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1 Introduction 
Recent evidence shows that bone development, growth and regeneration are 

tightly regulated by the immune system and, particularly, by the complement 

system. The complement system is a part of the innate immune system and 

represents an immediate defense mechanism. An activation of the complement 

cascade leads amongst others to the production of the anaphylatoxin C5a, which, 

via its receptors, C5aR (C5aR1) or C5L2 (C5aR2), activates downstream signaling 

events [17]. The activation of C5aR results in pro-inflammatory effects like 

respiratory burst, an inhibition of granulocyte apoptosis or cytokine release [29, 

46]. The functions of C5L2 are not clear and even controversially discussed in the 

current literature. It has been described as either a pro-inflammatory receptor 

mediating the effects of C5aR or an anti-inflammatory decoy receptor [7, 23].  

The complement system is not only part of the immune system but also mediates 

bone homeostasis. Bone is a metabolically active organ and is continuously 

renewed. For the right balance between bone formation and resorption, its 

remodeling is tightly regulated by the RANK-RANKL-OPG system, but also by 

growth factors and hormones. Moreover, the complement system is also involved 

in bone metabolism. Both C5a receptors are expressed on bone cells, such as 

osteoclasts and osteoblasts, as well as on immune cells.  

During bone formation, several proteins of the complement system have been 

found in the proliferating and hypertrophic areas of the growth plate. The 

complement factor C1s is even able to cleave the main substance, type I collagen, 

of bone [6, 94]. The differentiation of the bone resorbing osteoclasts is also 

modulated by the complement system, especially by complement receptor C3aR 

[85]. Osteoclasts are able to cleave the complement factor C5 into the active form 

C5a, indicating a role of these cells in complement activation [36]. The bone 

building osteoblasts are also influenced by complement, as C5a increased the 

expression of RANKL in osteoblasts and C5aR was shown to induce osteoblast 

migration [36]. 

Dysregulations of the complement system, including abnormally elevated levels of 

C5a can lead to diseases affecting the bone, including osteoarthritis or rheumatoid 

arthritis [88]. Interestingly, the roles of C5aR and C5L2 in physiological bone 

metabolism have not yet been investigated. 
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All these results raise the question what influence the C5a receptors have on bone 

homeostasis in general and whether or not the lack of these receptors affects the 

bone phenotype. 
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1.1 Bone 
Bone is a dynamic and metabolically active tissue and is constantly renewed. 

Bone cells include different cell populations such as osteoblasts, osteocytes and 

bone lining cells that derive from mesenchymal stem cells, and osteoclasts that 

derive from a hematopoietic origin [68]. Each year in adult vertebrates, about ten 

percent of the skeletal bone mass is replaced [2]. The balance between bone 

formation by osteoblasts and bone resorption by osteoclasts must be tightly 

regulated as an imbalance can lead to diseases, like osteoporosis or osteopetrosis 

[2]. 

Bone consists of cortical and cancellous (trabecular) bone. The stiffer cortical bone 

changes more slowly, while the cancellous bone has a much larger surface area 

and, therefore, a greater rate of metabolic activity. The bone matrix mainly 

consists of the organic component type I collagen, which provides tensile strength, 

and the inorganic component hydroxyapatite, which ensures stiffness. Normally, 

the physiologic bone remodeling does not change the bone shape and bone 

resorption is always followed by new bone deposition [13]. 

 

1.1.1 Bone Cells 
Osteoblasts are bone cells that derive from a mesenchymal origin, which also 

gives raise to adipocytes, chondrocytes, myoblasts and fibroblasts [61]. 

Osteoblasts form new bone tissue and secrete unmineralized bone matrix – the 

osteoid that is eventually mineralized to yield mature bone. The terminally 

differentiated osteoblast cells that become embedded into the bone matrix are 

then called osteocytes [68]. With 90% to 95%, the osteocytes are the biggest part 

of the bone cells in a bone. Osteocytes are involved in bone turnover working 

together with the osteoclasts as a resorbing unit and act as mechanosensor cells 

[1, 58]. 

Bone lining cells are extended over inactive bone surfaces and have flat nuclei. 

According to the literature, bone lining cells also originate from resting osteoblasts 

which have become flattened [5]. They can proliferate and differentiate into   

osteogenic cells and represent osteogenic precursor cells. To interact with deeper 

laying osteocytes, they are connected via gap junctions and send cell processes 

into surface canaliculi [50]. 
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Osteoclasts are multinuclear cells deriving from a hematopoietic origin via fusion 

of precursor cells and resorb bone tissue with the help of acids and proteases in a 

specialized extracellular compartment. Besides their role in bone, osteoclasts were 

suggested to act as immunological cells playing a role in the mobilization of 

hematopoietic cells from the bone marrow [12, 39, 68]. Their differentiation is 

regulated by macrophage-colonystimulating factor (M-CSF), receptor activator of 

nuclear factor κB ligand (RANKL) and osteoprotegerin (OPG). Monocytes and 

endothelial cells produce M-CSF, while both RANKL and OPG are secreted by 

osteoblasts [81]. If the M-CSF gene was mutated, both macrophage and 

osteoclast formation would be disturbed [70, 82]. Furthermore, osteoclastogenesis 

is stimulated by pro-inflammatory cytokines, like IL-1β, IL-6 and TNF-α that are all 

produced by immune cells [49]. 

The degradation of the organic bone matrix is mainly done by matrix 

metalloproteinases and the lytic protein cathepsin K. They cleave collagen into 

small pieces and activate the enzyme tartrate resistant acid phosphatase (TRAP), 

which is able to degrade skeletal phosphoproteins including osteopontin [31, 52, 

74]. TRAP is used as a common marker for osteoclast formation [12]. The 

mineralized bone matrix is degraded by the acidic resorbing area under the ruffled 

border, whereas the hydrogen ions are provided by carbonic anhydrase [86]. 

 

1.1.2 Regulation of Bone Turnover by RANK, RANKL and OPG 
Bone remodeling is a physiologic process that is tightly regulated. Especially the 

RANK-RANKL-OPG system plays an important role. RANKL is a TNF-related 

surface protein that is secreted by osteoblasts but also stromal cells and T-cells 

[11]. Its receptor, RANK, is expressed on the surface of osteoclast precursors and 

osteoclasts. When RANKL binds to RANK, the differentiation of osteoclast 

precursors into multinucleated osteoclasts and osteoclast activation is induced. 

OPG is produced by osteoblasts and acts as a decoy receptor for RANKL. The 

binding of RANKL to OPG inhibits the interaction between RANKL and RANK, 

thereby removing the major osteoclastogenic stimulus. This leads to the inhibition 

of osteoclast precursor cell differentiation (see fig. 1) [12]. 

Moreover, bone growth and homeostasis are also regulated by growth factors 

such as IGF or TGF-β, and humoral factors, such as parathyroid hormone or 

prostaglandin E. IGF and TGF-β are released during resorption and initiate local 
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bone formation. Binding of parathyroid hormone to osteoblasts leads to the 

expression of RANKL on osteoblasts, thereby leading indirectly to a stimulation of 

osteoclasts. Prostaglandin E also enhances the RANKL-induced osteoclastic 

differentiation [11, 38, 69]. 

 

 
Fig. 1: The RANK-RANKL-OPG System 
Osteoblasts secrete RANKL (receptor activator of nuclear factor κB ligand) and OPG 
(osteoprotegerin), while osteoclasts express RANK (receptor activator of nuclear factor 
κB). Interaction of RANKL with RANK leads to a differentiation of the osteoclast 
precursors to mature osteoclasts. When the decoy receptor OPG binds to RANKL, the 
former interaction is inhibited and osteoclast differentiation is blocked [43]. (published with 
permission from Nature Publishing Group) 
 

1.2 The Complement System as a Part of the Immune System 
The immune system compromises an innate and an adaptive immunity. While the 

adaptive immune systems contains cells, like B- and T-cells, and antibodies 

directed against one specific antigen, the innate immune system is more 

unspecific and includes cells like monocytes, macrophages and granulocytes, and 

protein cascades, like complement or kinin systems. The complement system 

consists of several proteins named C1-C9 which activation pathways will be 

explained in details below [97]. 

 

1.2.1 Activation Pathways of the Complement System 
The complement system can be activated via three different ways: the classic 

pathway, the alternative pathway and the lectin pathway. Moreover, new cross-
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activation mechanisms via the coagulation system, particularly thrombin and factor 

Xa have been described recently [4]. 

 

The classic activation of the complement cascade depends on antibodies. When a 

pathogen binds to an IgG or IgM antibody, the Fc region of the antibody is 

rearranged and the first complement protein, C1q, binds to the Fc region. Other 

proteins like CRP (C-reactive protein), viral proteins, β-amyloid, amyloid-P, 

mitochondrial fragments and necrotic and apoptotic cells have been shown to 

activate the complement cascade also via the classic way. Binding of C1q 

activates C1r leading to the cleavage of C1s. The function of C1s is to cleave C4 

into C4a and C4b. While C4a operates as chemoattractant, C4b binds to the 

surface of a pathogen, and activates C2 splitting into C2a and C2b. C4b and C2a 

form a complex, the C3 convertase C4b2a, to cleave C3 into C3a and C3b. C3a is 

an effective anaphylatoxin with systemic effects. C3b, like C4b, can also opsonize 

pathogens and promote phagocytosis and binds to C4b2a forming another 

convertase, the C5 convertase C4b2a3b. This convertase cleaves C5 into C5a 

and C5b. The anaphylatoxin C5a is an important chemoattractant and 

inflammatory mediator and will later be explained in more detail [8, 24, 28, 83]. 

