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Abstract

Bone is a complex organ with the capacity to regenerate. Even with this healing potential,
healing results in fractured bone are unsatisfactory in a considerable patient cohort even
with a good treatment regimen. These delayed healing cases encourage further research
into possible new treatment approaches. The recently developed field of osteoimmunol‐
ogy addressing the tight interconnectivity of the skeletal system and the immune system
could be a promising opportunity in this regard. In this review, the complexity of bone
and the bone healing process are highlighted with an emphasis on the early healing phase.
Specific immune cell subsets are considered for their potential to enhance bone healing
and thus to develop new treatment strategies for patients in need.

Keywords: Regeneration, Fracture, Immune system, Inflammatory reaction, Healing

1. Introduction

1.1. Fracture Incidences

Bone injuries are frequent occurrences in daily life. Considering Germany as an example for a
country with a health system guaranteeing treatment for fracture patients at a high standard,
fractures of the extremities ranged between 560,000 and 640,000 cases per year over the past 10
years, with around 150,000 fractures of the femur and tibia, respectively (Figure 1). The statistical
federal ministry recorded 802,662 fractures in Germany in the year 2014 (Statistisches Bundes-
amt, Wiesbaden, 2016-01-11). These numbers can be split up even further by age, where 38% of
the patients with fractures of the extremities were older than 75 years, 33% between the age of
50 and 75 years, 16% between 25 and 50 years, and only 13% were younger than 25 years
(Figure 2A, B).
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Figure 1. Fracture incidence in Germany (Gesundheitsberichterstattung des Bundes, 2016-01-11)—fractures of hand,
arm, shoulder, leg and foot—incidence for 2004–2014.

Even in an environment with a good healthcare system and the normally very good healing
potential of bone, 10–20% of all fracture patients still experience a delayed or nonunion after
osseous injury [1–3] (Figure 2C). To overcome these delays in healing or reduce the nonhealing
ratio, further research to gain understanding on the causes of healing delay or lack of healing
is essential to enable new treatment strategies that support bone regeneration even under
compromised conditions. With respect to the development of our population, the research into
fracture treatment strategies becomes even more important as demography predicts an aging
of the population. In Europe, it is Germany with the highest percentage of people over 65 years
of age, and this percentage is rising (Figure 2A). In 1990, about 15% of the Germans were older
than 65 years, and in 2011, this percentage had grown to 21% of people being over 65 years
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old (Statistisches Bundesamt, Eurostat 2011). This is important because the fracture incidence
is higher in elderly people (Figure 2B). The demographic projection of the UN World Popu‐
lation Projections for the years up to 2025 foresees an increase of over 50-year-old people of
20%, which equals 219 million people in 2025. Further stratifying this by age groups, the highest
growth of 32% is expected for people aged 80 years or older. Consequently, the fracture
incidence in elderly will increase by 28% of the 4.5 million fractures estimated for 2025. With
this high number of fracture patients with an advanced age, it is eminent to consider age-
related alterations that might influence the capacity of osseous tissue to regenerate normally.
With increasing age, it is the immune system that undergoes major transformation influencing
bone regeneration considerably. To provide adequate treatment options, it is essential to
unravel the interactions of the immune and skeletal system.

Figure 2. (A) Age distribution in Germany 2014 and (B) fracture incidence according to designated age groups. (C) Un‐
satisfactory healing results in fracture patients in corresponding age groups are shown, this includes malalignment,
delayed healing and pseudarthrosis (nonunion) (M84 classification) (based on Statistisches Bundesamt, Wiesbaden
2016).

1.2. Primary and secondary healing

Bone is a remarkable organ because it is capable of regeneration and complete restoration of
the osseous integrity both in form and function. Bone repair and fracture healing are unique
because they recapitulate many of the ontological events that occur during the embryological
development of the skeleton [4, 5]. To reach the “restitutio ad integrum,” bone provides two
mechanisms of scarless healing and regeneration: primary and secondary bone healing.
Primary bone healing is only possible when the bone fragments are realigned anatomically,
and the fracture zone is held under compression by an adequate fixation without a gap between
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the bony ends (Figure 3A). Stable fixation and no relative movement are required when basic
multicellular units consisting of cutting cones with osteoclasts and following bone-forming
osteoblasts cross the fracture line to directly rebuild bone and thus re-establishing the osseous
integrity at the fracture side [6, 7]. During this process, the new bone is directly organized as
osteons and oriented along the dominant mechanical loading direction [8, 9]. Primary bone
healing was for a long time considered as the best possible healing process and thus was the
aim when fractured bone was clinically treated [10].

Figure 3. X-ray images from fracture patients: (A) fracture treated with an open reposition and internal fixation (ORIP)
procedure with correct anatomical reconstruction of the fracture ends without fracture gap consistency—the bone will
heal without callus formation through primary bone healing. (B) Comminuted fracture treated with an internal nail.
Several gaps between the fractured bone ends remain and healing takes place by secondary bone healing as the callus
visible in the image B2 taken 3 months after treatment clearly shows.

Secondary bone healing occurs whenever a gap persists between the fractured ends or when
there is instability and thus interfragmentary movement (Figure 3B). This for example is the
case if anatomical repositioning is not possible due to comminuted fractures or large bone
defects. In secondary bone healing, a substitute tissue is formed to regain stability as fast as
possible: an intermediate cartilage callus ensues. While intramembranous bone formation
starts to consolidate the injured bone in the periosteal regions of the fracture gap, endochondral
ossification processes start with the formation of cartilage islands in the gap between the
fracture ends, forming an intermediate soft callus. Cartilage mineralization starts the woven
bone formation process, which results in a hard callus. The final remodeling then restores the
form of the continuous bone [11]. The intermediate cartilage step that provides a fast regaining
of stability and reduces any interfragmentary movements often has a larger diameter than the
original bone, especially if, as it would occur in nature, the bone remains untreated. It provides
an increased polar moment of inertia against torsion and also withstands bending loads [12,
13]. While the large callus provides an evolutionary advantage to quickly regain mobility, it
can be prevented in clinical settings by a stable fixation of the fractured bone [14].
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1.3. Fracture treatment

In the wild, a fractured long bone often leads to death of the injured animal. However, it seems
that the younger the animal is when the fracture occurs, the higher are the chances of survival
[15]. If an animal survives a long bone fracture, the bones most likely heals with a severe
misalignment. The potent remodeling capacity of the bones will however strive to restore the
mechanically defined form of the bone, which is dictated by the surface strains the bone sense
during physiological activities.

In our society, most fractures are treated in such an efficient way that only in rare cases bone
fractures lead to death. Fracture treatment in the form of stabilizing the fractured bone goes
back at least to 2400 years before Christ as excavated mummies from an Egyptian tomb proved.
Prof. G. Elliott Smith discovered the splintered bones during the Hearst Egyptian expedition
at Naga-ed-Der in 1903 on two mummies [16]. Both died shortly after the fracture because no
healing signs were observed on the bones even though the Egyptians seemed to have reached
some proficiency in fracture treatment as other relicts with healed fractures, found later on,
could prove. In most cases, healed femoral fractures showed limb shortening or deformation,
whereas forearm fractures healed well, demonstrating the challenge of reestablishing weight
bearing capacity with the fracture treatment. An Arab surgeon, El Zahrawi (936–1013 AD)
described in his treatise “The Surgery” a splinting technique, which was used for a long time,
consisting of several layers of bandages combined with splints to provide stability for the
fractured limb [17]—a fracture treatment also described by Hippocrates and Celsus [18] and
one that is to an extend still valid today.

In the early 1770, first records on internal fracture fixation using ligatures or wire fixation are
reported from France [19]. This was followed by the introduction of screws around 1850, again
in France [20], and the development of plate fixation reported in 1886 by Hansmann [21] of
Hamburg.

Robert Danis (1880–1962) furthered the development of the concept of internal fixation to
permit functional rehabilitation. He stated that an osteosynthesis is not entirely successful until
it provides immediate mobilization, complete restoration of the form of the bone, and enables
primary bone healing without the formation of a callus. This thesis was published in “Danis
R.: Théorie et Pratique de l’Ostéosynthèse, Paris, Masson, 1949”. Between the 15th and 17th of
March 1958, a number of orthopedics met in the Kantonsspital of Chur and based on the work
of Danis they formulated a number of papers on osteosynthesis and thus the AO—Arbeitsge‐
meinschaft für Osteosynthesefragen—was founded. The AO has continued to improve the
principles of fracture treatment since then and is still a renowned entity in the orthopedic
community.

