Skeletal Homeostasis

Diseases not traditionally associated with the skeleton can still disrupt bone home-
ostasis due to the close interaction between immune and bone cells [1].

In cancer, the bone marrow microenvironment supports tumor growth and metastasis.
Tumor cells, especially in breast and prostate cancers, secrete PTH-related peptide, which
upregulates RANKL and promotes osteolysis. This process releases growth factors from
bone that further fuel tumor progression. As a result, targeting the RANK/RANKL/OPG
axis has become a promising therapeutic strategy in oncology [101].

In diabetes, the concept of mobiliopathy describes impaired mobilization of hematopoi-
etic stem/progenitor cells (HSPCs). Diabetic patients often exhibit altered bone marrow niches
that reduce vascular repair and bone regeneration. Dysfunctional bone marrow-derived
mesenchymal stem cells (BMSCs), contribute to poor bone healing and remodeling [102].

Neurogenic heterotopic ossification (NHO) involves abnormal bone formation in soft
tissues following central nervous system injury. Although the mechanisms remain unclear,
immune modulation may offer therapeutic potential in preventing or treating NHO [103].

HIV infection and immunosuppressive therapy also impact skeletal health. HIV
severely compromises immune function and is associated with bone deterioration. An-
tiretroviral therapy can paradoxically induce bone loss by reactivating immune responses
that stimulate osteoclastogenesis. Inflammatory rebound during immune reconstitution
may further exacerbate bone resorption, illustrating the complex interplay between immune
restoration and skeletal integrity [104].

6. Inmunomodulation in Bone Regeneration

Bone regeneration is a complex process that depends not only on osteogenic cells and
biomaterials but also on the orchestration of immune responses [105]. The emerging field
of osteoimmunomodulation highlights the critical role of immune cells and their signaling
molecules play a pivotal role in scaffold integration, tissue repair, and long-term healing.
Rather than suppressing immune activity, modern strategies aim to guide and harness it to
promote regeneration [106].

6.1. Bone Scaffolds for Immunomodulation

Biomaterial implants and medical devices are widely used to repair or regenerate
damaged tissues. In bone tissue engineering, scaffolds serve as substrates to deliver cells,
provide biological signals, and activate endogenous repair mechanisms [107]. Ideal scaf-
folds must be biocompatible, non-toxic, and non-carcinogenic, with strong osteoconductive
and osteoinductive properties. Common materials include natural polymers (e.g., collagen,
chitosan), synthetic polymers (e.g., polyesters), ceramics (e.g., bioglass, calcium phosphate),
metals (e.g., titanium alloys), and composites [108]. Upon implantation, biomaterials inter-
act with the host immune system. The process triggers an inflammatory response, inducing
protein adsorption and platelet activation, followed by recruitment of innate immune cells,
neutrophils, monocytes, and macrophages. These cells secrete cytokines and enzymes that
influence scaffold integration [109] (Figure 4).
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Figure 4. Inmunomodulatory Interactions Between Bone Scaffolds and the Host Immune System.

Macrophages play a dual role. They help clear debris and orchestrate repair, but can
also drive chronic inflammation and fibrotic encapsulation, known as the foreign body
response. This response may isolate the implant in a dense extracellular matrix capsule,
preventing osseointegration and rendering the scaffold nonfunctional [110].

To overcome this, new biomaterials are being designed with osteoimmunomodulatory
(OIM) properties. These materials actively modulate the local immune environment to
favor osteogenesis and improve scaffold integration [111,112].

6.2. Scaffold-Based Strategies for Local Immune Modulation
To enhance bone regeneration, a variety of scaffold-based strategies have been devel-

oped to actively modulate the local immune microenvironment (Figure 5).
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Figure 5. Scaffold-Based Strategies for Local Immune Modulation. Schematic representation of
key scaffold-based strategies used to modulate the local immune microenvironment and enhance
bone regeneration.

These approaches reflect the shift toward immunologically informed biomaterials that
engage the immune system to optimize healing.
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One primary approach involves the physical and chemical modification of scaffold
properties. Parameters such as stiffness, geometry, hydrophilicity, surface charge, pore
size, and porosity have been shown to significantly influence immune cell behavior and
cytokine secretion, thereby shaping the inflammatory response and promoting tissue
integration [109,113]. For example, surface topography and mechanical cues can guide
macrophage polarization and dendritic cell activation, contributing to a pro-regenerative
immune niche.

Another key approach involves engineering scaffolds to facilitate the controlled release
of therapeutic agents, such as proteins, cytokines, drugs, and peptides, that suppress
inflammation and direct immune cell behavior. Anti-inflammatory interleukins such as
IL-4 and IL-10 promote M2 macrophage polarization, which supports tissue repair and
limits recruitment of pro-inflammatory cells. Co-delivery of glucocorticoids with IL-6 or
IL-10 has demonstrated efficacy in reducing peri-implant inflammation and improving
scaffold integration [112].

Modulating leukocyte recruitment is another promising possibility. Cytokines like
IL-10 can prevent infiltration of pro-inflammatory leukocytes, helping establish a regen-
erative immune microenvironment. This is especially beneficial in chronic inflammatory
conditions, where excessive immune activation can impair scaffold performance [110].