C5b subsequently binds with other complement proteins, C6 – C9 building a 

membrane attack complex (MAC) that forms a pore in the phospholipid bilayer to 

lyse the target cell [53]. 

 

The alternative pathway leads to complement activation independently on 

antibodies. The activation occurs through binding of pathogen-associated 

molecular patterns like bacterial cell walls, CRP and virus-infected or damaged 

cells to toll-like receptors (TLRs) and other pattern recognition receptors (PRRs) of 

cells of the innate immune system [22]. In contrast to the classical pathway, this 

activation pathway is constantly active due to spontaneous hydrolysis of C3 [45]. 

The product of the hydrolysis is C3(H2O), which resembles normal C3b and 

associates with the regulation factor B. Together, they form the alternative 

pathway C3 convertase. This leads to an amplification loop as the newly 

synthesized C3 convertase again cleaves new C3b that can again form a C3 

convertase with the help of factor B [8, 24, 30, 83]. 
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The lectin pathway is activated by pathogenic surfaces containing mannose, e.g. 

Candida albicans, some viruses or Leishmania. MBL (mannose-binding lectin) is a 

protein closely resembling complement factor C1q. Together with MASP-1 and 

MASP-2 (mannose-associated serine proteases), it is required for the activation of 

the complement cascade. MASP-1 and MASP-2 are proteases, which resemble 

C1r and C1s. While MASP-1 is able to cleave C2 and C3, MASP-2 splits C2 and 

C4. Like in the classical pathway, the C4b2a convertase is being formed to cleave 

C3 [16]. 

Besides MBL, ficolins (fibrinogen-collagen-lectin), which are oligomeric lectins, are 

able to activate complement through the lectin pathway. Ficolins bind to 

microorganisms or dying host cells and form complexes with the MASPs. The MBL 

pathway still remains unclear in some parts, but there is evidence that it is mainly 

important in early childhood during the transitional period when the passive 

immunity declines [16]. 

 

Although the initial activation of these three complement pathways is different, 

they all lead to the cleavage of the protein C3 into C3a and C3b. The C5 

convertase C4b2a3b is formed that in turn cleaves C5 into C5a and C5b. 

Eventually, C5b stimulates the formation of the membrane attack complex (MAC) 

with the help of the factors C6 – C9 (see fig. 2) [21]. 

 

 
Fig. 2: The different activation pathways of the complement system and the 
interaction with the coagulation system 
All pathways lead to the formation of C5a and C5b leading to the assembly of the 
membrane attack complex (MAC). MBL = mannose-binding lectin. PMN = 
polymorphonuclear neutrophil [17]. (published with permission from Molecular Medicine) 
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1.2.2 Effects of the Complement System 
The activation of the complement system triggers the inflammation and amplifies 

the inflammatory signals upon binding of the anaphylatoxins C3a and C5a to their 

receptors, leading to the migration of phagocytes, relaxation of the smooth 

muscles, degranulation of mast cells and the release of vasoactive substances 

such as histamine. This is important for eliminating cellular debris and infectious 

microbes. Secondly, the formation of the MAC results in the lysis of target cells, 

thereby protecting the host from infection [48, 77]. 

When the homeostasis between protecting and destroying effects of the 

complement system is disturbed, the complement system may also work against 

healthy cells and cause autoimmune diseases [66]. To avoid these imbalances, 

several soluble and membrane bound factors tightly regulate the complement 

system. C1-INH, factor I and H and C4-bp act as soluble regulatory proteins; 

CD35 (cluster of differentiation), CD46 (membrane cofactor protein), CD55 (decay 

accelerating factor) and CD59 (protectin) regulate the membrane-bound factors 

[37, 45]. 

 

1.3 Complement Factor C5a 
The complement factor C5a is cleaved enzymatically from its precursor protein C5 

and is produced during the activation of the complement cascade. It is a 74 amino 

acid glycoprotein consisting of four anti-parallel alpha helices connected and 

stabilized by three disulfide bonds. Due to a specific helix fragment (res 1-63), C5 

has a high affinity to cell surfaces. The C-terminus of the polypeptide is important 

for the activation of the receptors [46, 51, 96]. 

The liver hepatocytes seem to be the main source of the complement protein C5. 

Cells like alveolar macrophages and activated neutrophils can synthesize and 

secrete C5 on their own and also cleave it into active C5a [3, 55]. 

 

The biological effects of active C5a are important for the clearing of pathogens: In 

immune cells, such as neutrophils, monocytes, macrophages and eosinophils, 

C5a leads to chemotaxis, cytokine release, granule enzyme release, enhanced 

phagocytosis, superoxide release and expression of adhesion molecules [29, 51]. 

In response to danger signals or damaged cells, C5a is also capable of inhibiting 

the apoptosis of neutrophils and thymocytes and enhancing smooth muscle cells 
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contraction. All these effects of respiratory burst, increased vascular permeability 

and chemokine release lead to the clearance of pathogens and protection of the 

host [29, 51]. 

Besides the beneficial and host-protecting effects of C5a, there are many diseases 

in which the concentration of C5a is pathologically elevated leading to the damage 

of host tissues, e.g. inflammatory diseases including rheumatoid arthritis, 

inflammatory bowel diseases, SLE (systemic lupus erythematosus), ischemia 

reperfusion syndrome, psoriasis, chronic obstructive pulmonary disease, asthma, 

allergies and neurodegenerative diseases [47, 65, 93]. Excessive production of 

C5a can lead to sepsis, multi-organ failure, immunoparalysis and tissue damage 

[20, 25]. However, the consequence of the activation of C5a is dependent on the 

localization of C5a receptors, as it is also known that C5a also has non-

immunological functions and is important during the development of the central 

nervous system (CNS), tissue regeneration, neurodegeneration and 

hematopoiesis [29, 51]. 

 

The anaphylatoxin C5a is degraded by the serum carboxypeptidase N and cell-

surface carboxypeptidases. They remove the arginine from the C-terminus forming 

C5a des-Arg. This molecule has only about 3 – 10% of the potency in comparison 

to C5a concerning neutrophil chemotactic activity and shows a reduced affinity to 

C5aR [51, 57]. Further removal of the C-terminus of C5a des-Arg inactivates the 

molecule completely. As fast as C5a is synthesized, 50% of C5a is cleared from 

the circulation within two to three minutes. Reduction of the disulfide bonds also 

destroys the function of C5a [10, 51]. 

 

1.4 Complement Receptor C5aR (CD88) 
C5aR and C5L2 are the two known receptors for the anaphylatoxin C5a to which 

C5a binds with similar high affinity [57]. However, C5a des-Arg has a tenfold 

higher affinity to C5L2 than to C5aR [14, 51, 57]. 

 

C5aR is also named C5aR1 or CD88. It has two distinct binding sites. The 

recognition site is located in the receptor’s extracellular amino terminus while the 

activation site is located in the transmembrane domain and interacts with the C-

terminus of C5a [51]. C5aR belongs to the G protein-coupled receptor superfamily 
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[27]. It is robustly phosphorylated in response to 5 min exposure to C5a [57]. 

Treatment of cells with C5a results in increased intracellular calcium together with 

mitogen-activated protein kinase (MAPK) and protein kinase B (Akt) activation. 

C5aR is rapidly internalized following ligand binding and is then recycled to the cell 

surface [34, 57, 87]. 

 

C5aR is abundantly expressed on the surface of immune cells like neutrophils, 

eosinophils, monocytes, dendritic cells and activated mast cells. Once activated, 

these cells secrete cytokines, granule enzymes, generate superoxide, induce 

chemotaxis and enhanced oxidative burst [29]. C5aR is also expressed in non-

immune cells such as the liver hepatocytes, lung bronchial and alveolar epithelial 

cells, smooth muscle cells, in cells of the heart, kidney and intestine, as well as in 

oligodendrocytes and astrocytes [92]. 

C5aR is expressed by several cell populations in healthy human bones, including 

osteoblasts, osteocytes, osteoclasts and articular chondrocytes as well as 

peripheral blood mononuclear cells [35, 92]. In undifferentiated mesenchymal stem 

cells, C5aR is expressed on a low level and its expression increases during the 

osteogenic differentiation indicating that C5aR mediates the migration of 

differentiated osteoblast in vitro [35]. 

Interestingly, C5aR was shown to be locally expressed in the fracture callus. 

Chondroblasts, osteoblasts and osteoclasts both in zones of intramembranous 

and enchondral bone formation expressed C5aR; osteocytes in the cortex near the 

fracture also expressed C5aR. The majority of the inflammatory cells in the 

periosteum distal and proximal to the fracture were also stained positively for 

C5aR. Thus, it was concluded that C5aR might play a regulatory role in fracture 

healing in intramembranous and enchondral ossification [35]. 

 

The expression of C5aR is regulated by various inflammatory mediators. For 

example, it was shown that in monocyte-derived dendritic cells, the C5aR 

expression is upregulated by prostaglandin E2 [91]. Interleukin (IL)-6 was also 

shown to upregulate the expression of C5aR in the lung, liver, kidney and heart of 

septic rats [67]. However, the expression of C5aR on monocyte-derived dendritic 

cells was downregulated by maturation stimuli such as tumor necrosis factor-α 
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(TNF-α), lipopolysaccharide (LPS) and interferon-γ (IFN-γ). IL-4 was also shown to 

downregulate the expression of C5aR on monocytes [80, 91]. 

