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1 Introduction 

 

1.1 Bone remodeling 

The skeleton is constituted of mineral (50 to 70%), organic matrix (20 to 40%), 

water (5 to 10%), and lipids (<3%). The mineral composition of skeleton is mostly 

hydroxyapatite [Ca10(PO4)6(OH)2], few carbonate, magnesium, and acid phosphate. 

Mineral composition supports bone mechanical stiffness and load-bearing strength, 

while the organic matrix supplies skeletal elasticity and flexibility [1]. Bone 

remodeling is a process by which skeleton is self-renewed to preserve bone strength 

and mineral homeostasis. Osteoclasts carry out resorption of old bone, whereas 

osteoblasts produce new organic matrix and also regulate mineralization of matrix 

through the accumulation of calcium phosphate in the form of hydroxyapatite [1, 2]. 

 

1.1.1 Bone formation and osteoblasts  

Mesenchymal stem cells (MSCs) are multipotent stromal cells that can differentiate 

into several types of cells, including osteoblasts, chondrocytes, myocytes, fibroblasts, 

and adipocytes (Fig. 1) [1, 3]. The initial step of osteoblastogenesis involves the 

development of MSCs to osteochondroprogenitor cells, which subsequently have the 

ability to differentiate into osteoblasts or chondrocytes. Several hormones, cytokines, 

and signaling molecules are involved in the process of osteoblastogenesis, including 

PTH, prostaglandin, interleukin (IL)-11, insulin-like growth factor-1 (IGF-1) and 

TGF-β receptors [2, 3]. Wingless-ints (Wnts) and bone morphogenetic proteins 

(BMPs) are mainly involved in the early differentiation [2, 3]. Additionally, 

runt-related transcription factor 2 (RUNX2) directs early differentiation of osteoblasts 

and is expressed in both preosteoblasts and osteoblasts [3].   
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Figure 1: Bone homeostasis is controlled by the interplay of osteoblasts, osteoclasts and 

osteocytes (Ref. 3, page 28, figure 1). Cells of the hematopoietic lineage differentiate to 

osteoclasts, which resorb bone. Osteoblasts originating from mesenchymal progenitors deposit 

new bone to fill up the resorption cavities. “Republished with permission of [Springer Nature], 

from [Ref. 3]; permission conveyed through Copyright Clearance Center, Inc.” 

 

  

In the early phase of bone formation, osteoid, the non-mineralized bone matrix, is 

deposited by osteoblasts and is subsequently mineralized by releasing and extruding 

membrane-bound matrix vesicles that concentrate calcium and phosphate (Fig. 1) [2, 

3]. About 90% of osteoid is type I collagen, however, osteoblasts also secret 

non-collagenous extracellular matrix proteins, including alkaline phosphatase (ALP), 

osteocalcin (Gla proteins), and osteonectin, thatregulate the deposition of bone 

mineral, influence the activity of bone cells and cell-attachment, and support the 

turnover of bone matrix (Table 1) [1-5]. ALP first extrudes calcium-nucleated vesicles 

and enzymatically cleaves pyrophosphate to form the incomplete hydroxyapatite 

crystals [2-5]. Phosphoprotein kinases and phosphatases control the growth of the 

crystals and increase calcium ions by the phosphorylation of the key 

nucleatingphosphoproteins, bone sialoprotein and dentine matrix protein-1 (DMP-1) 

[2-5].  
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Table 1: Matrix proteins and their skeletal functions (Ref. 1, page S136; Ref. 2, page 793). 

Protein Function 

Versican Determinant of space 

Biglycan Collagen fibril formation and correlation 

with peak bone mass 

Bone sialoprotein Activates mineralization 

Osteonectin Regulates collagen fibril and 

mineralization 

Osteopontin suppresses mineralization  

Osteocalcin Regulates osteoclasts and inhibits 

mineralization 

Matrix Gla protein Inhibits mineralization 

RGD-containing glycoproteins 

(thrombospondins,fibronectin, 

vitronectin,  fibrillin 1 and 2) 

Cell attachment 

“Republished with permission of [AMERICAN SOCIETY OF NEPHROLOGY] and [Springer 

Nature] respectively, from [Ref. 1] and [Ref. 2] respectively; permission conveyed through 

Copyright Clearance Center, Inc.” 

 

1.1.2 Osteocytes 

After the completion of bone formation, mature osteoblasts have three potential 

fates. They can become quiescent lining cells on the bone surface, undergo apoptosis, 

or differentiate terminally to osteocytes that are embedded in lacunae within the 

mineralized matrix of bone (Fig. 2) [6-10]. 

Osteocytes are the master signal sensor, integrator, and transducer of the skeleton, 

and make up more than 95% of bone cells in the mature bone tissue. Osteocytes send 

their dendritic processes to form the lacunocanalicular network (Fig. 2), which 

connects bone cells to the bone surface and to the adjacent vasculature [9, 10], 

providing oxygen and nutrients to maintain the viability of the cell in this enclosed 

environment. Through fluid flow in the osteocyte-lacunocanalicular network, 

osteocytes sense and respond to changes arising from stress, strain or pressure [9-11].  
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Figure 2: Osteocytes are terminally differentiated osteoblasts embedded into the bone 

matrix (Ref. 10, page 659, figure 1). Via their dendritic processes, osteocytes are connected 

to osteoblasts lining the bone surface, other osteocytes, and the vasculature. “[Dallas SL, 

Prideaux M, Bonewald LF. The osteocyte: an endocrine cell ... and more. Endocr Rev. 

2013;34:658-690], by permission of Oxford University Press or Endocrine Society, and by 

permission conveyed through Copyright Clearance Center, Inc.” 

 

 

1.1.3 Bone resorption and osteoclasts  

Precursors of osteoclasts are derived from the monocyte/macrophage lineage, 

which originates from haematopoietic stem cells (HSCs) in the bone marrow [12, 13]. 

The receptor activator of nuclear factor kappa-B ligand (RANKL), also known as 

TNF ligand superfamily member 11 (TNFSF11) or TNF-related activation-induced 

cytokine (TRANCE) or OPGL from osteoblast lineage cells, was first mentioned as a 

T cell-derived cytokine enhancing T-cell growth and dendritic cell function [14]. 
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Besides this function in theimmune system, RANKL is also the critical downstream 

effector cytokine for osteoclast formation and bone resorption [15-18]. Another 

important mediator in osteoclastogenesis is macrophage colony-stimulating factor 

(M-CSF), a cytokine secreted by cells of the monocyte-macrophage-osteoclast lineage 

that influences HSCs to differentiate into macrophages, monocytes or osteoclasts 

[15-18]. 