Even with these tremendous progresses in fracture treatment, there are still several open
questions concerning the treatment regimen: mal-fixation with too stable or too unstable
fixation [22–25], critical gap size [26, 27], a deficit in angiogenesis together with the formation
of atrophic pseudarthrosis [28–31], and deficits in the control of the inflammatory cascades
[32–34] are challenging clinical situations that still lead to unsatisfactory healing results for
patients and surgeons as well.
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2. Immune cells and bone regeneration

2.1. Bone – a complex organ

Bone is not simply a hard nonorganic material that functions as an anchor for muscles and
tendons providing stability and form for our bodies and enabling movement through the
interplay of our musculoskeletal system; it is also protecting vital organs, such as the brain,
lungs, and heart, and it is a living organ regulating homeostasis. Additionally, it is an organ
that is essential for our immune system, as these cells arise and/or mature from stem cells in
the bone marrow, it is also an organ that interacts with our hormonal balance through a
multitude of factors, including the hormone osteocalcin [35], and acts as a storage not only for
calcium, phosphate, and magnesium but also for growth factors, as for example transforming
growth factor-β (TGF-β).

Figure 4. Bone is a complex organ. A long bone can be divided into epi-, meta-, and diaphyseal regions. The epiphy‐
seal region contains the growth plate—the region of length growth of the bone. The epiphyseal zone is broad in young
individuals and diminishes with age. Details are shown in a histological image where the transition from cartilage to
trabecular bone is shown (A). Bone building cells are the osteoblasts. On the bone surface, they are arranged in pali‐
sade formation while synthesizing new bone matrix, the osteoid. They mature while they encase themselves in osteoid
and finally mineralized bone matrix and become osteocytes (E). Osteoclasts on the other hand degrade bone; they are
large multinucleated cells with a ruffled border directed at the bone surface (D). To emphasize the size difference, scale
bars are enclosed in the image of the osteoclast and osteoblast. The bone marrow cavity is filled with bone marrow
cells and a network of vessels (C). The vessel structure is explained more in detail with a cross section of long bone on
the right-hand side. The cortical bone is covered by the endosteum on the inside and the periosteum on the outside.
The periost is a rich source of cells, which are located in the stratum cambium (indicated in the histological out take),
here visible by their dark nuclei. The stratum fibrosum covers the stratum cambium and is followed by a fascia and
muscle closely adjacent to the bone (B). Blood vessel structure in the bone marrow: The bone is highly vascularized,
next to a central vein and an artery system of sinusoids, arterials and transient zone vessels pervade the bone marrow
cavity as indicated in the cross section of the bone on the right. Osteon structure of lamellar bone: The histological out
take of the cross section shows the osteon structure of lamellar bone with its Haversian system. The bones are depicted
as μCT 3D reconstruction images of mouse femura. Histological stainings are HE, hematoxylin eosin; MP, Movat pen‐
tachrome; and Ab, Alcian blue on paraffin- or plastic-embedded sections of long bone samples of mouse and sheep.

Advanced Techniques in Bone Regeneration174



Bone healing is a complex process that involves a variety of different cells and signaling
molecules, which originate not only from the bone, and here specifically from the periosteum,
the cortical or cancellous bone, the endosteum and the bone marrow, but also from surround‐
ing muscle tissue (Figure 4). An important supplier for cells and signals is the vasculature and
thus the blood as a carrier. Bone is a very well-vascularized organ. Osteons are tube-shaped
structures within the bone with an open space for blood vessels, veins, and nerves in the center.
Small capillaries are found in the bone marrow near the endosteum, which continue into
arterioles and sinusoids (with fenestrated basal membranes) towards the center where a large
artery and central sinusoid transverse longitudinally through the bone marrow space [36].
Through the vessel connectivity, any osseous injury is prone to be influenced by systemic
effects and vice versa to influence the systemic homeostasis. For example, the callus formation
of injured bone is heightened in patients with traumatic brain injury. In this case, systemic
changes caused by the brain injury influence the bone healing, most likely due to a competition
for nutrients between the two injury sites and an altered hormone homeostasis [37, 38].
Another systemic effect that is most likely communicated to the bone is a change in the
inflammatory state of an injured person—a higher systemic inflammatory reactivity will
disturb the bone healing process and prolong the healing time necessary to achieve bridging
[39]. Upon fracture, the vascular system of the bone is disrupted at the injury site, and it is
imperative that revascularization swiftly occurs in order for a successful healing process.
Tissue formation relies on the supply through the vasculature with oxygen, nutrients, signaling
molecules and cells [29, 31, 40–42]. Restoration of the vasculature also enables cell recruitment
of circulating regenerative cells towards the fracture site [41–44].

The cells partaking in the bone healing process do not only originate from the bone itself, but
they also migrate out of different cell sources, which contribute finally to the healing process.
A rich cell source for cells contributing to bone healing after injury is the periosteum as well
as the bone marrow from where cells are attracted to migrate towards the injury site [45–47].
The muscle surrounding the fractured bone is also a valuable source for growth factors and
stem cells, promoting revascularization and thus the bone healing process [48].

On analyzing bone healing, it is important to keep in mind that there are several different
compartments involved, including the bone itself, the medullary cavity, the surrounding
muscle and connective tissue, the blood supply, the metabolism, and the immune system.

2.2. Fracture healing

The fracture healing process itself is a strictly controlled complex process composed of
consecutive and partly overlapping phases, which progress towards rebuilding bone integrity
in form and function. Different cell types (immune cells, progenitor cells, and mesenchymal
cells) [11] and their signaling molecules (cytokines, growth factors, and chemokines) [49] are
partaking during a successful regenerative process.

Several growth factors involved in the healing cascade are currently under investigation to
develop new therapeutic approaches to enhance bone healing: fibroblast growth factor [50],
insulin-like growth factor [51], platelet-derived growth factor [52], transforming growth factor-
β [53], vascular endothelial growth factor [50], and growth and differentiation factor 5 [54,
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55]. However, the only growth factors so far clinically applied to further bone healing are bone
morphogenetic protein 2 and 7 [56, 57].

The bone healing process can be roughly divided according to the healing steps into an
inflammatory phase, a soft callus phase, and a hard callus phase (Figure 5). Upon closer
observation, however, it becomes apparent that the healing process is more complicated than
that. A more in-depth sequence of the healing cascade would be hematoma phase, proinflam‐
matory phase, hypoxic phase, anti-inflammatory phase, revascularization phase, organized
connective tissue phase, cartilage phase, hypertrophic cartilage phase, revascularization
phase, cartilage mineralization phase, woven bone formation phase and remodeling phase
[58].

Figure 5. Fracture healing cascade: On closer examination, the inflammatory phase can be divided into at least six con‐
secutive and partly overlapping phases showing the transition from the hematoma (red blood cells with some lympho‐
cytes with dark stained nuclei) towards fibrocytes in the organized connective tissue (hematoxylin–eosin staining,
different magnifications and an immunohistological staining for alpha smooth muscle for the revascularization phase).
Soft callus phase can be divided into three phases (Movat pentachrome staining and Safranin van Kossa staining for
the revascularization). The hard callus phase is divided into cartilage mineralization, woven bone formation and re‐
modeling (Movat pentachrome staining).

Due to the complexity of the bone healing cascade with the multitude of different cell types
involved and the plethora of tightly interacting and simultaneously highly controlled signaling
molecules aiming to rebuild an organ consisting of periosteum, cortical bone, endosteum, and
bone marrow in a way that optimally withstands the ruling mechanical strains, the process of
bone regeneration is so far not understood. Therefore, research is compelled to use heuristic
approaches to gain a more in-depth understanding and in conclusion develop new treatment
approaches for patients in need.

2.3. Osteoimmunology

For a long time, bone homeostasis was explained with the balanced interaction of bone-forming
osteoblasts and bone resorbing osteoclasts (Figure 4), however, this simple concept has
changed. The interconnectivity of the skeletal system and the immune system has come into
the focus of current research, consecutively leading to the founding of the new research field
of “osteoimmunology.” This new research field aims to elucidate the complex interactions
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between these two systems in health and disease and already more and more knowledge has
accumulated [59–63], enabling us to consider new treatment possibilities for regeneration in
general and also specifically for bone [64]. The opportunity to control the inflammatory cascade
to stimulate successful bone healing has now been confirmed [32–34, 65].