 

1.5 Complement Receptor C5L2 (GPR77) 
The second receptor for the complement protein C5a is called C5L2 (C5a-receptor 

like), or GPR77, or C5aR2. It was identified in 2000 [56]. 

In contrast to C5aR, which is mainly expressed on the cell surface, the majority of 

C5L2 seems to be located in cytoplasm in granular structures. After cell activation, 

it is translocated to the cell surface [27, 78]. Generally, C5L2 is expressed at a 

lower level on both immune and non-immune cells [42]. Cells expressing C5L2 are 

quite similar to those expressing C5aR. Neutrophils, macrophages, mast cells and 

astrocytes express C5L2, but it is also expressed on non-myeloid cells such as 

vascular smooth muscle cells, the tissues from the adrenal gland, heart, liver, lung, 

spleen and brain and even adipocytes and skin fibroblasts [42, 51]. 

Unlike C5aR, C5L2 is uncoupled from G proteins [7, 78]. After treatment of murine 

B-cells with C5a, there was no mobilization of intracellular calcium, extracellular 

signal-related kinase phosphorylation, activation of MAPK or receptor 

internalization. This inability of C5L2 to signal is probably due to the change in the 

DRY sequence located near the third transmembrane domain, which is highly 

conserved in many G protein-coupled receptors. Interestingly, the internalization of 

C5L2 is constitutively ligand-independent and presumably occurs through a 

clathrin-dependent mechanism. This leads to a rapid accumulation of C5a and 

C5a des-Arg inside the cell and a constant recycling of the receptors to the cell 

surface, thus maintaining the cell surface receptor levels [57, 78]. However, 

another study showed that the total cellular C5L2 expression decreased on the 

surface of neutrophils after exposure to C5a [32]. 

C5L2 seems to act as a negative modulator of the C5aR-mediated signal 

transduction through the β-arrestin pathway. On the cellular level, expression of 

C5L2 resulted in a reduction of the C5a-dependent inflammation even though a 

study could show that C5L2 is a predominantly intracellular protein. By inhibition of 

the activation of ERK1/2, the C5aR-mediated chemotaxis could be inhibited [7]. 

Controversially discussed, the ability of C5L2 to bind C5a without coupling of G 

proteins has led to the suggestion that C5L2 seems to act as a decoy receptor 

with anti-inflammatory functions and competing with C5aR for binding of C5a [23]. 
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According to the suggestion of C5L2 acting as an anti-inflammatory decoy 

receptor, it could be shown that an antibody blockade of C5L2 resulted in a 

strongly enhanced response of the C5a-mediated chemotaxis and ERK1/2 

phosphorylation in human neutrophils [7]. In another study, the blockade of C5L2 

led to an exacerbated inflammatory response in mice, including nearly threefold 

higher plasma levels of IL-6 and TNF-α. This suggests an anti-inflammatory 

function of C5L2 [23, 26] 

Next to the possible role of C5L2 as a decoy receptor, some pro-inflammatory 

effects of C5L2 have been described. A study confirmed that a deficiency of C5L2 

resulted in a reduced inflammatory cell infiltration suggesting a pro-inflammatory 

function of C5L2 [15]. Interestingly, it could be shown that depending on the 

relative amount of C5aR and C5L2, the generation of C5a might lead to an 

amplified pro-inflammatory response or to a suppressed pro-inflammatory 

response [23]. Only recently, it was again suggested that C5L2 acts as a fully 

functional receptor, rather than a decoy receptor. The study showed that C5L2-

deficient mice were more protected from renal ischemia-reperfusion injury than 

C5aR-deficient mice [63]. Another study could show that the stimulation of bone 

marrow cells from mice that only bear C5L2 but not C5aR resulted in no 

detectable C5a-mediated changes in gene expression [57]. Thus, it seems 

possible that some type of interaction between both the receptors C5aR and C5L2 

occurs, such as heterodimerization, or that the interaction of C5a with C5aR leads 

to a modified cell responsiveness of C5L2 to C5a [89]. 

 

1.6 Influence of Complement on Bone 
The complement system does not only play a role in immune defense but is also 

involved in bone development and affects bone cells including osteoblasts and 

osteoclasts.  

During the enchondral bone formation in rodents, the complement proteins C3 and 

factor B have been found in the resting and proliferating zones of the growth plate. 

In the cells adjacent to the hypertrophic area, C3 was localized mainly in the cell 

periphery [6]. 

Properdin – a protein stabilizing the alternative pathway convertases – has been 

found in some cells of the resting and hypertrophic zones but not in the 

proliferating zone [6]. Like C3, properdin was found to be localized preferentially in 
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the peripheral cells of the hypertrophic area. Factors C5 and C9 have also been 

found in the hypertrophic zone. The presence of these complement proteins 

suggests an involvement of the complement system during physiological 

enchondral ossification and development of bone tissue [6]. 

The complement factor C1s of the classical pathway was detected during 

chondrocyte differentiation in the articular cartilage of hamsters, implying that C1s 

might play a role in cartilage remodeling [84]. Additionally, C1s has been shown to 

cleave type I and II collagen of the cartilage matrix and modulates the process of 

degradation with the aid of its serine protease activity [6, 19, 94]. 

 

The complement system is also involved in the differentiation of bone cells. A 

recent study supports the thesis that local complement activation is needed for the 

differentiation of osteoclasts. It could be shown that C3aR- or C5aR-deficient bone 

marrow cells generated a reduced number of osteoclasts [85]. Furthermore, it 

could be shown that C3-deficient bone marrow cells produced less osteoclasts 

and anti-C3 antibody also inhibited osteoclast formation, suggesting an important 

role of C3aR during osteoclastogenesis. Moreover, osteoclasts are capable to 

cleave the complement protein C5 into the active anaphylatoxin C5a, which 

indicates a role for osteoclasts in complement activation [36]. 

The complement system also has an influence on osteoblasts: Some regulation 

proteins such as CD46, DAF (CD55) and CD59 as well as the receptors C3aR and 

C5aR are expressed in osteoblasts. During osteogenic differentiation, the 

expression of CD46 and CD59 were up-regulated indicating a protection against 

complement [36]. Both the complement factors C3a and C5a are strong 

chemoattractants for human bone marrow-derived MSCs (mesenchymal stem 

cells) causing ERK1/2 phosphorylation and directing MSCs to an area of tissue 

injury, where they can contribute to tissue repair [76]. Recently, it was shown that 

C5a leads to an increased expression of RANKL in osteoblasts and that C5aR 

induces osteoblast migration [36]. This study also suggested that osteoblasts are 

target cells for anaphylatoxins as the osteoblasts showed an up-regulation of 

anaphylatoxin receptors during osteogenic differentiation. However, the bone 

phenotype was not changed in mice with an osteoblast-specific C5aR 

overexpression, implying that C5a might affect bone formation under inflammatory 
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conditions, but does not play a role in healthy, non-inflammatory bone 

homeostasis [9, 36]. 

Another study found out that the osteoblasts themselves produce the complement 

factor C3 dependent on 1α,25-dihydroxyvitamin D3. The dependency is bone 

tissue-specific, as, for example, hepatocytes did not require 1α,25-

dihydroxyvitamin D3 to produce C3 [73]. This shows that bone cells are not only 

target cells for the activated complement proteins but may also produce 

complement proteins on their own. 

 

Next to the physiological influence of the complement system in bone 

homeostasis, it also plays an important role in the pathogenesis of osteoarthritis, 

rheumatoid arthritis, osteoporosis or SLE, or under inflammatory conditions after 

trauma. For example, it is known that a complete congenital deficiency of C1q is 

associated with development of early-onset SLE causing bone loss among others 

[79]. The destruction of cartilage in osteoarthritis and rheumatoid arthritis involves 

the activation of the complement system, especially the alternative pathway. In 

rheumatoid arthritis, for example, deposits of C3c and C9 were found in synovial 

vasculature and the complement components C2, C3, C4 and C5 were produced 

more frequently in cultures of tissue of people with rheumatoid arthritis [40, 71]. 

Furthermore, the MAC could be identified in affected human osteoarthritic joints 

and the activation of the complement system in synovial fluids from individuals 

with early osteoarthritis was higher compared to those of healthy individuals [88]. 

Moreover, as might be expected, in mice with surgically induced osteoarthritis, the 

expression of inflammatory and degenerative molecules in C5-deficient mice was 

lower than in C5-sufficient mice. It was found that cartilage extracellular matrix 

components, like fibromodulin and aggrecan, released by osteoarthritic cartilage, 

might trigger the formation of C5b – 9 (MAC) [88]. 

Both osteoblasts and particularly osteoclasts were shown to be able to activate the 

complement cascade by cleaving C5 into its active form C5a [36]. Analyzing the 

osteoclast formation and inflammatory response by C5a-IL-1β co-stimulation, it 

was shown that complement might enhance the inflammatory response of 

osteoblasts and induce osteoclastogenesis via IL-6 and IL-8 release and up-

regulation of RANKL/OPG expression. This might be important during bone 
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healing or in inflammatory bone disorders. Indeed, it was shown that after injury 

complement system is activated along with other inflammatory mediators [36]. 