In the presence of M-CSF, RANKL is considered to bind solely to its receptor 

RANK (also known as TNFRSF11A) on osteoclast precursors and promotes their 

differentiation into pre-osteoclasts, which terminally differentiate into mature 

osteoclasts [15-18]. RANKL and M-CSF are essential for osteoclastogenesis, as mice 

lacking either protein fail to produce osteoclasts and eventually develop osteopetrosis 

[19, 20]. Osteoprotegerin (OPG), also known as TNFSF11B, is a physiological decoy 

receptor of RANKL and an effective inhibitor of osteoclast differentiation. The 

RANKL to OPG ratio is anticipated to be a pivotal determinant of osteoclast 

differentiation and activity (Fig. 3) [21, 22]. In humans, autosomal-recessive 

inactivating mutations of the TNFSF11B gene (OPG deficiency) cause juvenile 

Paget‟s disease, which is characterized by high-turnover bone loss, dental lysis, focal 

appendicular bone lesions and deafness. As expected, anti-resorptive bisphosphonates 

are helpful and effective for these patients [23].  

Previously, osteoblasts and/or bone marrow stromal cells were thought to be the 

main source for RANKL and OPG. However, recent studies showed that osteocytes 

are the major source of RANKL in bone remodeling [24, 25]. Moreover, osteocyte 

RANKL is responsible for unloading-induced bone loss [24, 25]. 
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Figure 3: Role of the RANK-RANKL-OPG system in osteoclast formation (Ref. 106, page 

520, figure 1). RANKL and OPG are the key downstream effectors of osteoclast-mediate 

resorption of bone. Macrophage colony-stimulating factor 1 (M-CSF) and RANKL promote the 

differentiation of monocytes into pre-osteoclasts, that fuse to mature osteoclasts. OPG inhibits 

osteoclast formation by acting as decoy receptor for RANKL. “Republished with permission of 

[Springer Nature], from [Ref. 106]; permission conveyed through Copyright Clearance Center, 

Inc.” 

 

1.2 Bone Loss 

Bone loss emerges when there is an imbalance between osteoclastic bone resorption 

and osteoblastic bone formation temporally or spatially [2]. High-turnover bone loss 

is characterized by an absolute increase in bone resorption with a relative but 

insufficient increase in bone formation. This occurs as a result of hypogonadism, i.e. 

estrogen deficiency in women and testosterone deficiency, thyrotoxicosis, 

hyperparathyroidism, the diseases of cytokine excess, skeletal metastases, Paget‟s 

bone disease, rheumatoid arthritis and periodontitis [2].  
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Estrogen, is not only a potent anti-inflammatory hormone, but also plays a 

fundamental role in skeletal growth and bone homeostasis in humans, as estrogen is 

considered as a potent factor of bone protection [26]. Following menopause, estrogen 

deficiency in women causes an increase in bone resorption by increasing 

osteoclastogenesis, decreasing the apoptosis of osteoclasts and increasing the activity 

of osteoclasts, and consequently leads to postmenopausal osteoporosis [27]. Fast and 

abundant bone loss initiates 3 years before the last menstrual period, whereas serum 

estrogen is relatively normal. Elevated follicle-stimulating hormone (FSH) causes the 

sharp early hyper-resorption that accompanies hypogonadism. An increase in the 

pituitary hormone, FSH, might be an early event instigating an increase in bone 

resorption [28]. There are also tight correlations between elevated serum FSH and 

bone loss during the early post-menopause in amenorrheic women [29, 30]. In 

contrast, low-turnover bone loss is characterized by the decrease in both bone 

formation and bone resorption. This appears as a result of aging, disuse and excess 

glucocorticoids [2]. 

Chronic inflammation and NF-κB pathway contribute to osteoporosis and 

aging-related bone loss [31, 32-33]. By generating transgenic mice that express Wnt4 

especially in osteoblasts, Yu et al. have reported that Wnt4 is able to protect against 

natural age-related bone loss and estrogen deficiency-induced bone loss by targeting 

NF-κB signaling, concurrent with decreased levels of TNF, COX-2, and MMP9 [31]. 

Additionally, early-life IGF-1 deficiency can inhibit age-related loss of vertebral bone 

volume and bone density in female mice, concurrent with an elevated ratio of 

OPG/RANKL levels and increased osteoblast surface [34]. 

 

1.3 The complement cascade 

The complement system belongs to the innate immune system, and it usually leads 

to the body‟s counterattack against bacteria by controlling microbial threats and 

eliminating cellular debris. In contrast to the adaptive immune system, complement 

components eliminate pathogens swiftly and are always ready for initiation and 

amplification. Although traditionally complement system is primarily viewed as a 
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host defense system against microbial invaders, it is now understood to contribute to 

various immune, inflammatory, neurodegenerative, ischemic, osteoarthritis, and 

age-related diseases [35-38]. 

The complement system consists of three distinct pathways, including classical 

pathway, mannose-binding (MB) lectin pathway and alternative pathway, which 

eventually converge at the generation of the C3 and C5 convertases (Fig. 4) [35-38]. 

The classical pathway is initiated by IgG or IgM clusters and is thought to be 

antibody-dependent. When recognizing distinct structures on microbial and apoptotic 

cells, the pattern recognition molecule (PRM) C1q binds the proteases C1r and C1s to 

form C1 complex (C1qr2s2) (Fig. 4). C1s subsequently cleaves C4 into C4a and C4b, 

leading to exposure of hidden thioester and covalent deposition of C4b on activation 

surfaces. Through thioester moiety, activation of C4 produces the opsonin C4b. 

Additionally, C1s also mediates the generation of the C3 convertase (C4b2b) [35-38].  

In the MB-lectin pathway, C1q, C1r, C1s, MB lectin, ficolins, and collectin-11 form 

MB lectin-associated serine proteases (MASPs), and they predominantly recognize 

carbohydrate patterns on microbial and apoptotic cells. Similar to the classical 

pathway, MASPs cleave C4 and C2, and the activation of C4 subsequently generates 

C4b (Fig. 4). Conversely, the cleavage fragment of C2 binds to C4b to generate the 

C3 convertase (C4b2b), which is able to cleave C3 into activated fragments, the 

anaphylatoxin C3a and the versatile opsonin C3b [35-38].  

In the presence of factor B (FB) and factor D (FD), surface-deposited C3b can form 

the major alternative pathway C3 convertase (C3bBb), which subsequently activates 

additional C3 to form C3b and generate more C3 convertases, supplying an efficient 

loop to markedly amplify the response and the subsequent effector functions (Fig. 4). 

The alternative pathway might contribute most to complement activation and response 

[39]. 

The alternative pathway amplifies the density of C3b opsonin on the target surface, 

subsequently resulting in the formation of C5 convertases (C4b2b3b or C3bBb3b), 

which are able to cleave C5 into the anaphylatoxin C5a and into C5b. Consequently, 

C5b associates with C6 and C7, leading to a stable complex, which inserts into cell 
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membranes and eventually forms membrane attack complex (MAC, C5b–9n) through 

binding to C8 and several units of C9 [35-37, 40].  

 

 

Figure 4: Overview of the complement cascade with its different activation pathways (Ref 37, 

page 385, Box 1). All pathways converge at the level of complement component C5. 

“Republished with permission of [Springer Nature], from [Ref. 37]; permission conveyed through 

Copyright Clearance Center, Inc.” 