Both cell systems, the skeletal system and the immune system, originate in the bone marrow.
They share progenitor cells (e.g. osteoclasts/macrophages) and signaling pathways, and due
to their colocalization, which often cross react with each other. This is apparent for example
when considering the RANK/RANKL/OPG system, the system controlling osteoclast differ‐
entiation/activity and thus bone resorption. Activated T cells and osteoblasts are able to express
the membrane-bound and the soluble form of RANKL (receptor activator of nuclear factor
kappa-B ligand) promoting osteoclastogenesis. B cells and osteoblasts produce and secrete
OPG (osteoprotegerin), a decoy receptor blocking the RANK-RANKL ligation, thus inhibiting
osteoclastogenesis [59, 62, 66]. This example illustrates that immune cells are involved in bone
homeostatic processes directing either bone resorption or bone apposition.

Due to the interdependency of the two systems, any considered treatment option of immune
modulation must take into account that by affecting the immune system the skeletal systems
could also be targeted unintentionally.

2.4. The initial inflammatory phase

Vessels are disrupted and bleeding occurs upon injury and the fracturing of bone. The
infiltrating blood coagulates and forms the initial hematoma in the fracture gap. The formation
of a fracture hematoma in the early healing phase is an indispensable step for successful healing
because it develops an angiogenic and osteogenic potential [29, 67]. The removal of the early
fracture hematoma can delay bone healing as it has been demonstrated in animal studies,
where the transplantation of a fracture hematoma can lead to ectopic bone formation [68, 69],
demonstrating its osteogenic potential. The coagulation process and a simultaneous proin‐
flammatory reaction are phylogenetically connected [70]. During evolution, the closure of a
breached outer shell and the defense against possible pathogenic intruders were performed
by one cell, the amebocytes, capable of clotting and a defensive immune response. This
connection has survived evolutionary diversification of the clotting system and the immune
system—both reactions still occur simultaneously upon bleeding. The amebocytes can still be
found today in living fossils, such as the horse shoe crab [70]. Their immune response is so
potent that it is used to monitor endotoxin levels within solutions by pharmaceutical compa‐
nies. The limulus amebocyte lysate (LAL) test is capable of detecting contaminations as low
as one part per trillion [71]. In evolutionary younger organisms, this highly effective immune
cell is being replaced by a whole array of immune cells, which can be divided into an innate
immunity and an adapted immunity, the latter is only found in vertebrates (Figure 6). Each of
these is composed of various different cells: macrophages, neutrophils/granulocytes, mast
cells, natural killer cells, dendritic cells and the complement system belong to the innate
immune system, whereas T and B cells and the humoral immunity belong to the adaptive
immune system. The cells of the adaptive immune system provide their host with a long lasting
and protective immunity by maturing from naïve T and B cells to effector cells, when they
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come in contact with their cognate antigen, and in some cases to memory cells, which allow a
rapid immune response upon recurrent infection with an antigen previously encountered by
the host. It has to be pointed out that the immune system is not only a barrier for extracellular
microbes but also a regulatory system for body homeostasis. The immune system senses
alteration in the environment, for instance damaged or aged cells [72, 73], expressing Toll-like
receptors and other pattern-recognition receptors (PRRs).

Figure 6. Diversity of cells of the immune system. Cells from the bone marrow give rise to the immune cells of the
innate and adaptive immune system and also to the osteoblasts and osteoclasts of the skeletal system.

During fracture healing, both the cells of the innate and the adaptive immunity are involved,
and immune cells play essential roles during all the fracture healing phases [74–77]. The initial
inflammatory reaction ensuing upon hematoma formation initiates the healing cascade and
thus can significantly affect the healing outcome [33, 34]. This initial inflammatory reaction is
characteristic for bone, tightly controlled and different from other tissue healing with scar
formation [32]. In fracture repair, the anti-inflammatory signaling is up-regulated between 24
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and 36 hours after injury to terminate the proinflammatory reaction needed to attract necessary
cells to the injury side [32, 33]. In parallel, the angiogenic signaling is up-regulated to initiate
the essential revascularization process. The timely down-regulation of the initial proinflam‐
matory reaction has been shown to be important as a prolonged proinflammatory reaction
delays the bone healing process [29, 33].

The complexity of the initial immune reaction becomes even more apparent when considering
cytokines expressed by immune cells during the different stages of the bone healing cascade.
Tumor necrosis factor-α (TNF-α) has been reported to peak 24 hours after injury and return
to baseline levels afterwards. During the remodeling phase, TNF-α shows a second expression
peak during normal bone healing [64]. It is suggested that the first wave is due to activated
tissue-resident cells, like macrophages, triggered through PRRs, and the second wave directly
and indirectly by activated T cells. Looking closer into the role of this factor during bone healing
is has been shown that too little, but also too much TNF-α leads to a delay in bone healing [78–
80]. This demonstrates that the cytokine pattern has to be tightly controlled during the
regenerative healing cascade to lead to a satisfactory healing outcome. Interleukin (IL)-17 is
another cytokine that has been acknowledged to influence bone formation. On one hand, this
cytokine has been reported to enable osteoblast formation [81], thus supporting bone forma‐
tion; on the other hand, in the context of osteoporosis treatment, evidence occurred that IL-17
furthered osteoclastogenesis [82], thus supporting bone degradation. Contradictory reports
can also be found for IL-6, which enhances fracture healing [83, 84] but reduces the mechanical
strength of noninjured bone [85]. The microenvironment seems to be highly important for
determination of the effect the cytokines have on the bone healing process, a fact that indicates
the difficulties in using inflammatory cytokines to improve bone healing. The balanced
immune response is highly important for a successful bone regenerative cascade [32, 33, 67].

Upon injury and disruption of the blood vessels, the nutrient and oxygen supply as well as
the transport of metabolic waste is interrupted. The early tissue in the fracture gap consisting
of the hematoma becomes hypoxic because oxygen is no longer provided by the vasculature.
Therefore, cells trapped in the hematoma have to switch towards an anaerobic energy supply.
The use of the remaining glucose in glycolysis to produce adenosine triphosphate (ATP), the
energy molecule of the cellular metabolism, without the consecutive citrate cycle, results in
lactate, an acid that consecutively lowers the pH value during the initial healing phase.
Simultaneously, the sodium and potassium concentrations rise. These conditions present a
milieu that is difficult for some cells, such as progenitor cells [86]. However, innate immune
cells are well equipped to deal with these conditions and thus can be seen as the first responders
to an injury. They express a range of cytokines that attract scavenger cells to clear the detritus
that ensued upon tissue disruption and also direct the cells needed for the regenerative process
towards the injury side. They readily switch from an aerobic energy supply towards an
anaerobic and are often activated upon injury. Not only macrophages but also some T cell
subsets are the most important actors during this first response [87, 88]. Hypoxia is a strong
inducer of hypoxia inducible factor 1α (HIF1α), a transcription factor that is important for
revascularization, cell migration, energy metabolism and growth factor expression, and
therefore involved in the regenerative bone healing cascade [89]. HIF1α is expressed by most
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innate and adaptive immune cells, including macrophages and lymphocytes; they stabilize
HIF1α and are being influenced by HIF1α in their immune cell function [90].

The swift up-regulation of a proinflammatory reaction upon injury activates immune cells,
which are capable to withstand the unfavorable environment and initiate the healing cascade
through a very specific and highly controlled release of cytokines. Hypoxia is an important
trigger for the transcription factor HIF1α that in turn initiates gene expression to instigate
revascularization. For this process to succeed, effective anti-inflammatory signaling has to
begin to terminate the initial proinflammatory reaction. During this initial phase, the track for
a successful healing is thus determined, and it becomes apparent that a skewed first reaction
leads to a delayed healing by consecutively retarding the following healing steps.

2.5. Challenging immune constraints

The interdependency of the immune and skeletal system indicates that there is a change in the
interaction as the immune system changes with the advancement of age. Due to the memory
function of the adaptive immunity in vertebrates, the naïve T and B cell population diminishes
upon aging, whereas the compartment of memory T and B cells grows. More and more
lymphocytes encounter their antigens and the library of known pathogens enlarges. Recent
studies could show that CD8 positive terminally differentiated memory and effector cells
(CD8+ TEMRA cells) have a negative impact on bone healing and osteogenic differentiation of
stem cells [91, 92]. Elderly people with a longer exposure time to antigens thus are prone to
experience delayed healing.

Mice, a common laboratory animal to investigate bone healing, are mostly kept under sterile
conditions. If these animals are housed under less sterile conditions, their immune cell
composition changes so that after 4 weeks of semi-sterile housing the percentage of memory
and effector (CD8+) T cells was markedly enhanced. If bone healing is compared between
sterile raised mice and those exposed mice, our group could show that the regenerative
capacity was reduced [91, 93]. This is an important aspect that should be kept in mind during
future research questions, which are analyzed in mice.