Analysis of fracture healing in the absence of the complement proteins C3 and C5 

showed involvement of both C3 and C5 in the fracture healing outcome. The C3-

deficient and C5-deficient mice received a femur osteotomy and a following 

stabilization with an external fixator. After 7 days, both the C3- and C5-deficient 

mice showed a reduced callus area and less newly formed bone. Whereas the 

healing of the C3-deficient mice after 21 days was successful, the C5-deficient 

mice revealed a reduced fracture repair. The bending stiffness as well as the 

callus volume was reduced compared to the wild type mice. Therefore, it was 

suggested that the activation of the terminal complement cascade could be 

essential for a successful fracture healing [18]. 
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1.7 Aim of the Study 
The complement system plays an important role in bone homeostasis and bone 

metabolism. It is involved in the differentiation of bone cells and bone growth 

under healthy conditions as well as in fracture healing and diseases, like 

rheumatoid arthritis and osteoarthritis. The complement factor C5a acts as a 

potent chemoattractant and has potent effects in immune reactions, like cytokine 

release and respiratory burst. 

The complement receptors for C5a, C5aR (C5aR1) and C5L2 (C5aR2), are 

expressed on bone cells as well as on immune cells. Previous studies showed that 

C5aR influences bone remodeling and fracture healing under inflammatory 

conditions. However, the influence of C5aR on physiological bone homeostasis is 

not yet clear. Moreover, although several studies have been performed about the 

receptor C5aR, even less is known about the role of the second receptor, C5L2. 

The expression and role of C5L2 in bone cells and its role in the process of bone 

homeostasis is not well understood. Thus, to elucidate the roles of the 

complement receptors C5aR and C5L2 in bone homeostasis, in the present study 

we performed a phenotyping of bones of mice lacking either C5aR or C5L2 under 

non-inflammatory conditions. 

For this, we analyzed the cortex and trabecular bone of the femora as well as the 

trabecular bone of the spine of 12 (young adult) and 55 (old) week old mice. We 

assessed the flexural rigidity of the femora using a three-point bending test. Micro-

computed tomographic and dynamic histomorphometric analyses were made to 

calculate the trabecular and cortical parameters, mineral deposition, the width of 

the growth plate and to evaluate the relative osteoblast and osteoclast numbers. 

 

Thus, the following questions were addressed in this work: 

As C5aR plays a crucial role under inflammatory conditions, what role does it have 

in bone homeostasis and is the bone phenotype changed in C5aR-knock-out 

mice? 

Is the second complement receptor C5L2 important for bone homeostasis und 

metabolism under non-inflammatory conditions?  
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2 Material and Methods 

2.1 Material 

2.1.1 List of Consumables 
 
Table 1: List of Consumables 
Description Producer Location 

Toluidine blue Waldeck (52040) Münster, Germany 

Alizarin Sigma-Aldrich GmbH Steinheim, Germany 

Calcein Sigma-Aldrich GmbH Steinheim, Germany 

Di-sodium tartrate-

dihydrate 

SIGMA (S4797) Munich, Germany 

Ethanol Pharmacy of Ulm 

University 

University of Ulm, 

Germany 

Fast-Red-Violet-LB-Salt SIGMA (F3381) Munich, Germany 

Formalin Fisher  Saarbrücken, Germany 

ICem ® Self Adhesive Heraeus Kulzer GmbH Hanau, Germany 

Isofluran (Forene®) Abbott Biotechnology 

GmbH 

Wiesbaden, Germany 

N,N-Dimethylformamid SIGMA (D4551) Munich, Germany 

NaCl 0,9% B. Braun AG Melsungen, Germany 

Naphthol-AS-MX-

Phosphate disodium salt 

SIGMA (N5000) Munich, Germany 

Pyrogallol Merck Darmstadt, Germany 

Silver nitrate SERVA Heidelberg, Germany 

Sodium acetate SIGMA (71183) Munich, Germany 

Sodium Thiosulfate 

Pentahydrate 

Merck Darmstadt, Germany 

 
 
 
 



 18 

2.1.2 Equipment 
Table 2: Equipment 
Description Producer Location 

Leica Camera DFC420C Leica Microsystems Wetzlar, Germany 

Leica Fluorescence 

Camera DFC360 FX 

Leica Microsystems Wetzlar, Germany 

Leica microscope 

DMI6000B 

Leica Microsystems Wetzlar, Germany 

Material testing machine 

Z10 

Zwick GmbH & Co KG Ulm, Germany 

Micro-computed 

tomography 

STRATEC Medizintechnik 

GmbH 

Pforzheim, Germany 

UV lamp Exakt Hamburg, Germany 

 

2.1.3 Software 
Table 3: Software 
Description Producer Location 

CT Analyser Version 1.13 SkyScan Kontich, Belgium 

DataViewer 1.4.3 SkyScan Kontich, Belgium 

GraphPad Prism 7.0a GraphPad Software LaJolla, USA 

LAS AF Image processing 

software 

Leica Microsystems Wetzlar, Germany 

NRecon SkyScan Kontich, Belgium 

OsteoMeasure 3.3.0.2 OsteoMetrics Inc. Decatur, GA, USA 
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2.2 Animal study 
In the following study, 30 male mice at the age of 12 and 55 weeks were used. 

Ten mice of each stain and 5 mice per timepoint were analyzed, including ten 

C5aR knock-out mice and ten C5L2 knock-out mice on the C57BL/6J background. 

They were kindly provided by Prof. Dr. J. D. Lambris, Pennsylvania University, 

School of Medicine, Department of Pathology & Laboratory Medicine, 

Philadelphia, USA. As controls, C57BL/6J wildtype mice were used, which were 

obtained from Charles River Laboratories. 

The animal experiment was performed according to the German regulations for 

the care and use of laboratory animals and was approved by the ethical committee 

of the University of Ulm and the “Regierungspräsidium Tübingen, Germany” 

(register number 1096). 

 

Twelve and three days before sacrificing the mice, 30 mg/kg body weight of 

calcein green and 30 mg/kg body weight of alizarin red were injected 

subcutaneously, respectively. 

Mice were sacrificed using isofluran overdosis with subsequent intracardiac 

puncture. X-rays were taken of the whole mouse and of the femur region with 35 

kV and 10 sec exposure to compare the skeletons. 

The left femora of the mice were put into 0.9% NaCl for a subsequent non-

destructive three-point bending test and the right femora as well as the spine were 

fixed in 4% buffered formalin for a µCT analysis. 
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2.3 Methods 

2.3.1 Three-Point Bending Test 
To measure the flexural rigidity of the femora, a non-destructive three-point 

bending test was performed. The left femora of the mice were stored in 0.9% NaCl 

and the surrounding soft tissue was removed. Then the head of the femur was 

fixed in aluminium cylinders using iCem Self Adhesive and polymerized for one 

minute under ultraviolet light. In the testing machine, the cylinders were fixed in a 

hinge joint and the distal part of the femora rested on the bending support so that 

the bones lied horizontally. A quasistatic load was applied in a three-point bending 

mode with the material testing machine Zwick. An axial bending load F was 

applied on the bones and continuously recorded versus sample deflection up to a 

maximum force of 4 N at a speed of 2 mm/min (see fig. 3). 

The flexural rigidity EI was calculated from the slope k of the linear region of the 

load-deflection curve according to 𝐸𝐼 = 𝑘 ∗ !
!∗!!

!∗!!
 𝑁𝑚𝑚! . 

 
Fig. 3: Schematic picture of non-destructive three-point bending test 
 

The apparent elastic modulus was calculated as the flexural rigidity EI divided by Ix 

(moment of inertia in rotation to the x-axis), determined in the bending direction as 

assessed by µCT. 
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2.3.2 Micro-Computed Tomography of the Femora and Spines 
The right femora and the spines were scanned using Skyscan1172. The samples 

were scanned at 8-µm resolution, operating at a peak voltage of 50 kV and 200 

µA. Calibration and thresholding were performed in accordance with the American 

Society for Bone and Mineral Research (ASBMR) guidelines for µCT analysis [60]. 

For analysis, the femora were orientated along the spatial axes with the software 

DataViewer. 

Using the software CTAn, in the trabecular compartment of the distal femur and 

lumbar vertebrae (L4), the apparent bone mineral density (app.BMD), tissue 

mineral density (TMD), bone volume per tissue volume (BV/TV), trabecular 

thickness (Tb.Th), trabecular number (Tb.N) and trabecular separation (Tb.Sp) 

were calculated. Global thresholding (394 mg hydroxylapatite/cm3 as described 

previously [90]) was performed to distinguish between mineralized and non-

mineralized tissue.  

The volume of interest, VOI, of the trabecular femur was set starting 240 µm 

(corresponding 30 cross-sectional images at a thickness of one section of 8 µm) 

from the distal growth plate. The adjacent 720 µm (90 cross-sectional images) of 

the trabecular bone in proximal direction were then analyzed (see fig. 4). 

 

 
Fig. 4 Cross-sectional images of a femur of a 12-week-old mouse 
Cross-section without VOI (A) and cross-section with VOI in red (B). VOI = Volume of 
interest. Scale bar 1mm. 
 

In the cortical compartment of the femur, the VOI was set from the distal end of the 

greater trochanter with the thickness of 2000 µm (corresponding 250 cross-

sectional images). The VOI included only the cortical compartment, sparing the 

trabecules to calculate the values TMD, and moments of inertia calculated with 

respect to the bending axis used for biomechanics (Ix) and as maximal value (Imax) 

at a global thresholding (642 mg hydroxylapatite/cm3 as described previously [54]). 

A B
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Additionally, the thickness of the cortex was measured at four different sides 

(medial, lateral, ventral and dorsal) with the CTAnalyser as well as the x and y 

diameters (from medial to lateral and from anterior to posterior). 