 

The MAC, as well as the anaphylatoxins C5a and C3a, are the major effector 

components of complement. The MAC binds to cell membranes and forms a 

transmembrane pore that leads to damage and lysis of the target cell [35-37, 41]. Not 

all cells are susceptible to MAC-induced cell lysis, it mainly appears in aged 

erythrocytes and certain Gram-negative bacteria [37]. Importantly, cell lysis is not the 

only effector function of MAC. MAC also can promote inflammation by activating 

pro-inflammatory cell signalling, when it binds to the cell surface at sublytic levels 

[41, 42]. Consequently, pro-inflammatory signaling and phagocytosis are essential for 
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complement-mediated defense against foreign invaders [41, 42]. Of note, the 

membrane-bound regulator CD59 prevents the formation of both sublytic and lytic 

MAC by binding to active forms of C8 and C9 [41]. 

The anaphylatoxin C5a is a powerful chemoattractant that recruits neutrophils, 

monocytes, and macrophages towards the sites of activation by binding to C5a 

receptor 1 (C5aR1 or CD88). The role of a second C5a receptor (C5aR2 or C5L2) is 

not completely clarified. Compared to the potent pro-inflammatory effect of C5a, the 

activity of C3a seems to be more versatile and context-specific as a particular 

inflammatory modulator [37]. C3a is unable to attract neutrophils, but might even 

neutralize the neutrophil-attractant effects of C5a by promoting direct anti-microbial 

activity [43, 44].  

 

 

1.4 Interaction of complement and bone cells 

 

1.4.1 Complement and osteoblasts 

It was shown previously, that human MSCs (hMSCs) and osteoblasts express C3, 

C5, C3aR, C5aR, the membrane-bound regulatory proteins CD46, CD55, and CD59 

[45]. Furthermore, osteoblasts were also able to activate complement by cleaving C5 

to its active form C5a. Stimulation with C3a or C5a did not affect osteogenic 

differentiation. Co-stimulation with IL-1β/C3a or IL-1β/C5a in human osteoblasts 

significantly increased the concentration of IL-6 and IL-8, as well as the mRNA 

expression of RANKL and OPG. This indicates that complement may regulate the 

inflammatory response in osteoblasts and supplies a pro-inflammatory environment, 

which is involved in the interaction between osteoblasts and osteoclasts [45]. 

However, C3a or C5a alone was not able to trigger the release of IL-6 and IL-8 from 

osteoblasts, but they may promote the inflammatory response in osteoblasts and 

increase osteoclast formation, particularly in a pro-inflammatory environment [45]. 

Regarding complement receptor, C5aR mRNA was nearly undetectable in 

undifferentiated hMSC, but its expression was significantly triggered and increased 
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during differentiation of hMSC toward the osteogenic phenotype in vitro [46]. 

Furthermore, during the process of osteogenic differentiation in vitro, C5a induced 

more migrated cells under indirect migratory response of human primary osteoblasts 

as a concentration-dependent feature (from 10 ng/mL to 1000 ng/mL). In contrast, cell 

migration of undifferentiated hMSC was significantly induced only by the highest 

C5a concentration [46]. 

Complement proteins are also expressed in a specific spatial arrangement in the 

growth plate during bone development: C3 and Factor B located evenly in the resting 

and proliferation zones, while C5 and C9 located especially in the hypertrophic zones 

[47].  

With regard to the effects of CD59a in osteoblast formation ex vivo, Bloom et al. 

showed there were no significantly differences in the ALP staining and mineralisation 

between bone marrow (BM) osteoprogenitor cells from male WT and CD59a
−/−

 mice, 

during the process of osteogenesis [48]. This indicates that CD59a does not affect 

osteoblast formation from BM osteoprogenitor cells in vitro. However, the authors 

found that the ratio of osteoid surface and bone surface in vivo was two-fold lower in 

male CD59a
−/− 

mice at 8 weeks of age than in WT mice, while mineral apposition rate 

(MAR) and the ratio of bone formation rate and bone surface (BFR/BS) were both 

significantly increased in male CD59a
−/−

 mice at 8 weeks of age [48]. Additionally, 

immunohistochemical staining for osteopontin in vivo showed an increase in femoral 

osteoblasts, osteoclasts, bone lining cells and megakaryocytes in femora of CD59a
−/−

 

male mice [48]. 

 

1.4.2 Complement and osteoclasts 

Several studies have shown that complement components or regulators influence 

osteoclast formation or differentiation by direct and indirect effects [45-48, 49]. Tu et 

al. reported that BM cells from C3
-/- 

mice displayed significantly reduced osteoclast 

differentiation by almost 50%, accompanied by less M-CSF and a decreased 

RANKL/OPG-ratio. Moreover, during osteoclast differentiation, murine BM cells 

locally produced C3, C5, factor B, and factor D through alternative pathway of 



                                               Introduction 
 

12 
 

complement activation [49]. In addition, blocking C3a receptor (C3aR) by using 

C3aR antagonist in murine BM cell cultures significantly inhibited TRAP-positive 

osteoclast differentiation, whereas blocking C5a receptor (C5aR) by using C5aR 

antagonist did not significantly reduce the number of TRAP-positive cells. BM cells 

from C3aR
-/- 

or C5aR
-/- 

mice generated fewer number of TRAP-positive osteoclasts, 

following the same protocol of 1,25(OH)2 vitamin D3-stimulated osteoclast 

differentiation. BM cells from double-knockout for C3aR
-/- 

and C5aR
-/- 

produced the 

least number of TRAP-positive osteoclasts. Similarly, human BM cells generated C5, 

factor B, and factor D during osteoclast differentiation. Furthermore, blocking C3aR 

or/and C5aR by using C3aR antagonist or/and C5aR antagonist in human BM cell 

cultures significantly inhibited osteoclast differentiation [49]. After the stimulation of 

C3aR or C5aR, monocytes or macrophages respectively produced IL-6, and IL-6 

increased 1,25(OH)2 vitamin D3-induced osteoclast differentiation from BM cells 

through IL-6R and gp130 [50, 51]. Of note, BM cells from C3
-/- 

or C3aR
-/- 

C3aR
-/- 

mice generated decreased levels of IL-6 by 5 times during the process of osteoclast 

differentiation. Moreover, supplementation of IL-6 into C3
-/-

 BM cells increased the 

number of TRAP-positive cells, whereas neutralization of IL-6 in WT or C3
-/-

 BM 

cells with the stimulation of C3a/C5a efficiently abolished the effect of complement 

on osteoclast differentiation [49]. The authors deduced IL-6 could play an important 

role in complement regulated the process of osteoclast differentiation, and the 

production of IL-6 by BM cells is regulated by C3aR/C5aR during differentiation 

[49]. 

C3, C5, C3aR, C5aR as well as the membrane-bound regulatory proteins CD46, 

CD55, and CD59 were all expressed in human osteoclasts [45]. In the absence of 

RANKL and M-CSF, C3a or C5a significantly promoted osteoclastogenesis from 

peripheral blood mononuclear cells (PBMNC) directly. Furthermore, osteoclasts were 

able to activate complement by cleaving C5 to its active form C5a [45].  

