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Abstract: 

Fracture healing is a complex and dynamic biological process essential for the restoration of bone structure and function following 

injury. This paper delves into the intricate roles of immune cells throughout the stages of fracture healing, encompassing the 

inflammatory, proliferative, and remodeling phases. The immune system, comprising both innate and adaptive components, 

orchestrates the response to fractures, with immune cells like neutrophils, macrophages, T lymphocytes, and monocytes actively 

contributing to tissue repair and regeneration. 

In the inflammatory phase, neutrophils serve as the vanguard, swiftly clearing debris and pathogens, while macrophages coordinate 

the resolution of inflammation and release essential growth factors. Mast cells, though lesser known, also participate in this early 

response. During the proliferative phase, T lymphocytes and monocytes play vital roles in angiogenesis, fibroblast activation, and 
osteoblast function, all of which are crucial for successful healing. 

The final stage, the remodeling phase, witnesses a transition in immune cell activity from pro-inflammatory to anti-inflammatory. 

Macrophages, in particular, assist in resolving inflammation. Moreover, immune cells regulate osteoclast activity and bone 

remodeling, ensuring the restoration of bone strength. Immune cells also engage with mesenchymal stem cells, further influencing 

the tissue regeneration process. 

This research holds promising implications for understanding non-union and delayed fracture healing, as well as for the development 

of targeted therapeutic strategies to enhance patient outcomes. However, the complexities of immune cell interactions require further 

investigation to translate these findings into clinical applications. Ultimately, this paper underscores the pivotal role of immune cells 

in fracture healing, offering a comprehensive understanding of the subject and its potential for advancing patient care and innovative 

therapies. 

 

1. Introduction 

Fracture healing is a complex and highly regulated biological process that aims to restore the structural integrity and functionality of 

a fractured bone. Fractures, resulting from trauma, repetitive stress, or underlying bone conditions, are common injuries that pose 

significant challenges to patients and healthcare providers. Fracture healing encompasses a sequence of phases, including 

inflammation, proliferation, and remodeling, which occur in a coordinated manner to facilitate tissue repair and regeneration (1). The 

inflammatory phase is characterized by the release of various pro-inflammatory factors and the recruitment of immune cells to the 

site of injury. These initial processes are crucial for clearing debris, promoting angiogenesis, and creating an optimal environment 

for subsequent healing events (2). Immune cells play pivotal roles in fracture healing by orchestrating the immune response, 

modulating inflammation, and regulating the activities of other cell types involved in the healing process. Neutrophils, macrophages, 

mast cells, T lymphocytes, and monocytes are key immune cell populations that actively participate in fracture healing (3). 

Neutrophils are the first responders to the site of injury and help clear pathogens and cellular debris. Macrophages, on the other hand, 

contribute to the resolution of inflammation, secretion of growth factors, and tissue remodeling (4). T lymphocytes and monocytes 

also play crucial roles in the healing process, influencing angiogenesis, fibroblast and osteoblast activity, and bone remodeling (5, 6) 
this Review aims to provide a comprehensive exploration of the role of immune cells in fracture healing. 

  

2. Immune System- 

The immune system is a complex network of cells, tissues, and organs that work together to defend the body against pathogens, 

foreign substances, and abnormal cells. It plays a crucial role in maintaining homeostasis and protecting the body from infections and 

diseases. The immune system can be divided into two main components: the innate immune system and the adaptive immune system. 

The innate immune system provides immediate, nonspecific defense mechanisms, while the adaptive immune system mounts specific 
responses to encountered antigens. 

 

2.1 Immune System Involved in Fracture Healing- 

2.1.1 Innate Immune Cells: 

Innate immune cells are the first line of defense against pathogens and are involved in the early stages of fracture healing. Neutrophils, 

the most abundant innate immune cells, are rapidly recruited to the site    of injury and play a crucial role in clearing cellular debris 

and pathogens. Macrophages, another important innate immune cell type, are involved in the removal of dead tissue, secretion of 

growth factors, and modulation of inflammation during fracture healing (7). 
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2.1.2 Adaptive Immune Cells: 

Adaptive immune cells, including T lymphocytes and B lymphocytes, play a role in fracture healing, primarily during the proliferative 

and remodeling phases. T lymphocytes are involved in modulating the immune response, regulating osteoblast function, and 

promoting bone formation (8). B lymphocytes contribute to bone healing through the production of antibodies and the secretion of 

cytokines that regulate osteoclast activity and bone remodeling (9). 