Nonsteroidal anti-inflammatory drugs (NSAIDs) offer pain relief and are commonly used also
on fracture patients. As the name already indicates, these selective cyclooxygenase-2 (COX-2)
inhibitors have anti-inflammatory functions. After reviewing the importance of the initial
inflammatory reaction, the question arises whether this pain medication could delay fracture
healing or not. Indeed there are numerous reports that state that NSAIDs delay healing [94–
98]. The effect, however, depends on the dose and time frame of application and seems to be
more pronounced in older nonselective anti–COX-2 agents [99]. Clinically, NSAIDs are a
valuable alternative to opioids (painkillers directly addressing the nervous system) and still
remain in use also in fracture patients for short-term pain relief.

Several diseases have also been reported to delay bone healing through a changed immune
response. Diabetic-related delay of fracture healing has been linked to higher TNF-α levels
[100]. A weakened immune response in diabetic patients results in a dampened chemotactic
function and defective macrophage activity—two factors that are needed in a successful bone
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healing cascade [101]. A systemic disease with a high impact on the immune system is human
immunodeficiency virus (HIV), and these patients have a bone phenotype with a high
prevalence of osteoporosis and fragility fractures [102]. The impact on fracture healing,
however, is unclear and difficult to determine due to the highly active antiretroviral therapy
that these patients receive [102, 103]. Transplant patients receiving severe immune suppressive
medication also show a higher risk for fractures and delayed healing outcomes. In contrast to
these examples – where the immune system is weakened – conditions where a patient has a
heightened immune answer or is already in a chronic proinflammatory systemic state, such
as rheumatoid and arthritis patients, the prolonged proinflammatory reaction can result in
delays in fracture healing [104–106].

Currently, the patient’s immune status is not being evaluated when a fracture treatment is
considered. However, this could help in the future to stratify patients who would benefit from
an immune modulatory intervention to prevent a delay in fracture healing. This would
especially be true in elderly patients because being bed-ridden for longer periods of time
enhances frailty considerably.

2.6. Specific immune cell subsets that have been identified as important players in the bone
regenerative process

In fracture healing, immune cells from the innate immune system and from the adaptive
immune system are involved with specific and essential roles. Main cell types of the adaptive
immunity are B and T cells with highly specific antigen receptors. Another important aspect
of the adaptive immune system is its memory that enables its fast reaction towards recurring
pathogen invasion. Adaptive immune cells can be activated not only through their antigen
receptors, but also probably more important for the bone healing process through signals
released by the innate immune system. From the innate immune system, especially macro‐
phages have been in the current focus of osteoimmunology.

2.6.1. Macrophages

Macrophages are an important part of the innate immune system; they are among the first
responders in case of an injury. Not only do they prevent pathogen invasion, but they also
help in clearing ensuing cell debris [107]. However, their role in bone healing is even more
complex and even today we have not yet unraveled their participation completely. Tissue-
resident macrophages have been determined as key players in the orchestration of the recovery
process towards a re-establishment of tissue integrity [108]. It was only in 1992 that it was
recovered that macrophages are capable of a phenotype change from a proinflammatory type
towards a prohealing phenotype [109]. The proinflammatory phenotype is named M1 or
classically activated macrophage, and the second phenotype is termed M2 or alternatively
activated macrophage. Since then, these “M2” macrophages have been associated with the
resolution of wound healing in vivo in chronic leg ulcers [110], atherosclerotic lesions [111],
traumatic spinal cord injury [112] and inflammatory renal disease [113]. It turned out that the
M2 population is more divers and therefore subclassifications have been introduced: M2a
(anti-inflammatory), M2b (immune-regulatory) and M2c (remodeling) [114]. In bone healing,
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the prominent macrophage phenotype during the initial phase is M1. Upon attenuating of the
proinflammatory phase, the macrophage phenotype changes towards the M2 phenotype [77].
In a proof of concept study in mice, we were able to show that an induction of the M2 phenotype
early in the fracture healing cascade can enhance bone healing [77].

2.6.2. Regulatory T cells

The T cell population is highly divers and probably pleiotropic as well as interchangeable.
Among the T cells, there seem to be subpopulations supporting the fracture healing process
and also other subpopulations, which have negative effects on the healing process. CD4+ and
CD8+ T cell subsets have been addressed in this context. CD4+ T cells have been shown to
increase osteogenic differentiation in human mesenchymal stem cell cultures in in vitro assays
using their conditioned medium, whereas this effect was missing when observing CD8+ T cells
[115]. The osteogenic effect of CD4+ T cells was further supported through their positive effects
during wound healing [116], however without a more specific determination of the responsible
CD4+ T cell subset. In later studies, regulatory T cells came more and more into the focus as a
CD4+ T cell subset with positive effects on bone healing. Mice with an increased percentage
of regulatory T cells showed higher bone mass and decreased bone resorption when compared
to wild type mice [117, 118]. Regulatory T cells support osteoblast differentiation and have a
negative impact on osteoclast differentiation and function [119]. In a skull defect model in mice,
it was possible to enhance bone healing through the addition of regulatory T cells in combi‐
nation with applied autologous bone graft [120]. Currently under investigation is the possi‐
bility of a direct interaction of regulatory T cells and bone-forming cells or their progenitor
cells, the mesenchymal stromal/stem cells. This interaction is supported by the fact that
mesenchymal stromal/stem cells, as osteoblast precursors, and regulatory T cells use similar
suppression mechanisms for an immune response [121]. The direct interaction between
regulatory T cells and bone-forming cells as well as mesenchymal stromal/stem cells could
proceed through coordination of the CD39-CD73-(adenosine)-ADOR pathway. This puriner‐
gic signaling would potentiate the differentiation of mesenchymal stromal/stem cells and thus
facilitate bone regeneration [122]. Another direct interaction between osteoblasts and regula‐
tory T cells could be the induction of IDO (indoleamine 2,3-dioxygenase) and HO-1 (heme
oxygenase-1) by regulatory T cells [123] or the fact that regulatory T cells can inhibit CD40L
and thus regulating the RANKL-OPG balance in favor of osteoblast differentiation [124].

2.6.3. T helper 17 cells

The lead cytokine expressed by Th17 (T helper 17) is IL-17. The dual effect of IL-17 on
osteoclasts and osteoblasts has been mentioned before. However, these cells are of interest as
novel therapeutics targeting IL-12, IL-23, IL-17, and IL-17 receptor and which are now used to
successfully treat psoriasis by either repressing Th17 differentiation (IL-12/IL-23) or by directly
targeting IL-17. Psoriasis has two manifestations, one in skin (psoriasis vulgaris) and one in
bone (psoriasis arthritis), and the immune modulatory treatment shows positive results in both
[125]. Th-17 cell differentiation is induced by IL-1β, IL-6 and TGF-β [126, 127], with TGF-β
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being responsible for an increase in responsiveness of Th17 cells to IL-23. IL-23 is necessary
for stabilization, survival and proliferation of Th17 cells [128]. This IL-23/Th17 axis is the target
of the immune modulatory therapies currently introduced. For example, a cytokine
neutralizing antibody against the p40 subunit of IL-23 inhibiting Th17 differentiation and
survival, which in consequence lowers IL-17 concentrations, underwent clinical trials [129,
130].

2.6.4. CD8 + TEMRA cells

A direct crosstalk between activated T cells and bone-forming cells can be assumed during the
healing process. Among these T cells, CD8+ TEMRA cells were confirmed to have a negative effect
on the bone regenerative process. High expression levels of TNF-α and interferon-γ (IFN-γ)
of CD8+ T cells decreased the osteogenic differentiation capacity in vitro [91]. CD8+ TEMRA cells
can be triggered to express these cytokines without antigen-presenting cells and do not
necessarily need costimulatory molecules like CD80/86-CD28 but are activated by bystander
responsiveness [131–133]. These cells accumulate in the fracture hematoma due to their tissue
homing qualities and they occur in higher numbers in patients experiencing a delayed healing
[91]. In the clinical setting, the recognition of a delayed or missing bone healing is so far only
possible when these healing disturbances become visible in X-ray or computed tomography
evaluations of the fractured bone. An early identification of patients at risk of a delayed or
disturbed fracture healing is still missing. CD8+ TEMRA cells could proof to be a marker for
delayed healing risk in patients, since these cells also show elevated values in peripheral blood.
Predicting patients with an extended need for special fracture treatment could thus just be
done by analyzing the CD8+ TEMRA percentage in peripheral blood early on in the healing
process.