CD59 is the only complement modulator that inhibits the formation of MAC 

assembly and subsequently blocks the function of the lytic pore. During osteoclast 

differentiation in vitro, BM cells from male CD59a
−/− 

mice generated significantly 
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more TRAP-positive cells than those from WT male mice with the supplementation of 

M-CSF and RANKL. Bone histomorphometry analysis ex vivo showed that osteoclast 

surface activity in the secondary spongiosa of CD59a
−/−

 male mice was greater than 

that of WT mice at 8 and 20 week, and osteoclast number of CD59a
−/−

 mice was also 

significantly increased at 20 weeks. However, there was no alteration in the number of 

TRAP-positive cells between age-matched female CD59a
−/−

 and WT mice in vitro and 

in vivo study [48]. These gender-specific results emerged since complement system in 

male mice on the C57BL/6J background might be more active than female mice [52, 

53]. Furthermore, the levels of CXCL1, a marker for osteoclast precursor cell 

recruitment, from male BMC osteoclastogenesis assays were significantly increased 

in CD59a
−/−

 culture supernatants when treated with M-CSF compared to those of WT 

[48].  

 

1.5 Complement and skeletal diseases 

There is indirect evidence for the regulatory capacity of complement components 

or modulators in bone metabolism from human patients and from experimental 

models of rheumatoid arthritis, osteoarthritis, and periodontitis. 

 

1.5.1 Complement and rheumatoid arthritis 

Rheumatoid arthritis (RA) is an autoimmune disease in which joint inflammation 

leads to cartilage degradation, bone destruction, and bone loss [54, 55]. About 56 % of 

female postmenopausal patients with RA have decreased bone mineral density (BMD) 

in at least one site (at the forearm, total hip, femoral neck, or lumbar spine) and 

consequently increased risk of fractures [56]. Complement components, such as C2, 

C3, C4 and C5, are significantly increased in cultures of synovial tissue obtained from 

patients with RA, compared to those from patients with degenerative or traumatic 

arthritis [57]. Therefore, it can be concluded that the local production of complement 

components is involved in the process and the inflammatory response in RA.  

Components of the complement cascade are involved in the pathogenesis of 

collagen-induced arthritis (CIA). C3
-/-

 mice exhibited almost complete resistance to 
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the induction of arthritis, while factor B-deficient mice were partly resistant to CIA 

[58]. Complement receptor of the immunoglobulin superfamily (CRIg) is a selective 

inhibitor of the alternative pathway of complement in human and mouse, as CRIg 

binds to the β chain of C3b and inhibits the C3 and C5 convertases [59]. By using 

mutants of the crystal structure of murine CRIg, inhibition of the alternative pathway 

not only reversed joint inflammation and clinical scores, accompanied with the 

reduced local IL-1β and IL-6 levels, but also reduced bone loss in experimental 

models of CIA and antibody-induced arthritis (AIA) [59]. The alternative pathway of 

complement is not only required for disease induction, but also for disease 

progression in RA [59, 60]. The soluble complement receptor 1 (CD35 or sCR1) is a 

potent inhibitor of the classical and alternative complement pathways as a deactivator 

of the C3 and C5 convertases. Injection of sCR1 prevented the progression of CIA 

and inhibited the development of joint inflammation in both rats [61] and mice [62]. 

Treatment with APT070, a membrane-targeting complement regulatory protein 

derived from human complement receptor 1, in animals led to significantly milder 

clinical and histologic disease in arthritis as a dose-dependent therapeutic effect, 

compared with vehicle controls or animals treated with APT898, an 

non-membrane-targeting control regulator [63]. For C5 component, systemic 

administration of anti-C5 monoclonal antibodies prevented the onset of 

collagen-induced arthritis (CIA) and ameliorated established disease in animal models 

by blocking the production of the major chemotactic and proinflammatory factors C5a 

and MAC C5b-9 [64]. C5-deficient mice were highly resistant to the induction of CIA 

despite equivalent intra-articular deposition of IgG and C3 on the cartilage surfaces 

[65].  

In CD59a
-/-

 mice, measurement of joint swelling and histological indicators of joint 

damage were significantly enhanced compared to WT controls in an experimental 

model of AIA [66]. The deposition of MAC in the arthritic joints from CD59a
-/-

 mice 

was also increased [66]. The administration of sCD59-APT542, a novel 

membrane-targeted rat CD59 derivative, markedly ameliorated disease severity, 

leading to a reduction of knee swelling and joint damage in CD59a
-/- 

mice [66]. In an 
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experimental model of CAIA, clinical scores and histopathologic injury of arthritis in 

C3aR
-/-

, C5aR
-/-

, and C6
-/-

 mice were all reduced in comparison to WT mice [67]. The 

deposition of IgG and C3, and the percentage of synovial neutrophils were also 

decreased in all three genotypes compared to WT mice. Notably, the percentage of 

synovial macrophages was only decreased in C3aR
-/-

 and C5aR
-/-

, but not in C6
-/- 

mice. 

mRNA expression of TNF-α in synovium was decreased in C5aR
-/- 

mice, whereas 

synovial mRNA IL-1β was reduced in both C5aR
-/-

 and C6
-/-

 mice. However, there 

was no alteration in either cytokine in C3aR
-/-

 mice [67]. 

 

1.5.2 Complement is involved in osteoarthritis and periodontitis 

Osteoarthritis (OA) has long been considered as a degenerative breakdown of 

articular cartilage resulting from „wear and tear‟, but recent evidence indicates that 

inflammation has a pivotal role in its pathogenesis. The inflammation in OA is 

different from that in RA and other autoimmune diseases, where it is chronic and 

comparatively low-grade [38, 68].  

Recent studies in human and mouse suggest that the complement system plays a 

central role in the pathogenesis of OA [38, 68]. Regarding the effector components, 

the C3a and C5a anaphylatoxins induce inflammation by chemoattracting 

pro-inflammatory leukocytes, while the MAC binds to cell membranes and forms a 

transmembrane pore that leads to lysis and damage of the targe cell [69, 70]. The 

MAC also can promote inflammation by activating pro-inflammatory cell signalling, 

such as mitogen-activated protein kinases (MAPK), the Janus kinase-signal transducer 

and activator of transcription (JAK-STAT) pathway, and NF-κB, when it binds to the 

cell surface as sublytic MAC [41, 42]. Early studies have revealed that complement 

components and immunoglobulin deposit in articular cartilage [71] and synovium [72] 

of patients with OA. Recent report has shown that the expression and activation of 

complement are significantly higher in synovial joints of patients with OA than 

healthy individuals, through proteomic and transcriptomic analysis of synovial fluids 

and membranes [38]. Moreover, by using mice genetically deficient in complement 

components or the MAC regulatory protein, Wang et al. revealed that C5-deficient or 
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C6-deficient mice developed attenuated experimental OA, whereas deficiency in 

CD59a aggravated the process of OA [38]. However, many of the MAC-surrounded 

chondrocytes in osteoarthritic cartilage seemed to be morphologically normal [38]. 