 

2.2 Interaction between Immune Cells and Other Cell Types during Fracture Healing- 

During fracture healing, immune cells interact with various other cell types to co-ordinate the healing process. Immune cells release 

cytokines, chemokines, and growth factors that attract and activate other cell populations involved in fracture repair. For example, 

immune cells interact with mesenchymal stem cells, fibroblasts, osteoblasts, and osteoclasts, influencing their recruitment, 

proliferation, differentiation, and function (10). The interplay between immune cells and mesenchymal stem cells is particularly 

important, as immune cells regulate the differentiation of these cells into osteogenic lineages and contribute to the formation of callus 

tissue (11). Additionally, immune cells modulate the activity of osteoblasts and osteoclasts, the cells responsible for bone formation 

and resorption, respectively, thereby influencing bone remodeling and the restoration of bone strength (12). 

 

3. Inflammatory Phase 

The inflammatory phase is the initial stage of fracture healing and is characterized by the activation of the immune system and the 

initiation of an inflammatory response at the site of the fracture. This phase is essential for the clearance of cellular debris, pathogens, 

and damaged tissue, creating an optimal environment for subsequent healing processes. 

 

3.1 Role of Immune Cells in the Inflammatory Response- 

3.1.1 Neutrophils: Neutrophils are the first immune cells to arrive at the site of a fracture during the inflammatory phase. They play 

a crucial role in the clearance of pathogens and cellular debris through phagocytosis. Neutrophils release antimicrobial peptides, 

reactive oxygen species, and pro-inflammatory cytokines, contributing to the local inflammatory response (13). Additionally, they 
release proteases that aid in the breakdown of damaged tissue (14). 

3.1.2 Macrophages: Macrophages are key immune cells involved in the inflammatory phase of fracture healing. They are derived 

from circulating monocytes and are recruited to the fracture site. Macrophages phagocytose cellular debris, dead cells, and pathogens, 

promoting clearance and creating a clean environment for subsequent healing (15). Furthermore, macrophages secrete various growth 

factors and cytokines, such as transforming growth factor-beta (TGF-β), platelet-derived growth factor (PDGF), and interleukin-1 
(IL-1), which are crucial for the subsequent stages of healing (16). 

3.1.3 Mast Cells: Mast cells are immune cells that play a role in the inflammatory response during fracture healing. They are present 

in connective tissues, including the periosteum, and are activated upon injury. Mast cells release histamine, heparin, and various 

inflammatory mediators, which contribute to vasodilation, increased vascular permeability, and the recruitment of other immune cells 

to the fracture site (17). Mast cells also secrete cytokines and growth factors that modulate the inflammatory response and influence 
the activity of other immune cells (18). 

 

3.2 Functions of Immune Cells during the Inflammatory Phase- 

During the inflammatory phase of fracture healing, immune cells, including neutrophils, macrophages, and mast cells, perform several 

essential functions: 

3.2.1 Phagocytosis: Immune cells remove cellular debris, pathogens, and dead cells through phagocytosis, clearing the site of injury. 

3.2.2 Secretion of Inflammatory Mediators: Immune cells release pro-inflammatory cytokines, chemokines, and growth factors 
that help recruit other immune cells and initiate the healing response. 

3.2.3 Modulation of Inflammation: Immune cells contribute to the regulation of the inflammatory response, promoting the 

resolution of inflammation and preventing excessive tissue damage. 

3.2.4 Promotion of Angiogenesis: Immune cells secrete factors that stimulate angiogenesis, ensuring adequate blood supply to the 
fracture site for nutrient delivery and the recruitment of other healing cells. 