2.6.5. Outlook

Not only the interaction of the skeletal and immune system in fracture healing is not well
understood so far, the immune reaction in itself is also still not unraveled. Aside from the
complexity of the cytokine pattern guiding the regenerative process, the plasticity of the
immune cells is still a vast challenge: M1 macrophage phenotype changing towards M2, Th1
changing towards Th2 response, regulatory T cells changing into Th17 cells and vice versa, to
mention only a few aspects that still have to be understood. First approaches have been
successful in influencing the fracture treatment through immune modulation (NSAIDs or IL-23
neutralization antibodies) but the possibilities are far from being exploited. A stratification of
patients can help to decide, which treatment is optimal for which patient, especially with
respect to the current immune status of these patients. With the numbers of delayed healing
fracture patients still vastly unknown and possibly massively underestimated, and the
demographic prognostic of a substantial increase in the elderly population during the next
years, the need for further treatment options is rising together with the necessity of enhanced
basic research in the field of osteoimmunology.

The Role of Immune Reactivity in Bone Regeneration
http://dx.doi.org/10.5772/62476

183



Acknowledgements

This work has been supported through the German Research Foundation (FG 2195—DFG
SCHM2977 and DFG DU298) and the Berlin-Brandenburg Center for Regenerative Therapies.
We like to acknowledge Dr. Serafeim Tsitsilonis for providing X-ray images of fracture
treatment examples from the orthopedic and trauma department of the Charité –
Universitätsmedizin Berlin and Dr. Hanna Schell for providing histological images to visualize
bone anatomy.

Author details

Christian H. Bucher1, Hong Lei2, Georg N. Duda1, Hans-Dieter Volk2 and
Katharina Schmidt-Bleek1*

*Address all correspondence to: katharina.schmidt-bleek@charite.de

1 Julius Wolff Institut, Charité – Universitätsmedizin Berlin, Berlin, Germany

2 Institute of Medical Immunology, Charité –Universitätsmedizin Berlin, Berlin, Germany

References

[1] Haas NP. [Callus modulation--fiction or reality?]. Chirurg 2000;71: 987–8.

[2] Dimitriou R, Tsiridis E, Giannoudis PV. Current concepts of molecular aspects of bone
healing. Injury 2005;36: 1392–404.

[3] Bostrom MP, Camacho NP. Potential role of bone morphogenetic proteins in fracture
healing. Clin Orthop Relat Res 1998;355 Suppl: S274–82.

[4] Einhorn TA. The cell and molecular biology of fracture healing. Clin Orthop Relat Res
1998;355 Suppl: S7–21.

[5] Ferguson C, Alpern E, Miclau T, Helms JA. Does adult fracture repair recapitulate
embryonic skeletal formation? Mech Dev 1999;87: 57–66.

[6] Burger EH, Klein-Nulend J, Smit TH. Strain-derived canalicular fluid flow regulates
osteoclast activity in a remodelling osteon--a proposal. J Biomech 2003;36: 1453–9.

[7] Smit TH, Burger EH, Huyghe JM. A case for strain-induced fluid flow as a regulator of
BMU-coupling and osteonal alignment. J Bone Miner Res 2002;17: 2021–9.

Advanced Techniques in Bone Regeneration184



[8] Smit TH, Burger EH. Is BMU-coupling a strain-regulated phenomenon? A finite
element analysis. J Bone Miner Res 2000;15: 301–7.

[9] Parfitt AM. Osteonal and hemi-osteonal remodeling: the spatial and temporal frame‐
work for signal traffic in adult human bone. J Cell Biochem 1994;55: 273–86.

[10] Perren SM. Fracture healing. The evolution of our understanding. Acta Chir Orthop
Traumatol Cech 2008;75: 241–6.

[11] Schmidt-Bleek K, Petersen A, Dienelt A, Schwarz C, Duda GN. Initiation and early
control of tissue regeneration - bone healing as a model system for tissue regeneration.
Expert Opin Biol Ther 2014;14: 247–59.

[12] Gerstenfeld LC, Alkhiary YM, Krall EA, Nicholls FH, Stapleton SN, Fitch JL, Bauer M,
Kayal R, Graves DT, Jepsen KJ, Einhorn TA. Three-dimensional reconstruction of
fracture callus morphogenesis. J Histochem Cytochem 2006;54: 1215–28.

[13] Epari DR, Schell H, Bail HJ, Duda GN. Instability prolongs the chondral phase during
bone healing in sheep. Bone 2006;38: 864–70.

[14] Epari DR, Kassi JP, Schell H, Duda GN. Timely fracture-healing requires optimization
of axial fixation stability. J Bone Joint Surg Am 2007;89: 1575–85.

[15] Bulstrode C, King J, Roper B. What happens to wild animals with broken bones? Lancet
1986;1: 29–31.

[16] Smith GE. The most ancient splints. Br Med J 1903.

[17] Spink MS, Lewis GL. Albucasis on Surgery and Insturments. London; University of
California Press, 1973; 1-850. Print.

[18] Milne JS. The apparatus used by the Greeks and the Romans in the setting of fractures
and the reduction of dislocations. Interstate Med J 1909;16: 48-60.

[19] Evans PE. Cerclage fixation of a fractured humerus in 1775. Fact or fiction? Clin Orthop
Relat Res 1983;174: 138–42.

[20] Cucuel R. Des vis métalliques enfoncées dans le tissue des os pour le traitement de
certaines fractures. Rev Medicochir Paris 1850;8: 113.

[21] Hansmann C. Eine neue Methode der Fixirung der Fragmente bei complicirten
Fracturen. Verh Dtsch Ges Chir 1886;15: 134.

[22] Mehta M, Strube P, Peters A, Perka C, Hutmacher D, Fratzl P, Duda GN. Influences of
age and mechanical stability on volume, microstructure, and mineralization of the
fracture callus during bone healing: is osteoclast activity the key to age-related impaired
healing? Bone 2010;47: 219–28.

[23] Lienau J, Schmidt-Bleek K, Peters A, Weber H, Bail HJ, Duda GN, Perka C, Schell H.
Insight into the molecular pathophysiology of delayed bone healing in a sheep model.
Tissue Eng Part A 2010;16: 191–9.

The Role of Immune Reactivity in Bone Regeneration
http://dx.doi.org/10.5772/62476

185



[24] Schell H, Thompson MS, Bail HJ, Hoffmann JE, Schill A, Duda GN, Lienau J. Mechanical
induction of critically delayed bone healing in sheep: radiological and biomechanical
results. J Biomech 2008;41: 3066–72.

[25] Schell H, Epari DR, Kassi JP, Bragulla H, Bail HJ, Duda GN. The course of bone healing
is influenced by the initial shear fixation stability. J Orthop Res 2005;23: 1022–8.

[26] Reichert JC, Saifzadeh S, Wullschleger ME, Epari DR, Schutz MA, Duda GN, Schell H,
van Griensven M, Redl H, Hutmacher DW. The challenge of establishing preclinical
models for segmental bone defect research. Biomaterials 2009;30: 2149–63.

[27] Clements JR, Carpenter BB, Pourciau JK. Treating segmental bone defects: a new
technique. J Foot Ankle Surg 2008;47: 350–6.

[28] Fassbender M, Strobel C, Rauhe JS, Bergmann C, Schmidmaier G, Wildemann B. Local
inhibition of angiogenesis results in an atrophic non-union in a rat osteotomy model.
Eur Cell Mater 2011;22: 1–11.

[29] Lienau J, Schmidt-Bleek K, Peters A, Haschke F, Duda GN, Perka C, Bail HJ, Schutze
N, Jakob F, Schell H. Differential regulation of blood vessel formation between standard
and delayed bone healing. J Orthop Res 2009;27: 1133–40.

[30] Carano RA, Filvaroff EH. Angiogenesis and bone repair. Drug Discov Today 2003;8:
980–9.

[31] Keramaris NC, Calori GM, Nikolaou VS, Schemitsch EH, Giannoudis PV. Fracture
vascularity and bone healing: a systematic review of the role of VEGF. Injury 2008;39
Suppl 2: S45-57.

[32] Schmidt-Bleek K, Schell H, Lienau J, Schulz N, Hoff P, Pfaff M, Schmidt G, Martin C,
Perka C, Buttgereit F, Volk HD, Duda G. Initial immune reaction and angiogenesis in
bone healing. J Tissue Eng Regen Med 2014;8: 120-30.

[33] Schmidt-Bleek K, Schell H, Schulz N, Hoff P, Perka C, Buttgereit F, Volk HD, Lienau J,
Duda GN. Inflammatory phase of bone healing initiates the regenerative healing
cascade. Cell Tissue Res 2012;347: 567–73.

[34] Kolar P, Gaber T, Perka C, Duda GN, Buttgereit F. Human early fracture hematoma is
characterized by inflammation and hypoxia. Clin Orthop Relat Res 2011;469: 3118–26.