The authors isolated chondrocytes from cartilage of OA patients, and incubated 

chondrocytes coated with or without sublytic MAC in vitro. They found that sublytic 

MAC not only increased the production of cartilage-degrading enzymes in cultured 

chondrocytes, including matrix metalloprotease (MMP) 1, MMP3, MMP13, and 

disintegrin-like and metallopeptidase with thrombospondin type 1 motif (ADAMTSs), 

cyclooxygenase 2 (COX-2), and prostaglandin-endoperoxide synthase 2 (PTGS2) 

[73-76], but also enhanced the expression of pro-inflammatory cytokines and 

mediators, such as C-C motif chemokine ligand (CCL) 2, CCL5, or 

colony-stimulating factor 1 (CSF1) [77]. Additionally, sublytic MAC also amplified 

pathogenic complement signalling in OA by inducing the expression of other 

complement effectors, such as C3 and C5. Furthermore, chondrocytes from the joints 

of C5-deficient mice expressed lower concentrations of inflammatory and degradative 

mediators than those from the joints of C5-sufficient mice, with decreased mRNA 

levels of the pro-inflammatory transcription factors Jun and Fos [78, 79]. 

Besides RA and OA, periodontitis is an oral and skeletal disease characterized by 

the inflammatory destruction of the tooth-supporting tissues, the periodontium, 

including alveolar bone and gingiva [80]. Periodontitis is associated with increased 

risk of some systemic conditions, such as RA and atherosclerosis [81, 82]. 

Complement is involved in the pathogenesis of periodontal dysbiosis and 

inflammatory bone loss [83]. Effective anti-periodontitis therapy not only attenuated 

periodontal inflammation and destruction, but also reduced activation of C3 in the 

gingival crevicular fluid (GCF) [84]. Moreover, the progression of gingival 

inflammation in human was correlated with increased C3 cleavage in the GCF [85].  

Taken together, the complement system is a potent trigger and amplifier of local or 

systemic inflammation that causes bone atrophy and aberrant bone apposition.  

1.6 Aim of the study 

The complement system has been recognized as a regulator of bone homeostasis 
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and it was also shown to contribute to the pathogenesis of musculoskeletal conditions 

such as rheumatoid arthritis and osteoarthritis. Previously, the focus of research was 

mostly on the complement components C3 and C5, their split products and respective 

receptors. The role of the terminal complement cascade downstream of C5 on bone 

homeostasis was investigated to a lesser extent. Therefore, the present study explored 

the role of the most terminal complement component, the membrane attack complex 

(MAC) as well as the role of the MAC-regulatory component CD59a in bone 

homeostasis.  

In particular, the phenotype of trabecular and cortical bone was analyzed in mice 

lacking the complement component C6, therefore being unable to assemble the MAC, 

and in mice lacking the MAC-regulator CD59a.  
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2. Methods and Materials 

 

2.1 Animal model and husbandry 

All animal experiments were performed in compliance with the international and 

national recommendations for the care and use of laboratory animals, and were 

approved by the local ethics committee (o.135, Tierforschungszentrum Ulm 

University). 

To study the influence of the MAC on bone homeostasis, the following models 

were used: 

 

C6-deficient mice (C6-KO) 

These mice were derived from mice naturally lacking complement component C6. 

The C6-deficiency was transferred to C57BL/6 background. The mice were provided 

by Prof. John D. Lambris from the University of Pennsylvania and bred at the 

Tierforschungszentrum of Ulm University.   

CD59a-knockout mice (CD59a-KO) 

The CD59a-KO mice were produced by targeted deletion of exon 2 of the gene for 

CD59a in embryonic stem cells [86]. The mice were provided by Wen-Chao Song 

from the University of Pennsylvania and bred at the Tierforschungszentrum of Ulm 

University.  

C57BL/6J mice served as controls for C6-KO and CD59a-KO, and were purchased 

from Charles River (Sulzfeld, Germany).  

The mice were housed in groups of up to 5 mice per MacrolonTypeII-cage at a 14 h 

light and 10 h dark rhythm. Food and water were accessible ad libitum. The mice 

were sacrificed by CO2 asphyxiation.  

 

 

 

 



                                         Methods and materials 
 

19 
 

The following groups and number of each group were analyzed:  

 

Table 2: C6-deficient (C6-KO) mice and CD59a-knockout (CD59a-KO) mice were used for 

this study of skeletal phenotyping. Age- and sex-matched C57BL/6 mice were used as 

wild-type (WT) controls. 

 genotype 
C6-KO CD59-KO C57BL/6 

age  

17 weeks 7 7 5 

34 weeks 8 5 8 

 

 

2.2 Biomechanical testing  

The bending stiffness (flexural rigidity) of the femur was assessed by a 

non-destructive three-point bending test using a material testing machine (Zwick, Ulm, 

Germany) as described previously [87-89]. Briefly, the proximal end of the femur was 

stabilized in an aluminum cylinder with SelfCem (HeraeusKulzer, Hanau, Germany). 

Subsequently, the cylinder was fixed on a hinge joint, serving as the proximal support 

for the bending test, while the femoral condyle was placed on the bending support as 

the other side. The loading cycle (maximum force 5 N) of each femur was evaluated 

to define the flexural rigidity (EI) from the slope (k) of the load-deflection curve 

[87-89]. The bending load F was applied on the mid-shaft and was continuously 

recorded each time. Flexural rigidity was calculated as EI = k(a
2
b

2
/3l), with “l” as the 

distance between both supports being 20 mm, with “a” being the distance between the 

load vector and the proximal support, and with “b” being the distance between the 

load vector and distal support [87-89]. 

 

2.3 Micro-computed tomography (μCT) analysis  

We obtained right femurs from mice, dissected them free of soft tissues, fixed them 

in 4% formalin and scanned them within 48h by using micro-CT (Skyscan 1172, 

Bruker, Belgium). Similarly, we obtained lumbar spines (L4 or L5) from mice, fixed 
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them in 4% formalin for 1 week, then dehydrated them in graded ethanol, immersed 

them in 80% ethanol for at least 2 weeks, further dissected them free of soft tissues, 

and scanned them by using micro-CT. 

We used image reconstruction software (NRecon) and data analysis software 

(CTAnalyser) to calculate the parameters of the trabecular bone in the metaphysis of 

distal femur or vertebral body, and the cortical bone in the middle of femoral 

diaphysis [31, 87-88, 90-92]. We set the scanner at a voltage of 50 kV and 200 μA for 

mice at a resolution of 8 μm approximately. For calibration of bone mineral density 

(BMD), two phantoms of hydroxyapatite (HA) content (higher HA: 750mg; lower HA: 

250mg) were scanned together with the femurs or lumbar spines each time. We 

established cross-sectional images of the distal femurs or lumbar spines to perform a 

three-dimensional histomorphometric analysis of the trabecular bone [31, 87-88, 

90-92]. 