 

4. Proliferative Phase 

The proliferative phase is a crucial stage in fracture healing characterized by the formation of soft callus and the subsequent transition 

to hard callus. During this phase, various cell populations are involved in the proliferation, migration, and differentiation processes 

necessary for tissue regeneration. Immune cells play significant roles in promoting angiogenesis, fibroblast activity, and osteoblast 

function, all of which are essential for successful fracture healing. 

4.1. Contribution of Immune Cells to Angiogenesis and Neovascularization 

Angiogenesis, the formation of new blood vessels, is critical for delivering oxygen, nutrients, and immune cells to the site of the 

fracture. Immune cells, particularly T lymphocytes, contribute to the process of angiogenesis during the proliferative phase. T 

lymphocytes release angiogenic factors, such as vascular endothelial growth factor (VEGF), which stimulate the growth and sprouting 
of new blood vessels (19). This promotes the development of an adequate blood supply, supporting the progression of fracture healing. 

4.2. Role of Immune Cells in Promoting Fibroblast and Osteoblast Activity 

T lymphocytes: 

T lymphocytes play a regulatory role in fracture healing, influencing the activity of fibroblasts and osteoblasts. They secrete cytokines, 

including interleukin-17 (IL-17) and interferon-gamma (IFN-γ), which can stimulate fibroblast proliferation and collagen synthesis 

(20). Additionally, T lymphocytes modulate osteoblast function and bone formation through the secretion of osteogenic factors and 

the regulation of bone matrix deposition (21). 

Monocytes/Macrophages: 

Monocytes and macrophages are involved in promoting fibroblast and osteoblast activity during the proliferative phase of fracture 

healing. Macrophages secrete growth factors, such as transforming growth factor-beta (TGF-β) and platelet-derived growth factor 
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(PDGF), which play crucial roles in fibroblast migration, proliferation, and extracellular matrix production (22). They also support 
osteoblast differentiation and bone formation through the secretion of factors that promote osteoblast activity and mineralization (23). 

4.3. Modulation of Immune Cell Activity during the Proliferative Phase 

The activity of immune cells is tightly regulated during the proliferative phase of fracture healing. Various factors, including 

cytokines, growth factors, and chemokines, influence the behavior and functions of immune cells. This modulation is essential to 

maintain a balance between inflammatory responses and tissue repair processes. For example, the interaction between immune cells 

and mesenchymal stem cells can influence the differentiation and function of both cell types, contributing to the coordination of the 

healing response (24). 

 

5. Remodeling Phase 

The remodeling phase is the final stage of fracture healing and involves the restructuring and reshaping of the newly formed bone 

tissue to restore its mechanical strength and alignment. During this phase, the focus shifts from the formation of callus tissue to the 

remodeling and maturation of bone. The remodeling phase is characterized by the coordinated activities of various cell types, 
including immune cells, to optimize the biomechanical properties of the healed bone. 

5.1. Involvement of Immune Cells in the Resolution of Inflammation 

Immune cells play a crucial role in the resolution of inflammation during the remodeling phase of fracture healing. As the healing 

process progresses, immune cells, particularly macrophages, switch from pro-inflammatory to anti-inflammatory phenotypes. These 

anti-inflammatory macrophages produce factors such as interleukin-10 (IL-10) and transforming growth factor-beta (TGF-β), which 

help resolve the inflammation and modulate the immune response (25). This resolution of inflammation is essential for allowing the 
transition to the remodeling phase and preventing excessive tissue damage. 

5.2. Role of Immune Cells in Regulating Osteoclast Activity and Bone Remodeling 

Immune cells, including T lymphocytes and macrophages, play a role in regulating osteoclast activity and bone remodeling during 

the remodeling phase of fracture healing. Osteoclasts are responsible for the resorption of existing bone tissue, a crucial step in bone 

remodeling. T lymphocytes secrete RANKL (receptor activator of nuclear factor-kappa B ligand), which stimulates osteoclast 

formation and activity (26). Macrophages, on the other hand, can both promote and inhibit osteoclast activity through the secretion 

of various factors, such as Osteoprotegerin (OPG) and pro-inflammatory cytokines (27). The balance between osteoclast activation 

and inhibition by immune cells contributes to the controlled remodeling of bone tissue. 