A biologically sophisticated strategy involves the incorporation of MSCs into scaf-
folds. MSCs offer both regenerative and immunoregulatory benefits. They secrete
anti-inflammatory cytokines such as TGF-$1 and IL-10, and modulate the behavior of
macrophages, dendritic cells, and T cells. These interactions promote a pro-healing im-
mune response. In vivo studies have shown that MSC-loaded scaffolds can mitigate foreign
body responses, limit fibrosis, and enhance tissue repair [107].

6.3. Hydrogel Systems and Advanced Delivery Platforms

Hydrogels are emerging as versatile platforms for immunomodulation due to their
intrinsic biocompatibility and highly tunable physicochemical properties. They can respond
to environmental stimuli, such as changes in pH, temperature, or inflammatory signals, to
release therapeutic agents precisely when and where needed.

Incorporating nanoparticles into hydrogels enhances structural stability and allows
sequential or sustained delivery of bioactive molecules [114,115]. One of their key advan-
tages is the ability to restore immune homeostasis at injury site. Hydrogels modulate the
local immune microenvironment, balancing effector and regulatory immune cell activity
to promote tissue repair and prevent chronic inflammation [19]. This immunoregulatory
capacity, combined with spatially targeted release, makes hydrogels ideal for localized
bone regeneration. They improve therapeutic precision and reduce systemic side effects,
positioning them as a cornerstone of next-generation regenerative biomaterials [115].

7. Current Challenges and Future Perspectives

Despite the promising advances in biomaterial design and hydrogel-based im-
munomodulatory platforms, several challenges remain before these technologies can be
fully translated into clinical practice. One of the primary barriers is the complexity of
the immune response in human patients, which varies significantly across individuals
and disease conditions. Translating preclinical success into clinical outcomes requires
rigorous validation, scalable manufacturing processes, and alignment with regulatory
standards [49,116].

Personalized approaches in osteoimmunomodulation are gaining attention. These
strategies aim to tailor biomaterial properties and therapeutic payloads to match each
patient’s immune profile and bone healing needs. Precision-based strategies hold promise



Int. J. Mol. Sci. 2025, 26, 11642

12 0f 18

for treating complex conditions such as non-union fractures, autoimmune-related bone
loss, and aging-associated regeneration deficits [106,112].

Looking ahead, emerging technologies, including bioresponsive hydrogels, 3D bio-
printing, and Al-guided design, are set to revolutionize the field. These innovations,
coupled with interdisciplinary collaborations among immunologists, materials scientists,
and clinicians, will be essential to unlock the full therapeutic potential of immunomodula-
tory biomaterials in bone regeneration [117].

8. Conclusions

Osteoimmunity has emerged as a pivotal regulator in bone tissue engineering (BTE),
reshaping our understanding of how immune responses influence skeletal repair. The intri-
cate interplay between immune and bone-forming cells influences inflammation, healing,
biomaterial integration and long-term regeneration. This evolving knowledge has led to
the development of immunomodulatory strategies that harness the immune system as a
therapeutic partner rather than a barrier.

Osteoimmunology also offers a framework for identifying specific molecular and
cellular targets in the treatment of bone diseases. By decoding immune signaling path-
ways, researchers can modulate their impact on bone remodeling and repair. This deeper
understanding of immune-bone crosstalk enables the design of innovative therapeutic
approaches, particularly in the context of scaffold-based interventions.

Looking forward, immune-guided bone healing strategies offer a transformative
approach to regenerative medicine. Biomaterials such as hydrogels, bioactive scaffolds,
and smart delivery systems are being engineered to interact with and modulate the im-
mune microenvironment. The incorporation of molecules like anti-inflammatory cytokines
or immunoregulatory peptides enhances the regenerative potential of next-generation
bone implants.

As technologies evolve and interdisciplinary collaborations deepen, osteomodulatory
biomaterials are poised to become important tools in advanced BTE. These innovations
bridge biological complexity and clinical precision, offering personalized, efficient, and
targeted solutions for skeletal regeneration.
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Abbreviations

The following abbreviations are used in this manuscript:

BTE Bone Tissue Engineering
BMSCs Bone marrow stromal cells
HSCs Hematopoietic stem cells
BMUs Basic multicellular units
IL-1 Interleukin-1

IL-6 Interleukin-6

TNF-o Tumor necrosis factor-alpha

IFN-3 Interferon-beta

IFN- Interferon-gamma

IL-4 Interleukin-4

IL-12 Interleukin-12

IL-18 Interleukin-18

NK Natural killer

PRRs Pattern recognition receptors

TLRs Toll-like receptors

NLRs NOD-like receptors

RLRs RIG-I-like receptors

PAMPs  Pathogen-associated molecular patterns
DAMPs  Danger-associated molecular patterns
IL-17 Interleukin-17

IL-10 Interleukin-10

IL-13 Interleukin-13

PTHrP  Parathyroid hormone-related peptide
PGE2 Prostaglandin E2

OorG Osteoprotegerin

RANKL  Receptor activator of nuclear factor kB ligand
M-CSF ~ Macrophage colony-stimulating factor
PTH Parathyroid hormone

IL-11 Interleukin-11

TGF-3 Transforming growth factor-beta

RA Rheumatoid arthritis

HSPCs Hematopoietic stem/progenitor cells
NHO Neurogenic heterotopic

OIM Osteoimmunomodulatory

MSCs Mesenchymal stem cells
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