The selected region of interest (ROI) for calculating trabecular bone of distal femur 

was a 0.72 mm (90 cross-sections) length of the metaphyseal primary and secondary 

spongiosa, originating 0.24 mm (30 cross-sections) above the epiphyseal growth plate 

and extending proximally (Fig. 5) [31, 87-88, 90-92]. We analyzed the parameters of 

the cortical bone in the middle of femoral diaphysis. 
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Figure 5: Selected region of interest (ROI) of distal femur by μCT.  

ROI: The area was a 0.72-mm length, starting 0.24 mm from the lowest growth plate in order to 

include primary and secondary spongiosa.  

The region of interest (ROI round) for calculating trabecular bone of lumbar spine 

was a cylinder (round) at each slice with a diameter of 0.8mm which was above and 

beneath respective endplate of each vertebral body, excluding the cortical bone (Fig. 6) 

[31, 87-88, 90-92].  

 

Figure 6: Selected region of interest (ROI) of lumbar spine by μCT.  

ROI round: The area was a cylinder (round) with a diameter of 0.8 mm, and was above and 

beneath respective endplate of each vertebral body, excluding the cortical bone.  
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2.4 Histomorphometric analysis  

After analysis of μCT, right femurs were fixed in 4% formalin, dehydrated in 

graded ethanol. Subsequently, right femurs and lumbar spines were embedded in 

methyl methacrylate. To identify the number and surface of osteoblasts or osteoclasts, 

7-μm thick undecalcified sections of intact femurs and lumbar spines were stained by 

using toluidine blue for better visualization of osteoblasts or tartrate resistant acid 

phosphatase (TRAP) staining for osteoclasts [31, 87, 91-93]. We performed 

histomorphometric measurements of the two-dimensional parameters of the trabecular 

bone with OsteoMeasure Software (OsteoMetrics, Inc.) [31, 87, 91-93]. 

 

2.5 Statistical analysis. 

Numerical data and histograms were expressed as the mean ± SD. Two-tailed 

Student‟s t-test was performed between two groups and a difference was considered 

statistically significant with P<0.05.
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3. Results 

 

3.1 Influence of C6 deficiency and CD59a knock-out on trabecular bone 

3.1.1 Influence of C6 deficiency on trabecular bone 

Global deficiency of C6 reduces trabecular bone mass in distal femur from 

17-week-old mice 

μCT analysis of the distal femoral metaphysis displayed that bone volume/tissue 

volume (BV/TV), trabecular number (Tb.N), and bone mineral density (BMD) from 

C6-deficient mice were significantly lower respectively by 44% (P<0.001), 42% 

(P<0.001) and 40% (P<0.001) than those from WT littermates at 17 weeks of age (Fig. 

7A-C, 7F). Trabecular separation (Tb.Sp) from 17-week-old C6-deficient mice was 

significantly higher by 29% (P<0.001) (Fig. 7E).   

In contrast to bone phenotype in 17-week-old mice, BV/TV, Tb.N, Tb.Sp, and 

BMD in the distal femur were not significantly different between C6-deficient and 

WT mice at 34 weeks of age (Fig. 7A-F), whereas tissue mineral density (TMD) from 

34-week-old C6-deficient mice was significantly lower by 13.5% (P=0.003) (Fig. 

7G). 
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Figure 7: Low bone mass and bone mineral density (BMD) of trabecular bone in femur from 

17-week-old C6-deficient (KO) mice. (A) Representative μCT images of distal femurs from 

C6-deficient and WT (C6-sufficient) mice at 17 weeks of age. (B-G) Quantitative μCT analyses of 

bone volume/tissue volume (BV/TV) (B), trabecular number (Tb.N) (C), trabecular thickness 

(Tb.Th) (D), trabecular separation (Tb.Sp) (E), BMD (F), and tissue mineral density (TMD) (G) in 

trabecular bone in distal femurs are shown.  All data are mean ± SD. n = 5-8 for each group. * 

P< 0.05, ** P< 0.01, and ** P< 0.001 by Two-tailed Student‟s t-test between two groups. 
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Global deficiency of C6 reduces spinal trabecular bone mass 

Compared with WT littermates, BV/TV of vertebrae from C6-deficient mice 

decreased significantly by 24% (P<0.001) and 26% (P=0.002) respectively at both 

ages (Fig. 8A-B). In addition, Tb.N of vertebrae from C6-deficient mice also 

significantly decreased at both ages by 16% (P=0.01) and 23% (P<0.001) respectively 

(Fig. 8C). Trabecular thickness (Tb.Th) and TMD were significantly lower at 17 

weeks of age (P=0.011; P=0.007, respectively), but not changed at 34 weeks of age 

(Fig. 8D, and 8G). Although BMD of vertebrae from C6-deficient mice decreased by 

26% and 24% respectively at both ages compared to WT mice, it reached no statistical 

significance (P=0.138; P=0.092, respectively) (Fig. 8F).  
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Figure 8: Decreased bone mass of trabecular bone in spine (round ROI) from C6-deficient 

(KO) mice. (A) Representative micro-CT images of lumbar spines from C6-deficient and WT 

(C6-sufficient) mice at 17 and 34 weeks of age. (B-G) Quantitative μCT analyses of bone 

volume/tissue volume (BV/TV) (B), trabecular number (Tb.N) (C), trabecular thickness (Tb.Th) 

(D), trabecular separation (Tb.Sp) (E), bone mineral density (BMD) (F), and tissue mineral 

density (TMD) (G) in the trabecular bone of vertebral body are shown.  
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3.1.2 Global deficiency of C6 increases osteoclast surface of distal femur and 

spine  

To obtain insight the effect of C6 on bone remodeling, histomorphometric analysis 

displayed that the osteoclast surface per bone surface (Oc.S/BS) of femur from 

C6-deficient mice was significantly higher by 28% (P=0.009) and 43% (P=0.008) 

respectively than that from WT mice at two ages (Fig. 9A, C). In addition, although 

the number of osteoclasts per bone perimeter (N.Oc/B.Pm) increased significantly by 

34% (P=0.002) in C6-deficient mice at 34 weeks of age compared to WT mice, it 

increased by 16% at 17 weeks of age without a statistical significance (P=0.091, Fig. 

9A, B).  