[35] Schuh-Huerta SM, Pera RA. Reproductive biology: bone returns the favour. Nature
2011;472: 46–7.

[36] Acar M, Kocherlakota KS, Murphy MM, Peyer JG, Oguro H, Inra CN, Jaiyeola C, Zhao
Z, Luby-Phelps K, Morrison SJ. Deep imaging of bone marrow shows non-dividing
stem cells are mainly perisinusoidal. Nature 2015;526: 126–30.

[37] Locher RJ, Lunnemann T, Garbe A, Schaser K, Schmidt-Bleek K, Duda G, Tsitsilonis S.
Traumatic brain injury and bone healing: radiographic and biomechanical analyses of

Advanced Techniques in Bone Regeneration186



bone formation and stability in a combined murine trauma model. J Musculoskelet
Neuronal Interact 2015;15: 309–15.

[38] Tsitsilonis S, Seemann R, Misch M, Wichlas F, Haas NP, Schmidt-Bleek K, Kleber C,
Schaser KD. The effect of traumatic brain injury on bone healing: an experimental study
in a novel in vivo animal model. Injury 2015;46: 661–5.

[39] Kleber C, Becker CA, Malysch T, Reinhold JM, Tsitsilonis S, Duda GN, Schmidt-Bleek
K, Schaser KD. Temporal profile of inflammatory response to fracture and hemorrhagic
shock: proposal of a novel long-term survival murine multiple trauma model. J Orthop
Res 2015;33: 965–70.

[40] Hankenson KD, Dishowitz M, Gray C, Schenker M. Angiogenesis in bone regeneration.
Injury 2011;42: 556–61.

[41] Otsuru S, Tamai K, Yamazaki T, Yoshikawa H, Kaneda Y. Circulating bone marrow-
derived osteoblast progenitor cells are recruited to the bone-forming site by the CXCR4/
stromal cell-derived factor-1 pathway. Stem Cells 2008;26: 223–34.

[42] Farrington-Rock C, Crofts NJ, Doherty MJ, Ashton BA, Griffin-Jones C, Canfield AE.
Chondrogenic and adipogenic potential of microvascular pericytes. Circulation
2004;110: 2226–32.

[43] Matsumoto T, Kuroda R, Mifune Y, Kawamoto A, Shoji T, Miwa M, Asahara T,
Kurosaka M. Circulating endothelial/skeletal progenitor cells for bone regeneration
and healing. Bone 2008;43: 434–9.

[44] Pignolo RJ, Shore EM. Circulating osteogenic precursor cells. Crit Rev Eukaryot Gene
Expr 2010;20: 171–80.

[45] Gruber R, Mayer C, Bobacz K, Krauth MT, Graninger W, Luyten FP, Erlacher L. Effects
of cartilage-derived morphogenetic proteins and osteogenic protein-1 on osteochon‐
drogenic differentiation of periosteum-derived cells. Endocrinology 2001;142: 2087–94.

[46] Colnot C. Skeletal cell fate decisions within periosteum and bone marrow during bone
regeneration. J Bone Miner Res 2009;24: 274–82.

[47] Park D, Spencer JA, Koh BI, Kobayashi T, Fujisaki J, Clemens TL, Lin CP, Kronenberg
HM, Scadden DT. Endogenous bone marrow MSCs are dynamic, fate-restricted
participants in bone maintenance and regeneration. Cell Stem Cell 2012;10: 259–72.

[48] Shah K, Majeed Z, Jonason J, O’Keefe RJ. The role of muscle in bone repair: the cells,
signals, and tissue responses to injury. Curr Osteoporos Rep 2013;11: 130–5.

[49] Ai-Aql ZS, Alagl AS, Graves DT, Gerstenfeld LC, Einhorn TA. Molecular mechanisms
controlling bone formation during fracture healing and distraction osteogenesis. J Dent
Res 2008;87: 107–18.

The Role of Immune Reactivity in Bone Regeneration
http://dx.doi.org/10.5772/62476

187



[50] Willems WF, Larsen M, Giusti G, Friedrich PF, Bishop AT. Revascularization and bone
remodeling of frozen allografts stimulated by intramedullary sustained delivery of
FGF-2 and VEGF. J Orthop Res 2011;29: 1431–6.

[51] Granero-Molto F, Myers TJ, Weis JA, Longobardi L, Li T, Yan Y, Case N, Rubin J,
Spagnoli A. Mesenchymal stem cells expressing insulin-like growth factor-I (MSCIGF)
promote fracture healing and restore new bone formation in Irs1 knockout mice:
analyses of MSCIGF autocrine and paracrine regenerative effects. Stem Cells 2011;29:
1537–48.

[52] Al-Zube L, Breitbart EA, O’Connor JP, Parsons JR, Bradica G, Hart CE, Lin SS. Re‐
combinant human platelet-derived growth factor BB (rhPDGF-BB) and beta-tricalcium
phosphate/collagen matrix enhance fracture healing in a diabetic rat model. J Orthop
Res 2009;27: 1074–81.

[53] Lee JY, Kim KH, Shin SY, Rhyu IC, Lee YM, Park YJ, Chung CP, Lee SJ. Enhanced bone
formation by transforming growth factor-beta1-releasing collagen/chitosan microgra‐
nules. J Biomed Mater Res A 2006;76: 530–9.

[54] Moore YR, Dickinson DP, Wikesjo UM. Growth/differentiation factor-5: a candidate
therapeutic agent for periodontal regeneration? A review of pre-clinical data. J Clin
Periodontol 2010;37: 288–98.

[55] Wulsten D, Glatt V, Ellinghaus A, Schmidt-Bleek K, Petersen A, Schell H, Lienau J,
Sebald W, Ploger F, Seemann P, Duda GN. Time kinetics of bone defect healing in
response to BMP-2 and GDF-5 characterised by in vivo biomechanics. Eur Cell Mater
2011;21: 177–92.

[56] Zwingenberger S, Nich C, Valladares RD, Yao Z, Stiehler M, Goodman SB. Recom‐
mendations and considerations for the use of biologics in orthopedic surgery. BioDrugs
2012;26: 245–56.

[57] Schmidt-Bleek K, Willie BM, Schwabe P, Seemann P, Duda GN. BMPs in bone regen‐
eration: Less is more effective, a paradigm-shift. Cytokine Growth Factor Rev 2016;27:
141-8.

[58] Schmidt-Bleek K, Kwee BJ, Mooney DJ, Duda GN. Boon and bane of inflammation in
bone tissue regeneration and its link with angiogenesis. Tissue Eng Part B Rev 2015;4:
354-64.

[59] Takayanagi H. Osteoimmunology: shared mechanisms and crosstalk between the
immune and bone systems. Nat Rev Immunol 2007;7: 292–304.

[60] Lorenzo J, Choi Y, Horowitz M, Takayanagi H. Osteoimmunology. First Edition.
London: Elsevier; 2011.

[61] Lorenzo J, Horowitz M, Choi Y. Osteoimmunology: interactions of the bone and
immune system. Endocr Rev 2008;29: 403–40.

Advanced Techniques in Bone Regeneration188



[62] Walsh MC, Kim N, Kadono Y, Rho J, Lee SY, Lorenzo J, Choi Y. Osteoimmunology:
interplay between the immune system and bone metabolism. Annu Rev Immunol
2006;24: 33–63.

[63] Nakashima T, Takayanagi H. Osteoimmunology: crosstalk between the immune and
bone systems. J Clin Immunol 2009;29: 555–67.

[64] Mountziaris PM, Spicer PP, Kasper FK, Mikos AG. Harnessing and modulating
inflammation in strategies for bone regeneration. Tissue Eng Part B Rev 2011;17:
393-402.

[65] Hoff P, Gaber T, Schmidt-Bleek K, Senturk U, Tran CL, Blankenstein K, Lutkecosmann
S, Bredahl J, Schuler HJ, Simon P, Wassilew G, Unterhauser F, Burmester GR, Schmid‐
maier G, Perka C, Duda GN, Buttgereit F. Immunologically restricted patients exhibit
a pronounced inflammation and inadequate response to hypoxia in fracture hemato‐
mas. Immunol Res 2011;51: 116-22.

[66] Li Y, Toraldo G, Li A, Yang X, Zhang H, Qian WP, Weitzmann MN. B cells and T cells
are critical for the preservation of bone homeostasis and attainment of peak bone mass
in vivo. Blood 2007;109: 3839–48.

[67] Kolar P, Schmidt-Bleek K, Schell H, Gaber T, Toben D, Schmidmaier G, Perka C,
Buttgereit F, Duda GN. The early fracture hematoma and its potential role in fracture
healing. Tissue Eng Part B Rev 2010;16: 427–34.