The spines of the mice were dehydrated in an ascending concentration of ethanol 

up to 80% and the body of the lumbar vertebra 4 was taken for analysis. A 

cylindrical VOI of 0.8 mm diameter going throughout the whole vertebral body was 

set, excluding the vertebral endplates. 

As with the trabecular compartment of femora, the app.BMD was calculated, the 

values of BV/TV, Tb.Th, Tb.N and Tb.Sp were calculated equally by a global 

thresholding of 394 mg hydroxylapatite/cm3. 

 

2.3.3 Histomorphometry  
First the bones were fixed in 4% formalin for 24 hours and then rehydrated for 2 

hours with pure water. Next, the samples were dehydrated in an ascending 

ethanol row (40%, 70% and 80% for 2-4 hours, respectively). 

The longitudinal sections of the right femora and the spine were cut with a 

thickness of 6 µm. After the fixation, the sections of femora and spines were 

embedded in polymethyl methacrylate and stained (see fig. 5). All sections were 

analyzed using Leica Microscope at a 200x magnification using OsteoMeasure 

software. Three visual fields were analyzed for each section. The ROIs for the 

femora and lumbar vertebral body L4 were set 100 µm distant from the cortex and 

100 µm distant from the growth plate or vertebral endplates, respectively. 

 

2.3.3.1 Von Kossa Staining 
To analyze mineralized bone matrix, the von Kossa staining was used. The 

incubation with silver nitrate leads to the replacement of calcium and other 

positively charged ions with silver in the bone matrix. After the reduction of the 

silver ions, the stained parts appear dark and can be distinguished from non-

mineralized matrix. 

After the removal of polymethyl methacrylate with 2-methoxyethylacetat, the 

samples were rehydrated in a descending ethanol row (100%, 96%, 80%, 70%, 

respectively). 



 23 

The samples were washed with pure water and incubated in silver nitrate for 5 

min. After washing three times in pure water, the samples were put in a sodium 

carbonate formaldehyde solution, washed with pure water and fixed in sodium 

thiosulfate for 5 min, again washed with pure water and stained in safranin-O 

solution for 8 min. After additional washing step with pure water, the samples were 

dehydrated in an ascending ethanol row (96%, 100%, 100%, respectively) and 

xylene and finally coverslipped. 

The analysis of BV/TV, Tb.N, Tb.Th and Tb.Sp was performed using the software 

OsteoMeasure. 

 

2.3.3.2 TRAP Staining 
TRAP staining was performed to identify the osteoclasts. It stains the enzyme 

tartrate-resistant acid phosphatase that is typical for osteoclasts. As cells like 

macrophages also express this enzyme, identification has to be made not only by 

staining but also taking into account localization, cell size and the number of cell 

nuclei. Thus, only TRAP-positive cells adjacent to bone surface with three or more 

nuclei were identified as osteoclasts. 

After the removal of polymethyl methacrylate with 2-methoxyethylacetat, the 

samples were rehydrated in a descending ethanol row (100%, 96%, 80%, 70%, 

respectively). The samples were incubated in a 0.2 M TRIS 

(trishydroxylaminomethane) buffer with pH 9 for 60 min, then incubated in a 0.2 M 

acetate buffer with pH 5 and then incubated with the TRAP solution for 2 hours, 

washed with pure water and stained with hematoxylin and again washed. The 

samples were shortly washed in ammoniac water for blueing and finally covered 

with Aquatex. 

TRAP positive cells were stained in red. Osteoclasts as well as the osteoclast 

surface were marked in the software OsteoMeasure so that the parameters 

osteoclast surface per bone surface (Oc.S/BS) and number of osteoclasts per 

bone perimeter (N.Oc/B.Pm) could be calculated. 
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2.3.3.3 Toluidine Blue Staining 
Toluidine blue staining was performed to identify the osteoblasts. The toluidine 

blue stains fibrous tissue and osteoblasts in blue and cartilaginous tissue in violet 

while mineralized bone remains uncolored. 

After the removal of polymethyl methacrylate with 2-methoxyethylacetat, the 

samples were stained with toluidine blue solution at pH 4.5 for 30 min, dehydrated 

in an ascending ethanol row (96%, 100%, 100%, respectively) and xylene and 

finally coverslipped. 

The number of osteoblasts per bone perimeter (N.Ob/B.Pm) was calculated with 

the software OsteoMeasure. To measure the thickness of the growth plate of the 

femora, the proximal and distal border of the growth plate were marked and the 

intermediate distance Ir.L.W. (Inter Label Width) was calculated with 

OsteoMeasure. 

 

2.3.3.4 Fluorescence Staining 
Fluorescence staining was performed to quantify the bone turnover during a 

defined period. Thus, calcein green and alizarin red were injected twelve and three 

days before sacrificing the mice, respectively. Thereby, both substances were 

incorporated to a different amount into newly calcifying bone. The bones were 

fixed in 4% paraformaldehyde for 24 hours, then dehydrated in an ascending 

ethanol row and embedded in methylmethacrylate. 

The bone surface, both single layers and double layers of green and red were 

marked with a double filter for green and red. With the software OsteoMeasure, 

the mineral apposition rate (MAR) and the bone formation rate per bone surface 

(BFR/BS) were calculated. The parameter MAR shows the distance between the 

midpoints of the double layers divided by the time between the midpoints of the 

interval. The BFR/BS shows the volume of mineralized bone formed per unit time 

and per unit bone surface. 
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Fig. 5: Representative images of different stainings of the femora 
Von Kossa staining (A), TRAP staining (B), toluidine blue staining (C) and calcein green 
and alizarin red staining (D). B = bone; BM = bone marrow; GP = growth plate. Black 
arrowheads indicate osteoclasts, white arrowheads indicate osteoblasts. 
 

2.4 Statistical Analysis 
For the statistical analysis of the data, the software GraphPad Prism 7.0a was 

used. 

First, all data have been tested for normal distribution using the Shapiro-Wilk 

Normality Test. For normally distributed data, the ANOVA with Fisher’s LSD post-

hoc test was used. For data, which were not distributed normally, the Kruskal-

Wallis with Dunns’ post-hoc test was used. 

The 12-week-old and the 55-week-old knock-out mice have been tested against a 

control group and age-related differences were analyzed. All results are presented 

as mean ± standard deviation (SD) and results with p < 0.05 were considered 

statistically significant. 
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3 Results 

3.1 Macroscopic evaluation of mouse skeletons  
A comparison between the C5aR knock-out mice, the C5L2 knock-out mice and 

the wild type mice (C57BL/6J) of both 12 and 55 weeks of age revealed no 

significant macroscopic differences in the skeleton structure or body size between 

strains (see fig. 6). 

 

 
Fig. 6: X-rays of the skeletons of 12-week-old mice 
WT (A), C5aR knock-out (B) and C5L2 knock-out (C). 
 

3.2 Cortical bone 
In this study, a non-destructive three point bending test was used to analyze the 

flexural rigidity (EI) of the femora. The control group was compared to a knock-out 

group lacking either the receptor C5aR or the receptor C5L2. This comparison was 

made with 12-week-old as well as with 55-week-old mice to analyze age-related 

differences. 

At the age of 12 weeks, the C5aR knock-out mice showed a significant higher 

flexural rigidity and moment of inertia compared to the control group. The C5L2 

knock-out mice did not show any significant differences. The 55-week-old wild type 

mice showed a significant higher flexural rigidity and moment of inertia compared 

to the 12-week-old wild type mice. At the age of 55 weeks, both knock-out strains 

A 
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displayed neither any significant age-related, nor genotype-related changes. 

Analyzing the apparent modulus of elasticity, the 12-week-old C5aR knock-out 

mice did not show a difference compared to the WT mice. The Eapp of the 12-

week-old C5L2 knock-out mice was significantly higher compared to the control 

group. No age-related differences could be observed in WT or C5aR knock-out 

mice, whereas C5L2 knock-out mice demonstrated significantly reduced Eapp. 

However, both knock-out strains did not show any significant differences 

compared to the WT (see fig. 7). 

 

 

 

 

 

 

 

 

 
Fig. 7: Biomechanical analysis of the femora of 12- and 55-week-old mice 
Flexural rigidity EI (A), moment of inertia Ix (B) and apparent modulus of elasticity Eapp (C). 
Data are present as mean ± SD; n = 5; * = p<0.05; ** = p<0.01; # = p<0.05; ## = p<0.01; 
#### = p<0.0001 compared to the mice of the same strain at the age of 12 weeks.  
 

Analysis of cortical compartment at the age of 12 weeks showed that the C5aR 

knock-out mice had a significantly thicker cortical bone, a larger ventrodorsal 

diameter and increased TMD than the control mice. This explains the 

corresponding higher flexural rigidity of the 12-week-old C5aR knock-outs. In 

contrast, the 12-week-old C5L2 knock-outs did not show any significant 

differences compared to the WT mice. The 55-week-old wild type mice showed an 

elevated cortical thickness as the mediolateral and ventrodorsal diameters as well 

as the cortical thickness were significantly higher compared to the 12-week-old 

C 
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WT mice. The TMD of the wild type mice did not reveal any age-related 

differences. Old C5aR knock-out mice showed a smaller ventrodorsal diameter 

and cortical thickness, compared to younger mice. Interestingly, their TMD was 

still higher than in WT mice, similar to 12 weeks of age. The 55-week-old C5L2 

knock-out mice showed larger ventrodorsal diameter and TMD compared to young 

mice of the same strain but demonstrated no significant differences compared to 

WT mice of the same age (see fig. 8).  