Of note, histomorphometry of spine from C6-deficient mice significantly displayed a 

29% (P=0.014) increase in Oc.S/BS at 17 weeks of age, a 63% (P=0.005) increase in 

Oc.S/BS at 34 weeks of age, a 89.5% (P<0.001) increase in N.Oc/B.Pm at 17 weeks 

of age, and a 87.8% (P=0.004) increase in N.Oc/B.Pm at 34 weeks of age, compared 

to WT mice (Fig. 9D-F). 
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Figure 9: Increased osteoclast number and surface of trabecular bone from C6-deficient 

(KO) mice. (A) Micrographs of tartrate-resistant acid phosphatase (TRAP) staining performed on 

trabecular bone sections of distal femur from C6-deficient and WT (C6-sufficient) mice at 17 and 

34 weeks of age. Dark purple-multinuclear cells were osteoclasts as yellow arrows indicated. (B, 

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

osteoclast surface per bone surface (Oc.S/BS) (C) of distal femurs were measured. (D) 

Representative images of osteoclast counts on trabecular bone sections of vertebral body from 

C6-KO and WT mice. (E, F) Quantifications of N.Oc/B.Pm (E) and Oc.S/BS (F) in lumbar spines 

were measured.  
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3.1.3 Global deletion of C6 has no effect on osteoblast number and surface 

With regard to osteoblast number and surface, there were no significantly 

alterations in N.Ob/B.Pm and Ob.S/BS of femur between C6-deficient and WT mice 

at two ages (Fig. 10A-C). In addition, N.Ob/B.Pm and Ob.S/BS did not significantly 

change in C6-deficient mice compared to WT mice at two ages (Fig. 10D-F). 
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Figure 10: Unchanged osteoblast number and surface on trabecular bone from C6-deficient 

(KO) mice. (A) Micrographs of osteoblast counts on trabecular bone sections of distal femur from 

C6-KO and WT (C6-sufficient) mice. Light blue cuboid cells continuously at the outer border of 

bone tissues were osteoblasts as yellow arrows indicated. (B, C) Quantifications of the number of 

osteoblasts per bone perimeter (N.Ob/B.Pm) (B) and the osteoblast surface per bone surface 

(Ob.S/BS) (C) in distal femurs were measured. (D) Representative images of osteoblast counts on 

trabecular bone sections of vertebral body from C6-KO and WT mice. (E, F) Quantifications of 

N.Ob/B.Pm (E) and Ob.S/BS (F) in lumbar spines were measured.  
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3.1.4 Influence of CD59a deficiency on trabecular bone 

 

Global deletion of CD59a reduces trabecular bone mass of distal femur in 

17-week-old mice 

μCT analysis of the distal femur displayed that trabecular BMD and TMD from 

CD59a-deficient mice were significantly lower respectively by 28% (P<0.001) and 9% 

(P<0.001) than those from WT mice at 17 weeks of age (Fig. 11A-C). Similarly, 

BV/TV, Tb.N, and Tb.Th of CD59a-deficient mice were significantly lower by 36% 

(P<0.001), 21% (P=0.001), and 19% (P=0.001) respectively than those of WT mice 

at 17 weeks of age (Fig. 11D-F), while Tb.Sp of CD59a-deficient mice was 

significantly higher by 13% (P=0.006; Fig. 11G).   

However, BMD, TMD, BV/TV, Tb.N, Tb.Th, and Tb.Sp in the trabecular region of 

distal femur were not significantly different between CD59a-deficient and WT mice at 

34 weeks of age (Fig. 11A-G). 
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Figure 11: Low BMD and bone mass of trabecular bone in femur from 17-week-old 

CD59a-knockout (KO) mice. Representative μCT images of distal femurs from CD59a-KO and 

WT mice at two ages. (B-G) Quantitative μCT analyses of bone mineral density (BMD) (B), tissue 

mineral density (TMD) (C), bone volume/tissue volume (BV/TV) (D), trabecular number (Tb.N) 

(E), trabecular thickness (Tb.Th) (F), and trabecular separation (Tb.Sp) (G) in the trabecular bone 

of distal femurs are shown.  
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Global deletion of CD59a has no effect on trabecular bone of spine 

μCT analysis of trabecular bone in spine (round ROI) revealed that BMD, TMD, 

BV/TV, and Tb.Sp were not significantly different between CD59a-deficient and WT 

mice at 17 weeks of age (Fig. 12A-D, 12G). Strikingly, Tb.N of spine from 

CD59a-deficient mice increased significantly by 11% (P=0.013) compared to WT 

mice (Fig. 12E), but Tb.Th decreased significantly 7.6% (P=0.009) (Fig. 12F).  

In addition, TMD, BV/TV, Tb.N, Tb.Th, and Tb.Sp of spine were not significantly 

different between CD59a-deficient and WT mice at 34 weeks of age (Fig. 12D-H). 

However, BMD of spine from CD59a-deficient mice increased significantly by 15% 

(P=0.015) compared to WT mice at 34 weeks of age (Fig. 12B). 
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Figure 12: Unchanged bone mass of spine trabecular bone (round ROI) in CD59a-KO mice. 

(A) Representative μCT images of lumbar spines from CD59a-KO and WT mice at two ages. 

(B-G) Quantitative μCT analyses of bone mineral density (BMD) (B), tissue mineral density 

(TMD) (C), bone volume/tissue volume (BV/TV) (D), trabecular number (Tb.N) (E), trabecular 

thickness (Tb.Th) (F), and trabecular separation (Tb.Sp) (G) in the trabecular bone of vertebral 

body are shown. 
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3.1.5 Global deletion of CD59a in mice increases the number of osteoclasts in 

femur but not in spine  

Histomorphometric analyses were perfomed that N.Oc/B.Pm of femur from 

CD59a-deficient mice was significantly higher by 31% (P=0.001) and 29% (P=0.005) 

than that from WT mice at two ages (Fig. 13A-B). Furthermore, compared to WT 

mice, Oc.S/BS increased by 30% (P=0.006) in CD59a-deficient mice at 17 weeks of 

age, but was not significantly changed (P=0.185) at 34 weeks of age (Fig. 13A-C).  

Of note, there were no significantly differences in N.Oc/B.Pm and Oc.S/BS of 

spine from CD59a-deficient and WT mice at both ages (Fig. 13D-F).  
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Figure 13: Decreased osteoclasts number of trabecular bone from CD59a-KO mice. (A) 

Micrographs of osteoclasts on trabecular bone sections of distal femur from CD59a-KO and WT 

mice at two ages. (B, C) Quantifications of the number of osteoclasts per bone perimeter 

(N.Oc/B.Pm) (B) and the osteoclast surface per bone surface (Oc.S/BS) (C) of distal femurs were 

measured. (D) Representative images of osteoclasts on trabecular bone sections of vertebral body 

were shown. (E, F) Quantifications of N.Oc/B.Pm (E) and Oc.S/BS (F) of lumbar spines were 

measured.  
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3.1.6 Global deficiency of CD59a has no effect on osteoblast number and surface   

In contrast to the pronounced effect on osteoclast number, there were no 

significantly alterations in N.Ob/B.Pm and Ob.S/BS of femur (Fig. 14A-C) or spine 

(Fig. 14D-F) between CD59a-deficient and WT mice at both ages.  
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Figure 14: Unchanged osteoblast number and surface of trabecular bone from 

CD59a-knockout (KO) mice. (A) Micrographs of osteoblast counts on trabecular bone sections 

of distal femur. (B, C) Quantifications of the number of osteoblasts per bone perimeter 

(N.Ob/B.Pm) (B) and the osteoblast surface per bone surface (Ob.S/BS) (C) of distal femurs were 

measured. (D) Representative images of osteoblast counts on trabecular bone sections of vertebral 

body. (E, F) Quantifications of N.Ob/B.Pm (E) and Ob.S/BS (F) of lumbar spines were measured.  
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3.2 Influence of C6-deficiency and CD59a knock-out on cortical bone 

 

3.2.1 Global deletion of C6 decreases mineral density of cortex in femur from 

34-week-old mice, with no alterations in cortical thickness  

μCT analysis of mid-femoral cortex revealed that cortical TMD of C6-deficient 

mice significantly decreased by 5.2% (P=0.001) compared to WT littermates at 34 

weeks of age, but did not change at 17 weeks of age (Fig. 15A). 