[68] Mizuno K, Mineo K, Tachibana T, Sumi M, Matsubara T, Hirohata K. The osteogenetic
potential of fracture haematoma. Subperiosteal and intramuscular transplantation of
the haematoma. J Bone Joint Surg Br 1990;72: 822–9.

[69] Park SH, SilvaM, Bahk WJ, McKellop H, Lieberman JR. Effect of repeated irrigation and
debridement on fracture healing in an animal model. J Orthop Res 2002;20: 1197–204.

[70] Opal SM. Phylogenetic and functional relationships between coagulation and the
innate immune response. Crit Care Med 2000;28: S77-80.

[71] Madrigal AC. The Blood Harvest. Washington: The Atlantic, 2014. Web.

[72] Pugin J. How tissue injury alarms the immune system and causes a systemic inflam‐
matory response syndrome. Ann Intensive Care 2012;2: 27.

[73] Kono H, Rock KL. How dying cells alert the immune system to danger. Nat Rev
Immunol 2008;8: 279–89.

[74] Singh A, Mehdi AA, Srivastava RN, Verma NS. Immunoregulation of bone remodel‐
ling. Int J Crit Illn Inj Sci 2012;2: 75–81.

[75] Neil Granger D, Senchenkova E. Inflammation and microcirculation. In: Neil Granger
D, Granger JP, editor. Integrated Systems Physiology: From Molecule to Function #8.
San Rafael (CA): Morgan & Claypole Life Sciences, 2010. Print.

The Role of Immune Reactivity in Bone Regeneration
http://dx.doi.org/10.5772/62476

189



[76] Konnecke I, Serra A, El Khassawna T, Schlundt C, Schell H, Hauser A, Ellinghaus A,
Volk HD, Radbruch A, Duda GN, Schmidt-Bleek K. T and B cells participate in bone
repair by infiltrating the fracture callus in a two-wave fashion. Bone 2014;64: 155–65.

[77] Schlundt C, El Khassawna T, Serra A, Dienelt A, Wendler S, Schell H, van Rooijen
N,Radbruch A, Lucius R, Hartmann S, Duda GN, Schmidt-Bleek K. Macrophages in
bone fracture healing: their essential role in endochondral ossification. Bone 2015; doi:
10.1016/j.bone.2015.10.019.

[78] Guo R, Yamashita M, Zhang Q, Zhou Q, Chen D, Reynolds DG, Awad HA, Yanoso L,
Zhao L, Schwarz EM, Zhang YE, Boyce BF, Xing L. Ubiquitin ligase Smurf1 mediates
tumor necrosis factor-induced systemic bone loss by promoting proteasomal degrada‐
tion of bone morphogenetic signaling proteins. J Biol Chem 2008;283: 23084–92.

[79] Gerstenfeld LC, Cho TJ, Kon T, Aizawa T, Tsay A, Fitch J, Barnes GL, Graves DT,
Einhorn TA. Impaired fracture healing in the absence of TNF-alpha signaling: the role
of TNF-alpha in endochondral cartilage resorption. J Bone Miner Res 2003;18: 1584–92.

[80] Lehmann W, Edgar CM, Wang K, Cho TJ, Barnes GL, Kakar S, Graves DT, Rueger JM,
Gerstenfeld LC, Einhorn TA. Tumor necrosis factor alpha (TNF-alpha) coordinately
regulates the expression of specific matrix metalloproteinases (MMPS) and angiogenic
factors during fracture healing. Bone 2005;36: 300–10.

[81] Nam D, Mau E, Wang Y, Wright D, Silkstone D, Whetstone H, Whyne C, Alman B. T-
lymphocytes enable osteoblast maturation via IL-17F during the early phase of fracture
repair. PLoS One 2012;7: e40044.

[82] Yuan FL, Li X, Lu WG, Zhao YQ, Li CW, Li JP, Sun JM, Xu RS. Type 17 T-helper cells
might be a promising therapeutic target for osteoporosis. Mol Biol Rep 2012;39: 771–4.

[83] Yang X, Ricciardi BF, Hernandez-Soria A, Shi Y, Pleshko Camacho N, Bostrom MP.
Callus mineralization and maturation are delayed during fracture healing in interleu‐
kin-6 knockout mice. Bone 2007;41: 928–36.

[84] Li Y, Backesjo CM, Haldosen LA, Lindgren U. IL-6 receptor expression and IL-6 effects
change during osteoblast differentiation. Cytokine 2008;43: 165–73.

[85] Rozen N, Lewinson D, Bick T, Jacob ZC, Stein H, Soudry M. Fracture repair: modulation
of fracture-callus and mechanical properties by sequential application of IL-6 following
PTH 1–34 or PTH 28–48. Bone 2007;41: 437–45.

[86] Street J, Winter D, Wang JH, Wakai A, McGuinness A, Redmond HP. Is human fracture
hematoma inherently angiogenic? Clin Orthop Relat Res 2000: 224–37.

[87] Gaber T, Haupl T, Sandig G, Tykwinska K, Fangradt M, Tschirschmann M, Hahne M,
Dziurla R, Erekul K, Lautenbach M, Kolar P, Burmester GR, Buttgereit F. Adaptation
of human CD4+ T cells to pathophysiological hypoxia: a transcriptome analysis. J
Rheumatol 2009;36: 2655–69.

Advanced Techniques in Bone Regeneration190



[88] Fangradt M, Hahne M, Gaber T, Strehl C, Rauch R, Hoff P, Lohning M, Burmester GR,
Buttgereit F. Human monocytes and macrophages differ in their mechanisms of
adaptation to hypoxia. Arthritis Res Ther 2012;14: R181.

[89] Gaber T, Dziurla R, Tripmacher R, Burmester GR, Buttgereit F. Hypoxia inducible factor
(HIF) in rheumatology: low O2! See what HIF can do! Ann Rheum Dis 2005;64: 971–80.

[90] Palazon A, Goldrath AW, Nizet V, Johnson RS. HIF transcription factors, inflammation,
and immunity. Immunity 2014;41: 518–28.

[91] Reinke S, Geissler S, Taylor WR, Schmidt-Bleek K, Juelke K, Schwachmeyer V, Dahne
M, Hartwig T, Akyuz L, Meisel C, Unterwalder N, Singh NB, Reinke P, Haas NP, Volk
HD, Duda GN. Terminally differentiated CD8+ T cells negatively affect bone regener‐
ation in humans. Sci Transl Med 2013;5: 177ra36.

[92] Horwitz EM. Advancing regenerative medicine the translational way. Sci Transl Med
2013;5: 177fs9.

[93] Schlundt C., Schell H., Goodman S.B., Vunjak-Novakovic G., Duda G.N., Schmidt-
Bleek K. Immune modulation as a therapeutic strategy in bone regeneration. J Exp
Orthop 2015;2: 1.

[94] Zhang X, Schwarz EM, Young DA, Puzas JE, Rosier RN, O’Keefe RJ. Cyclooxygenase-2
regulates mesenchymal cell differentiation into the osteoblast lineage and is critically
involved in bone repair. J Clin Invest 2002;109: 1405–15.

[95] Zhang X, Morham SG, Langenbach R, Young DA, Xing L, Boyce BF, Puzas EJ, Rosier
RN, O’Keefe RJ, Schwarz EM. Evidence for a direct role of cyclo-oxygenase 2 in implant
wear debris-induced osteolysis. J Bone Miner Res 2001;16: 660–70.

[96] Seidenberg AB, An YH. Is there an inhibitory effect of COX-2 inhibitors on bone
healing? Pharmacol Res 2004;50: 151–6.

[97] Giordano V, Giordano M, Knackfuss IG, Apfel MI, Gomes RD. Effect of tenoxicam on
fracture healing in rat tibiae. Injury 2003;34: 85–94.

[98] Simon AM, Manigrasso MB, O’Connor JP. Cyclo-oxygenase 2 function is essential for
bone fracture healing. J Bone Miner Res 2002;17: 963–76.

[99] Boursinos LA, Karachalios T, Poultsides L, Malizos KN. Do steroids, conventional non-
steroidal anti-inflammatory drugs and selective Cox-2 inhibitors adversely affect
fracture healing? J Musculoskelet Neuronal Interact 2009;9: 44–52.

[100] Ko KI, Coimbra LS, Tian C, Alblowi J, Kayal RA, Einhorn TA, Gerstenfeld LC, Pignolo
RJ, Graves DT. Diabetes reduces mesenchymal stem cells in fracture healing through
a TNFalpha-mediated mechanism. Diabetologia 2015;58: 633–42.