To sum it up, young C5aR knock-out mice showed a significantly increased bone 

density, cortical thickness and moment of inertia in the cortical compartment of the 

femur, and these changes in bone geometry and quality led to an improved 

bending stiffness of the bones. However, this phenotype disappeared with age. In 

contrast, young C5L2 knock-out mice showed only moderate improvement of bone 

quality compared to WT. 

 

 
 

 
Fig. 8: Analysis of the cortical parameters of the femora of 12- and 55-week-old 
mice 
Mediolateral diameter x (A), ventrodorsal diameter y (B), cortical thickness C.Th (C) and 
tissue mineral density TMD (D). Data are present as mean ± SD; n = 5; * = p<0.05; ** = 
p<0.01; # = p<0.05; ## = p<0.01 compared to the mice of the same strain at the age of 12 
weeks. 
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3.3 Trabecular bone of the femora 
In 12-week-old C5aR and C5L2 knock-out mice, the analysis of trabecular bone 

parameters in the distal femora including bone volume, apparent bone mineral 

density, trabecular number, thickness and separation showed no significant 

differences compared to the control group. As expected, the wild type mice 

showed a physiological loss of bone mass at the age of 55 weeks, as seen in the 

decreased BV/TV and by trend decreased app.BMD. At the age of 55 weeks, the 

C5aR knock-out mice showed similar trends as WT mice compared to young mice, 

but no significant differences in the calculated bone structural parameters 

compared to the wild type mice of the same age. However, the age-related loss of 

bone mass was less pronounced in 55-week-old C5L2 knock-out mice. Moreover, 

compared to WT mice, they revealed a significant higher app.BMD and by trend 

increased BV/TV. The Tb.N, Tb.Th and Tb.Sp of the 55-week-old C5L2 knock-out 

mice did not show any significant differences (see fig. 9). 
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Fig. 9: Analysis of the trabecular bone of the femora of 12- and 55-week-old mice as 
assessed by µCT 
Bone volume per tissue volume BV/TV (A), apparent bone mineral density app.BMD (B), 
trabecular number Tb.N (C), trabecular thickness Tb.Th (D) and trabecular separation 
Tb.Sp (E). Data are present as mean ± SD; n = 5; * = p<0.05; # = p<0.05; ## = p<0.01; 
### = p<0.001; #### = p<0.0001 compared to the mice of the same strain at the age of 
12 weeks. 
 

The histomorphometric two-dimensional analysis of the trabecular femur using von 

Kossa staining showed the following results: The 12-week-old C5aR knock-out 

mice showed by trend a higher BV/TV compared to the wild type mice, which 

could be attributed to significantly increased Tb.Th, while the trabecular number 

and trabecular separation were not changed. The 12-week-old C5L2 knock-out 

mice did not reveal any significant changes in BV/TV, Tb.N, Tb.Th or Tb.Sp. 

compared to the controls. In all three mouse strains aging was associated with 
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bone loss as indicated by a decreased relative volume and trabecular number and 

an increased trabecular separation. At the age of 55 weeks, both the C5aR knock-

out mice and the C5L2 knock-out mice did not show any significant differences 

compared to the wild type mice of the same age (see fig. 10 and 11). 

 

 
 

 
Fig. 10: Analysis of the trabecular bone of the femora of 12- and 55-week-old mice 
as assessed by histomorphometric analysis 
Bone volume per tissue volume BV/TV (A), trabecular number Tb.N (B), trabecular 
thickness Tb.Th (C), trabecular separation Tb.Sp (D). Data are present as mean ± SD; n = 
5; *** = p<0.001; # = p<0.05; ## = p<0.01; ### = p<0.001; #### = p<0.0001 compared to 
the mice of the same strain at the age of 12 weeks. 
 

 
Fig. 11: Representative von Kossa staining of the femora of 12-week-old mice 
WT (A), C5aR knock-out (B) and C5L2 knock-out (C). Scale bar 500 µm. 
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Next, we investigated the osteoclasts parameters using TRAP staining. The 

number of osteoclasts per bone perimeter (N.Oc/B.Pm) and the osteoclast surface 

per bone surface (Oc.S/BS) were examined.  

The 12-week-old C5aR knock-out mice showed a significantly reduced N.Oc/B.Pm 

and Oc.S/BS compared to the 12-week-old wild type mice. The N.Oc/B.Pm of the 

12-week-old C5L2 knock-out mice was not different from the WT mice but they 

showed a significantly decreased Oc.S/BS. Due to the physiological bone loss 

during aging, the 55-week-old wild type mice showed a higher osteoclast activity, 

seen by significantly increased N.Oc/B.Pm and by trend increased Oc.S/BS. At the 

age of 55 weeks, the C5aR knock-out mice still showed a significantly decreased 

N.Oc/B.Pm and Oc.S/BS compared to WT mice, whereas by the 55-week-old 

C5L2 knock-out mice, no differences could be distinguished. However, in these 

mice, similar to WT, both parameters increased with age. 

The analysis of the relative osteoblast numbers (N.Ob/B.Pm) revealed that at the 

age of 12 weeks, neither C5aR knock-out mice nor the C5L2 knock-out mice 

showed a significant difference compared to the wild type mice. During aging, the 

N.Ob/B.Pm of the 55-week-old wild type mice did not significantly change 

compared to the young mice. Also, no significant differences could be detected for 

the C5aR knock-out mice and the C5L2 knock-out mice at the same age. 

However, C5L2 knock-out mice showed an age-related decrease of osteoblast 

numbers (see fig. 12 – 14). 
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Fig. 12: Analysis of the cellular parameters of the femora of 12- and 55-week-old 
mice 
Number of osteoclasts per bone perimeter N.Oc/B.Pm (A), osteoclast surface per bone 
surface Oc.S/BS (B) and number of osteoblasts per bone perimeter N.Ob/B.Pm (C). Data 
are present as mean ± SD; n = 5; * = p<0.05; *** = p<0.001; # = p<0.05; ### = p<0.001 
compared to the mice of the same strain at the age of 12 weeks. 
 

 
Fig. 13: Representative TRAP staining of the femora of 12-week-old mice  
WT (A), C5aR knock-out (B) and C5L2 knock-out (C). B = bone; BM = bone marrow; 
arrowheads indicate osteoclasts. Scale bar 20 µm. 
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Fig. 14: Representative toluidine blue staining of the femora of 12-week-old mice 
WT (A), C5aR knock-out (B) and C5L2 knock-out (C). B = bone; BM = bone marrow; 
arrowheads indicate osteoblasts. Scale bar 20 µm. 
 

A measurement of the thickness of the growth plate has also been made in the 

toluidine blue staining to obtain the longitudinal growth rate of the bones. The 12-

week-old C5aR knock-out mice and the C5L2 knock-out mice did not reveal any 

significant differences compared to the wild type mice of the same age. As the 

growth plate gradually involutes with age, the 55-week-old wild type mice show a 

thinning and closing of the growth plate compared to the 12-week-old mice of the 

same strain. At the age of 55 weeks, no differences could be seen neither in the 

C5aR knock-out group nor in the C5L2 knock-out group (see fig. 15). 

 

 
Fig. 15: Growth plate thickness in the femora of 12- and 55-week-old mice 
Data are present as mean ± SD; n = 5; ## = p<0.01; #### = p<0.0001 compared to the 
mice of the same strain at the age of 12 weeks. 
 

With the aid of the dynamic histomorphometry, the parameters mineral apposition 

rate (MAR) and bone formation rate per bone surface (BFR/BS) could be 

B C A 
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calculated. The mineral apposition rate describes the average rate at which new 

bone material is being added onto the existing actively forming bone surface. At 

the age of 12 weeks, the C5aR knock-out mice and the C5L2 knock-out mice did 

not show a changed MAR compared to the wild type mice. As bone growth 

declines with age, the MAR of the 55-week-old wild type mice decreases 

compared to the 12-week-old wild type mice. Neither the C5aR knock-out mice nor 

the C5L2 knock-out mice showed any significant differences at the age of 55 

weeks. 

The BFR/BS describes a calculated rate at which trabecular bone surface is being 

replaced. The 12-week-old C5aR knock-out mice did not show any differences 

compared to the wild type mice while the 12-week-old C5L2 knock-out mice 

showed a significantly higher BFR/BS. At the age of 55 weeks, the wild type mice 

showed a decreased BFR/BS as bone turnover declines with age. The 55-week-

old C5aR knock-out mice did not reveal any differences compared to WT, while 

the C5L2 knock-out mice still had a significantly higher BFR/BS (see fig. 16). 

 

 
Fig. 16: Dynamic histomorphometry of the femora of 12- and 55-week-old mice 
Mineral apposition rate MAR (A) and bone formation rate per bone surface BFR/BS (B). 
Data are present as mean ± SD; n = 5; * = p<0.05; ** = p<0.01; ## = p<0.01; ### = 
p<0.001; #### = p<0.0001 compared to the mice of the same strain at the age of 12 
weeks. 
 

To sum up the results of the analysis of the trabecular bone of the femora, the 

C5aR knock-out mice showed an increased trabecular thickness and a decreased 

number of osteoclasts and their activity. This suggests a lower resorption activity 

in C5aR knock-out mice, resulting in a higher bone mass. 

The bone mass of the C5L2 knock-out mice was not different compared to 

controls, only the 55-week-old mice showed an increased app.BMD. The number 

of osteoclasts and osteoblasts was not affected in C5L2 knock-out mice in the 

femora. 
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3.4 Trabecular bone of the spine 
As the trabecular bone from different body regions possesses different bone 

turnover rates, we also analyzed the forth lumbar vertebral body of 12- and 55-

week-old mice. 