5.3. Interplay between Immune Cells and Mesenchymal Stem Cells during the Remodeling Phase 

During the remodeling phase of fracture healing, immune cells interact with mesenchymal stem cells (MSCs) to modulate the healing 

process. Immune cells release factors that can influence MSC behavior, including migration, proliferation, and differentiation. For 

example, macrophages secrete factors such as platelet-derived growth factor (PDGF) and insulin-like growth factor 1 (IGF-1), which 

promote MSC recruitment and differentiation into osteogenic lineages (28). Furthermore, the immune cell-mediated regulation of 

inflammation can impact the paracrine signaling between immune cells and MSCs, influencing tissue regeneration and the remodeling 
process. 

 

6. Implications and Clinical Applications 

6.1. Role of Immune Cells in Non-Union and Delayed Fracture Healing 

A comprehensive understanding of the role of immune cells in fracture healing has significant implications for identifying and 

addressing factors contributing to non-union and delayed healing. Non-union, the failure of a fracture to heal within the expected 

timeframe, can be associated with persistent inflammation, impaired immune cell function, or inadequate angiogenesis (29). Immune 

cell dysregulation, such as prolonged inflammation or impaired recruitment and activation, can hinder the healing process and 

contribute to non-union. By elucidating the specific contributions of immune cells in non-union and delayed healing, targeted 

interventions can be developed to modulate immune cell activity and improve healing outcomes. 

6.2. Therapeutic Strategies Targeting Immune Cells to Enhance Fracture Healing 

The identification of immune cells as key players in fracture healing opens up avenues for therapeutic interventions aimed at 

enhancing the healing process. Modulating immune cell activity and function through various strategies can promote more efficient 

fracture healing. For example, pharmacological agents targeting specific immune cell populations, such as macrophages or T 

lymphocytes, can be explored to regulate their functions and balance the inflammatory response (30). Additionally, the use of 

biomaterials or scaffolds incorporating immunomodulatory factors can provide a localized delivery system to modulate immune cell 

behavior and promote bone regeneration (31). Such therapeutic strategies targeting immune cells hold promise for improving fracture 

healing outcomes and may be valuable in the development of clinical applications. 

6.3. Potential Challenges and Future Directions 

While the role of immune cells in fracture healing is an active area of research, several challenges and future directions should be 

considered. First, there is a need to further unravel the intricate interactions and signaling mechanisms between immune cells and 

other cell types involved in fracture healing. This will enhance our understanding of the complex immune cell dynamics during 

different phases of healing and allow for more targeted therapeutic interventions. Additionally, optimizing the timing, dosage, and 

duration of immunomodulatory treatments requires careful consideration to avoid undesirable side effects or complications. The 

development of more precise and controlled therapeutic approaches is necessary to maximize the benefits while minimizing potential 

risks. Furthermore, translating preclinical findings into clinical applications necessitates rigorous validation and testing in well-
designed clinical trials. 

 

Conclusion: 

This Review underscores the crucial role of immune cells in the intricate process of fracture healing. These cells orchestrate the 

immune response and regulate inflammation, ultimately contributing to the restoration of bone integrity. The immune system's innate 

and adaptive components, along with their interactions with various cell types, play vital roles in different phases of healing, from 

inflammation to proliferation and remodeling. Understanding the immune cell dynamics in fracture healing has significant clinical 

implications, particularly in addressing non-union and delayed healing. Targeted therapeutic strategies aimed at modulating immune 

cell behavior hold promise for improving fracture healing outcomes. Despite the promising potential of immune cell-focused 
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interventions, further research is needed to better comprehend the nuances of immune cell interactions and to optimize treatment 

approaches. In conclusion, this study provides a foundation for developing innovative strategies to enhance fracture healing and 
improve patient care. 
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