[101] Forslund JM, Archdeacon MT. The pathobiology of diabetes mellitus in bone metabo‐
lism, fracture healing, and complications. Am J Orthop (Belle Mead NJ) 2015;44: 453–
7.

The Role of Immune Reactivity in Bone Regeneration
http://dx.doi.org/10.5772/62476

191



[102] Richardson J, Hill AM, Johnston CJ, McGregor A, Norrish AR, Eastwood D, Lavy CB.
Fracture healing in HIV-positive populations. J Bone Joint Surg Br 2008;90: 988–94.

[103] Gardner RO, Bates JH, Ng’oma E, Harrison WJ. Fracture union following internal
fixation in the HIV population. Injury 2013;44: 830–3.

[104] Timmen M, Hidding H, Wieskotter B, Baum W, Pap T, Raschke MJ, Schett G, Zwerina
J, Stange R. Influence of antiTNF-alpha antibody treatment on fracture healing under
chronic inflammation. BMC Musculoskelet Disord 2014;15: 184.

[105] Bogoch ER, Moran EL. Bone abnormalities in the surgical treatment of patients with
rheumatoid arthritis. Clin Orthop Relat Res 1999: 8–21.

[106] Nagira K, Hagino H, Yamashita Y, Kishimoto Y, Teshima R. Insufficiency fracture at
the distal diaphysis of the radius after synovectomy combined with the Sauve-Kapandji
procedure in a patient with rheumatoid arthritis. Mod Rheumatol 2010;20: 511–3.

[107] Janeway CA, Jr., Medzhitov R. Innate immune recognition. Annu Rev Immunol
2002;20: 197–216.

[108] Chazaud B. Macrophages: supportive cells for tissue repair and regeneration. Immu‐
nobiology 2014;219: 172–8.

[109] Stein M, Keshav S, Harris N, Gordon S. Interleukin 4 potently enhances murine
macrophage mannose receptor activity: a marker of alternative immunologic macro‐
phage activation. J Exp Med 1992;176: 287–92.

[110] Krishnamoorthy L. The role of macrophages in human wound healing and their
response to a tissue engineered dermal replacement in human chronic wounds.
University of Glasgow: MD thesis, 2006. Web.

[111] Khallou-Laschet J, Varthaman A, Fornasa G, Compain C, Gaston AT, Clement M,
Dussiot M, Levillain O, Graff-Dubois S, Nicoletti A, Caligiuri G. Macrophage plasticity
in experimental atherosclerosis. PLoS One 2010;5: e8852.

[112] Kigerl KA, Gensel JC, Ankeny DP, Alexander JK, Donnelly DJ, Popovich PG. Identifi‐
cation of two distinct macrophage subsets with divergent effects causing either
neurotoxicity or regeneration in the injured mouse spinal cord. J Neurosci 2009;29:
13435–44.

[113] Spiller K, Nassiri S., Witherel CE., Anfang RR., Ng J., Nakazawa KR., Vunjak-Nova‐
kovic G. Sequential delivery of immunomodulatory cytokines to facilitate the M1-to-
M2 transition of macrophages and enhance vascularization of bone scaffolds.
Biomaterials 2014; 37: 194-207.

[114] Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemokine system
in diverse forms of macrophage activation and polarization. Trends Immunol 2004;25:
677–86.

[115] Grassi F, Cattini L, Gambari L, Manferdini C, Piacentini A, Gabusi E, Facchini A,
Lisignoli G. T cell subsets differently regulate osteogenic differentiation of human

Advanced Techniques in Bone Regeneration192



mesenchymal stromal cells in vitro. J Tissue Eng Regen Med 2013; doi: 10.1002/term.
1727.

[116] Park JE, Barbul A. Understanding the role of immune regulation in wound healing.
Am J Surg 2004;187: 11S-16S.

[117] Pacifici R. Osteoimmunology and its implications for transplantation. Am J Transplant
2013;13: 2245–54.

[118] Zaiss MM, Frey B, Hess A, Zwerina J, Luther J, Nimmerjahn F, Engelke K, Kollias G,
Hunig T, Schett G, David JP. Regulatory T cells protect from local and systemic bone
destruction in arthritis. J Immunol 2010;184: 7238–46.

[119] Zaiss MM, Axmann R, Zwerina J, Polzer K, Guckel E, Skapenko A, Schulze-Koops H,
Horwood N, Cope A, Schett G. Treg cells suppress osteoclast formation: a new link
between the immune system and bone. Arthritis Rheum 2007;56: 4104–12.

[120] Liu Y, Wang L, Kikuiri T, Akiyama K, Chen C, Xu X, Yang R, Chen W, Wang S, Shi S.
Mesenchymal stem cell-based tissue regeneration is governed by recipient T lympho‐
cytes via IFN-gamma and TNF-alpha. Nat Med 2011;17: 1594–601.

[121] Glenn JD, Whartenby KA. Mesenchymal stem cells: emerging mechanisms of immu‐
nomodulation and therapy. World J Stem Cells 2014;6: 526–39.

[122] Lei H, Schmidt-Bleek K, Dienelt A, Reinke P, Volk HD. Regulatory T cell-mediated anti-
inflammatory effects promote successful tissue repair in both indirect and direct
manners. Front Pharmacol 2015;6: 184.

[123] Oliveira V, Agua-Doce A, Duarte J, Soares MP, Graca L. Regulatory T cell maintenance
of dominant tolerance: induction of tissue self-defense? Transpl Immunol 2006;17: 7–
10.

[124] Canavan JB, Afzali B, Scotta C, Fazekasova H, Edozie FC, Macdonald TT, Hernandez-
Fuentes MP, Lombardi G, Lord GM. A rapid diagnostic test for human regulatory T-
cell function to enable regulatory T-cell therapy. Blood 2012;119: e57-66.

[125] Sukhov A, Adamopoulos IE, Maverakis E. Interactions of the immune system with skin
and bone tissue in psoriatic arthritis: a comprehensive review. Clin Rev Allergy
Immunol 2016; doi: 10.1007/s12016-016-8529-8.

[126] Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, Weiner HL, Kuchroo VK.
Reciprocal developmental pathways for the generation of pathogenic effector TH17
and regulatory T cells. Nature 2006;441: 235–8.

[127] Weaver CT, Harrington LE, Mangan PR, Gavrieli M, Murphy KM. Th17: an effector
CD4 T cell lineage with regulatory T cell ties. Immunity 2006;24: 677–88.

[128] Mangan PR, Harrington LE, O’Quinn DB, Helms WS, Bullard DC, Elson CO, Hatton
RD, Wahl SM, Schoeb TR, Weaver CT. Transforming growth factor-beta induces
development of the T(H)17 lineage. Nature 2006;441: 231–4.

The Role of Immune Reactivity in Bone Regeneration
http://dx.doi.org/10.5772/62476

193



[129] Leonardi CL, Kimball AB, Papp KA, Yeilding N, Guzzo C, Wang Y, Li S, Dooley LT,
Gordon KB, investigators Ps. Efficacy and safety of ustekinumab, a human interleu‐
kin-12/23 monoclonal antibody, in patients with psoriasis: 76-week results from a
randomised, double-blind, placebo-controlled trial (PHOENIX 1). Lancet 2008;371:
1665–74.

[130] Papp KA, Langley RG, Lebwohl M, Krueger GG, Szapary P, Yeilding N, Guzzo C, Hsu
MC, Wang Y, Li S, Dooley LT, Reich K, investigators Ps. Efficacy and safety of usteki‐
numab, a human interleukin-12/23 monoclonal antibody, in patients with psoriasis: 52-
week results from a randomised, double-blind, placebo-controlled trial (PHOENIX 2).
Lancet 2008;371: 1675–84.

[131] Pearl JI, Ma T, Irani AR, Huang Z, Robinson WH, Smith RL, Goodman SB. Role of the
Toll-like receptor pathway in the recognition of orthopedic implant wear-debris
particles. Biomaterials 2011;32: 5535–42.

[132] Zhang Q, Raoof M, Chen Y, Sumi Y, Sursal T, Junger W, Brohi K, Itagaki K, Hauser CJ.
Circulating mitochondrial DAMPs cause inflammatory responses to injury. Nature
2010;464: 104–7.

[133] Li H, Hong S, Qian J, Zheng Y, Yang J, Yi Q. Cross talk between the bone and immune
systems: osteoclasts function as antigen-presenting cells and activate CD4+ and CD8+
T cells. Blood 2010;116: 210–7.

Advanced Techniques in Bone Regeneration194


	Chapter 9
The Role of Immune Reactivity in Bone Regeneration
	Author details
	References