The analysis of the bone mass showed that the 12-week-old C5aR knock-out mice 

had a significantly increased BV/TV and app.BMD. Confirming, the Tb.N and 

Tb.Th of these mice were significantly increased and Tb.Sp decreased. The 12-

week-old C5L2 knock-out mice also showed a significantly increased BV/TV and 

app.BMD. The Tb.Th was also increased, while the Tb.N and Tb.Sp did not show 

any difference compared to the 12-week-old wild type mice. At the age of 55 

weeks, the wild type mice did not show a significant loss of bone mass in spine, 

whereas the Tb.N was decreased and Tb.Th and Tb.Sp did not change during 

aging. The 55-week-old C5aR knock-out mice and the C5L2 knock-out mice did 

not reveal any significant differences compared to the wild type mice of the same 

age, but demonstrated significantly reduced bone mass with increased age (see 

fig. 17). 
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Fig. 17: Analysis of the trabecular bone of the spine of 12- and 55-week-old mice as 
assessed by µCT 
Bone volume per tissue volume BV/TV (A), apparent bone mineral density app.BMD (B), 
trabecular number Tb.N (C), trabecular thickness Tb.Th (D) and trabecular separation 
Tb.Sp (E). Data are present as mean ± SD; n = 5; * = p<0.05; ** = p<0.01; **** = 
p<0.0001; # = p<0.05; ## = p<0.01; ### = p<0.001; #### = p<0.0001 compared to the 
mice of the same strain at the age of 12 weeks. 
 

In contrast to the data obtained by µCT, the 12-week-old C5aR knock-out mice 

and the 12-week-old C5L2 knock-out mice did not show any differences in bone 

mass or trabecular parameters including Tb.N, Tb.Th or Tb.Sp. The physiological 

bone loss in age can be seen in the decreased BV/TV, decreased Tb.N and 

increased Tb.Sp in the 55-week-old WT mice. At the age of 55 weeks, the C5aR 

knock-out mice did not differ from the WT mice. They also showed reduced Tb.N, 

but otherwise no significant changes in bone structure compared to the young 
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mice of the same strain. The old C5L2 knock-out mice demonstrated increased 

Tb.Th compared to the wild type mice of the same age. They also showed a 

significantly reduced Tb.Th and, correspondingly, increased Tb.Sp with age (see 

fig. 18 and 19). 

 

 
 

 
Fig. 18: Analysis of the trabecular bone of the spine of 12- and 55-week-old mice as 
assessed by histomorphometric analysis 
Bone volume per tissue volume BV/TV (A), trabecular number Tb.N (B), trabecular 
thickness Tb.Th (C), trabecular separation Tb.Sp (D). Data are present as mean ± SD; n = 
5; ** = p<0.01; # = p<0.05; ## = p<0.01; ### = p<0.001 compared to the mice of the same 
strain at the age of 12 weeks. 
 

 
Fig. 19: Representative von Kossa staining of the spine of 12-week-old mice 
WT (A), C5aR knock-out (B) and C5L2 knock-out (C). Scale bar 500 µm. 
 

Similarly to the analysis of femur, TRAP staining in spine of 12-week-old C5aR 

knock-out mice showed significantly decreased osteoclast numbers and activity 

compared to the control group. The 12-week-old C5L2 knock-out did not show any 

A B 

C D 

A B C 



 39 

differences in N.Oc/B.Pm or Oc.S/BS. At the age of 55 weeks, osteoclast numbers 

and activity did not significantly change in any mouse strain compared to young 

mice. However, compared to the old WT mice, C5aR knock-out mice showed a 

significant decrease of N.Oc/B.Pm and Oc.S/BS, whereas C5L2 knock-out mice 

revealed no differences. 

Analysis of the osteoblasts at the age of 12 weeks showed that only C5L2 mice 

significantly differed from WT, demonstrating increased osteoblast numbers. 

Additionally, all three mouse strains showed a decrease in osteoblast numbers 

with age, but no differences between the genotypes (see fig. 20 – 22). 

 

 
 

 
Fig. 20: Analysis of the cellular parameters of the spine of 12- and 55-week-old mice 
Number of osteoclasts per bone perimeter N.Oc/B.Pm (A), osteoclast surface per bone 
surface Oc.S/BS (B) and number of osteoblasts per bone perimeter N.Ob/B.Pm (C). Data 
are present as mean ± SD; n = 5; * = p<0.05; ** = p<0.01; *** = p<0.001; **** = p<0.0001; 
### = p<0.001; #### = p<0.0001 compared to the mice of the same strain at the age of 
12 weeks. 
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Fig. 21: Representative TRAP staining of the spine of 12-week-old mice  
WT (A), C5aR knock-out (B) and C5L2 knock-out (C). B = bone; BM = bone marrow; 
arrowheads indicate osteoclasts. Scale bar 20 µm. 
 

 
Fig. 22: Representative toluidine blue staining of the spine of 12-week-old mice 
WT (A), C5aR knock-out (B) and C5L2 knock-out (C). B = bone; BM = bone marrow; 
arrowheads indicate osteoblasts. Scale bar 20 µm. 
 

The dynamic histomorphometry of the spine revealed no changes in MAR in C5aR 

knock-out mice, whereas BFR/BS was significantly increased compared to WT 

mice. The 12-week-old C5L2 knock-out mice did not reveal a changed MAR or 

BFR/BS. During aging, the wild type mice showed no differences in MAR and 

BFR/BS. The 55-week-old C5aR knock-out mice did not reveal any difference in 

MAR or BFR/BS compared to the wild type mice of the same age. The 55-week-

old C5L2 mice showed a decreased MAR but no decrease in BFR/BS compared 

to WT mice (see fig. 23). 
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Fig. 23: Dynamic histomorphometry of the spine of 12- and 55-week-old mice 
Mineral apposition rate MAR (A) and bone formation rate per bone surface BFR/BS (B). 
Data are present as mean ± SD; n = 5; * = p<0.05; ** = p<0.01; ## = p<0.01 compared to 
the mice of the same strain at the age of 12 weeks. 
 

In summary, the analysis of the spines showed that the C5aR knock-out mice had 

an increased bone volume with a corresponding increased trabecular number and 

trabecular thickness and a decreased trabecular spacing. The C5aR knock-out 

mice also showed an increased bone formation rate and lower numbers of 

osteoclasts in the spine, but no change of the numbers of osteoblasts, suggesting 

a lower resorption activity, resulting in a higher bone mass. 

The spines of the C5L2 knock-out mice also displayed a higher bone mass with 

thicker trabeculae resulting presumably from increased numbers of osteoblasts. 

The number of osteoclasts was unaffected in C5L2 knock-out mice. 
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4 Discussion 
There are evidences that the complement system as a part of the immune system 

might play an important role in bone formation, bone metabolism and fracture 

healing. Lots of studies show the impact of C5aR and C5L2 on the immune 

response and fracture healing under inflammatory conditions, including sepsis and 

trauma, but few studies investigate physiological bone metabolism under non-

inflammatory conditions [15, 32, 41, 64, 95]. Previous studies have shown that the 

complement system might influence bone metabolism and play an important role 

in bone disorders like osteoporosis or rheumatoid arthritis [33, 57, 75]. The 

complement receptors C5aR and C5L2 are expressed on bone cells, including 

chondroblasts, osteoblasts and osteoclasts, and mesenchymal stem cells, 

indicating their possible role in bone homeostasis [33, 75]. 

To further elucidate the role of complement in bone, the aim of this study was to 

examine the influence of the complement receptors C5aR and C5L2 on bone 

metabolism using a knock-out mouse model. Cortical and trabecular bone were 

investigated with a non-destructive three-point bending test, micro-computed 

tomography and dynamic histomorphometric analysis to analyze the bone 

phenotype of C5aR- and C5L2-knock-out mice. 

It could be shown that C5aR knock-out mice displayed a higher bone mass and 

enhanced bending stiffness resulting from decreased osteoclast numbers. The 

phenotype of the C5L2 knock-out mice was less distinct, but also showed a higher 

bone mass resulting from increased osteoblast numbers. 

 

4.1 C5aR 
As C5aR plays a role during bone growth and ossification, it seems likely that it 

still has an influence in adult bone metabolism [35, 36, 62, 85]. 

C5aR knock-out mice show a significantly increased cortical bone mass, due to an 

increased cortical thickness, moment of inertia and increased tissue mineral 

density. The bending stiffness was also enhanced under non-inflammatory 

conditions. 

Interestingly, a previous study investigated the bone properties in absence of C5. 

Ehrnthaller et al. showed that in these mice the bending stiffness and moment of 

inertia of the femoral shaft were decreased. Interestingly, the thickness of the 
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growth plate was increased, suggesting that C5 might play a role in the 

longitudinal growth of long bones [18]. Under inflammatory conditions after 

fracture, the authors observed impaired healing in the absence of C5, associated 

with lower flexural rigidity and smaller callus, which might possibly indicate 

disturbed cartilage formation. In case of excessive inflammation after severe 

trauma, Recknagel et al. observed improved fracture healing when a C5aR-

antagonist was applied immediately after injury, indicating a role of early 

complement activation in later bone formation [64].  

 

In the analysis of the trabecular bone, the C5aR knock-out mice showed an 

increased trabecular bone mass, trabecular number and thickness. The bone 

formation rate was increased and the number of osteoclasts decreased, leading to 

an elevated bone volume. The number of osteoblasts was not significantly 

different from the wild type mice. Confirming the enhanced bone formation rate in 

spine, a recent study could show that the systemic concentration of procollagen 

type I N-terminal propeptide (PINP), which is a marker for bone formation, was 

also increased [41]. Nevertheless, Kovtun et al. showed in vitro that the expression 

of osteogenic marker genes Alpl, Ibsp and Bglap showing the activity of 

osteoblasts, were not changed [41]. A previous study suggested that C5aR might 

also be important during new bone formation by osteoblasts [36]. However, in our 

in vivo study, the C5aR knock-out mice showed an elevated bone formation rate, 

while the number of osteoblasts remained unaffected. A possible explanation for 

this could be that MSC and the migration of osteoblasts are affected, as C5a might 

regulate MSC and osteoblast migration [35, 36, 41]. Nevertheless, possible 

differences between the in vitro an in vivo study should be considered, as the in 

vitro system might exclude important secondary factors, like hormones, growth 

factors or cytokines originated from other tissues. 

During bone healing under inflammatory conditions, C5a could induce the 

migration of osteoblasts and osteoblast precursors via C5aR. Osteoblasts 

extending in the direction of a fracture gap were shown to be strongly positive for 

C5aR, implying that they might be a target for activated complement [35]. 

However, another study could show that a C5aR overexpression selectively on 

osteoblasts did not affect the bone mass or the bone formation rate under non-

inflammatory conditions [9]. 
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The decreased number of osteoclasts in vivo of this study could be confirmed in 

vitro by a quantitative analysis of TRAP-positive multinucleated cells generated 

from marrow-isolated osteoclast progenitor cells after differentiation. Due to the 

increased apoptosis of osteoclast-progenitor cells in vitro in C5aR knock-out mice, 

it was concluded that the osteoclast formation might be disturbed in C5aR knock-

out mice [41]. Former studies have already shown that the anaphylatoxin C5a 

stimulates osteoclast formation through the up-regulation of RANKL. 

Consequently, reduced C5a would lead to decreased osteoclast formation [36, 

85]. Another study already showed that C3a locally produced by bone marrow 

cells is required for osteoclast differentiation [72]. Tu et al. could also show that 

bone marrow cells locally produce C5 during osteoclast differentiation, and that C5 

could be activated via the alternative pathway into active C5a. It was concluded 

that C5a might also be required for efficient osteoclast differentiation as C5aR-

deficient bone marrow cells produced a decreased number of osteoclasts. 

Suppressed C5aR activity reduced osteoclast generation while stimulation of WT 

mice with C5a increased osteoclast differentiation [85]. This confirms the results of 

the present study, as the C5aR knock-out mice presented a significantly 

decreased number of osteoclasts, consequently less bone is resorbed, resulting in 

an increased bone mass. 

 

Collectively, the results of the bone phenotyping of C5aR knock-out mice show 

that under non-inflammatory conditions, C5aR might regulate osteoclastogenesis, 

whereas its influence on bone formation remains questionable and needs further 

investigation. 

 

4.2 C5L2 
C5L2, the second known receptor for the anaphylatoxin C5a, is a controversially 

described receptor. It is discussed whether it acts as an anti-inflammatory decoy 

receptor to limit pro-inflammatory reactions mediated by C5aR or as a co-

stimulator of immune cells acting as a pro-inflammatory receptor enhancing the 

effects of C5aR [44, 57]. So far, no studies have been performed to investigate the 

role of C5L2 in physiological bone metabolism under non-inflammatory conditions. 
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In this study, the C5L2 knock-out mice also showed an increased bone mass 

although the bone phenotype was less pronounced than the phenotype of the 

C5aR knock-out mice.  

The number of osteoblasts was increased in C5L2 knock-out mice, leading to an 

increased bone mass. As C5a regulates the migratory response in human primary 

osteoblasts and in MSC, this increased recruitment could be a possible 

explanation for the increased number of osteoblasts [35, 76]. However, a recently 

performed in vitro analysis could not confirm an increased osteoblast proliferation 

[41]. 

Unlike the C5aR knock-out mice, the bone formation rate was elevated at least in 

the femora of the C5L2 knock-out mice of this study, although the bone turnover 

markers C-terminal telopeptide (CTX) and PINP were not significantly changed in 

contrast to C5aR knock-out mice, indicating that differences in this phenotype 

might be moderate [41]. 

In contrast to the C5aR knock-out mice, the number of osteoclasts was not 

changed, which could be confirmed by a recent in vitro study [41]. This study 

additionally analyzed C5L2 knock-out mice under inflammatory conditions, 

showing that the C5L2 knock-out had similar effects on fracture healing as the 

C5aR knock-out, as both showed a decreased number of osteoclasts, even 

though the inflammatory response to fracture was different [41]. As this effect of 

changed osteoclast numbers could not be confirmed in this present study 

analyzing non-inflammatory conditions, it is proposed that C5L2 might affect 

osteoclastogenesis only under inflammatory conditions like fracture healing but not 

in non-inflammatory physiological bone metabolism [41]. The expression of C5L2 

is dependent on the available ligands C5a and C5a des-Arg, the latter binding with 

high affinity to C5L2. As the amount of the ligands is enhanced under inflammatory 

conditions, it seems possible that C5L2 only becomes important under 

inflammatory conditions [41, 51, 57]. 

In summary, the increased bone mass of the analyzed C5L2 knock-out mice 

probably results from the increased number of osteoblasts rather than from 

changed osteoclast numbers, although the effects are moderate. 

 

In a recently performed study investigating fracture healing in C5aR and C5L2 

knock-out mice, it was shown that both knock-out mice showed an impaired 
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fracture healing. The amount of osteoblasts was reduced, the bone contents in the 

fracture callus were decreased and the bones displayed a reduced bending 

stiffness [41]. The number of osteoclasts was only reduced in the C5L2 knock-out 

mice, but not in C5aR knock-out mice. 

The inflammatory response of mice that received a femur osteotomy was 

differentially affected in C5aR knock-out and C5L2 knock-out mice. Interestingly, 

the C5aR knock-out mice showed a decreased inflammatory response, while the 

C5L2 knock-out mice displayed an increased inflammatory response. Both 

phenotypes showed an impaired fracture healing, a disturbed osteoclastogenesis 

and a delayed cartilage-to-bone transformation and are thus required for an 

adequate fracture healing [41]. 

 

In all 55-week-old mice of this study, the bone turnover was slowed down, as can 

be seen in the decreased bone formation rate in all groups. The mineral apposition 

rate was also decreased in all mice, the number of osteoblasts was decreased, 

while the number of osteoclasts was increased in old mice, all resulting in a 

decreased bone mass and higher trabecular separation. This represents the 

physiological decline of bone turnover in age where more bone degradation than 

formation is found [59]. With age, the influence of knock-out mice lacking the 

receptors C5aR or C5L2 might disappear due to a decreased bone turnover. It 

might also be that the receptors mainly influence MSC during enchondral 

ossification, osteoclastogenesis and osteoblastogenesis but not during adult bone 

turnover. 

 

Nevertheless, as a limitation of the present study, indirect and secondary effects 

have to be taken into account as a general knock-outs were used. Not only bone 

cell-specific mechanisms could have an influence, but also some indirect effects 

form other organs should be examined in further studies [41]. Overexpression or 

overstimulations of one receptor in the absence of the other should be explored in 

bone and other organs in the future. Furthermore, in vitro analyses should not be 

transferred to in vivo conditions without considering secondary effects of the living 

system. 
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In summary, the results of this work indicate that C5aR and C5L2 are both 

affecting bone metabolism through influencing the activity of osteoblasts and 

osteoclasts and that both receptors are required for normal bone homeostasis.  
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5 Summary 
This study could confirm previously shown interactions between bone and the 

complement system. In previous studies, complement proteins, particularly C3 and 

C5, could be detected during bone development, suggesting a role in development 

of bone tissue. C5a and its receptor C5aR were shown to be required for an 

efficient osteoclast differentiation. A recently conducted in vitro study suggested a 

direct regulation of complement on osteoclasts showing a decreased osteoclast 

formation in C5aR knock-out mice, possibly as a result of an increased apoptosis 

of osteoclast-progenitor cells. During osteoblastogenesis, C5aR and C3aR are 

strongly up-regulated and osteoblast migration was shown to be induced by active 

C5a. The increased bone formation rate of healthy C5aR knock-out mice was 

confirmed by a systemic increase of the bone formation marker procollagen type I 

N-terminal propeptide (PINP). 

To better understand the role of the complement receptors C5aR and C5L2 in 

physiological bone homeostasis under non-inflammatory conditions, the aim of the 

present study was to investigate the bone phenotype of receptor knock-out mice. 

The knock-out mice lacking either the receptor C5aR or C5L2 were analyzed with 

a non-destructive bending test, micro-computed tomography and dynamic 

histomorphometry. 

The results of this study show that the C5aR knock-out mice had an increased 

cortical and trabecular bone mass and an increased bending stiffness, resulting 

from a decreased number of osteoclasts. C5L2 knock-out mice also showed an 

increased bone mass due to an increased number of osteoblasts, while the 

number of osteoclasts remained unaffected. The phenotype was less distinct 

compared to the mice with C5aR knock-out. 

In summary, this study shows that both C5aR and C5L2 play an important role in 

bone homeostasis. Further studies should elucidate the detailed role of C5aR and 

C5L2 on bone turnover.  
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