However, deletion of C6 in mice led to no significantly difference in cortical thickness 

(Ct.Th), compared to WT mice at 17 weeks of age (Fig. 15B-C). 

 

 

 

 

 

Figure 15: Low cortical tissue mineral density (TMD) of femur in 34-week-old C6-deficient 

(C6-KO) mice. (A, B) Quantitative μCT analyses of cortical TMD (A) and cortical thickness 

(Ct.Th) (B) of femurs from C6-deficient and WT mice. (C) Representative μCT images of Ct.Th 

in mid-femur. 
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3.2.2 Global deficiency of C6 has no effect on bending stiffness  

With regard to bending stiffness, three-point-bending test of femoral mid-shaft 

displayed that there were no significantly differences in bending stiffness (EI) 

between C6-deficient and WT mice at 17 weeks of age (Fig. 16A). EI of C6-deficient 

mice decreased by 15.5%, but that reached no statistical significance (P=0.072; Fig. 

16A). 

Moreover, μCT analysis of bone geometry displayed that moment of inertia in X axis 

(MOI) of C6-deficient mice significantly decreased by 29% (P=0.008) compared to 

that of WT littermates at 17 weeks of age (Fig. 16B). 

However, there were no significantly differences in EI and MOI between C6-deficient 

and WT mice at 34 weeks of age (Fig. 16A, B). 

 

 

 

 

Figure 16: Unchanged bending stiffness of femur from C6-deficient (KO) mice. 

(A, B) Three-point-bending and quantitative micro-CT analysis of bending stiffness (EI) (A) and 

moment of inertia in X axis (MOI) (B) in femurs from C6-deficient and WT mice at 17 and 34 

weeks of age. 

 

 

3.2.3 Global deletion of CD59a reduces mineral density of cortex in femur, with 

no alterations in Ct.Th 

μCT analysis of mid-femoral cortex showed that cortical TMD of CD59a-deficient 
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mice was significantly decreased compared to WT littermates at both ages. Cortical 

TMD decreased respectively by 6.6% (P<0.001) and 6.9 % (P<0.001) (Fig. 17A). 

Importantly, deletion of CD59 in mice led to no significantly difference in Ct.Th 

compared to WT mice at both ages (Fig. 17B-C).  

 

Figure 17: Low cortical tissue mineral density (TMD) of femur from 17-week-old and 

34-week-old CD59a-KO mice. (A) Quantitative μCT analyses of cortical TMD (A) in 

mid-femurs from CD59a-KO and WT mice at both ages. (B) Representative μCT images of 

cortical thickness (Ct.Th) in mid-femurs. (C) Quantitative μCT analysis of Ct.Th in mid-femurs.  

 

 

3.2.4 Increased bending stiffness in CD59a-deficient mice is due to the alterations 

of bone geometry at 34 weeks of age 

Strikingly, 3-point-bending test of femoral midshaft showed that EI of 

CD59a-deficient mice was higher by 19% (P=0.023) than that of WT littermates at 34 

weeks of age (Fig. 18A). Moreover, bone geometry analyses from CD59a-deficient 

mice displayed that MOI, polar moment of inertia (pMOI), total cross-sectional area 

inside the periosteal envelope (Tt.Ar), and marrow area (Ma.Ar) were all significantly 

higher respectively by 28% (P=0.001), 24% (P=0.005), 14% (P=0.002) and 16% 

(P=0.006) than those from WT littermates at 34 weeks of age (Fig. 18B-E). 
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However, there were no significantly differences in EI, MOI, pMOI, Tt.Ar, and 

Ma.Ar between CD59a-deficient and WT mice at 17 weeks of age (Fig. 18A-E). 

 

 

 

 

Figure 18: Increased bending stiffness (EI) and moment of inertia in X axis (MOI) of femur 

from 34-week-old CD59a-KO mice. (A-E) Three-point-bending and quantitative μCT analyses 

of EI (A), MOI (B), polar moment of inertia (pMOI) (C), total cross-sectional area inside the 

periosteal envelope (Tt.Ar) (D), and marrow area (Ma.Ar) (E) in mid-femurs from CD59a-KO and 

WT mice at two ages.  

A 
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4. Discussion 

 

The aim of this study was to investigate the effects of the terminal complement 

complex, the MAC, and of the MAC-regulating protein CD59a on bone homeostasis.  

 

4.1 The role of CD59a and C6 in bone homeostasis 

It was shown previously, that components of the terminal complement system 

played a role in bone homeostasis and regeneration. Studies in mice lacking the 

components C3 or C5 revealed that although the mice had no obvious bone phenotype, 

deficiencies in the terminal complement cascade lead to impaired bone regeneration, 

as fracture healing in C5-deficient mice was significantly disturbed while 

C3-knockout mice healed unaffected [94]. Also defective C5aR-signalling was 

described to influence bone homeostasis and repair. Mice deficient for C5aR1 or 

C5aR2 displayed significantly increased bone mass in the trabecular compartment of 

the femur due to different mechanisms: while C5aR1
-/-

 led to significantly decreased 

osteoclast numbers, C5aR2
-/-

 resulted in unaltered osteoclast parameters but increased 

osteoblast numbers. Regarding fracture healing, both C5aR1
-/-

 and C5aR2
-/-

 displayed 

impaired healing with more pronounced effects in C5aR1
-/-

 [95]. 

Recently, Wang et al. revealed that low-grade activation of complement system in 

the joint has a marked impact on the pathogenesis of osteoarthritis [38]: The authors 

found that synovial membranes of osteoarthritis patients had higher levels of 

complement effectors and lower levels of complement inhibitors than those of healthy 

individuals. Moreover, mice lacking CD59a, an inhibitor of MAC, displayed 

aggravated experimental osteoarthritis, whereas in mice lacking C6, an essential 

component of MAC, experimental osteoarthritis was attenuated. However, little is 

known on the role of complement system, especially the MAC, in skeletal 

homeostasis and integrity.  

To analyze the role of the essential MAC-component C6 and the MAC regulatory 

protein CD59a in the regulation of bone homeostatic bone structure and in age-related 
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variations, we analyzed the phenotypes of trabecular and cortical bone in C6-deficient 

and CD59a-knockout male mice at 17 weeks and 34 weeks ages. The present study 

showed that the femoral trabecular BMD and bone volume of C6-deficient and 

CD59a-knock-out mice were lower compared to those of WT mice at 17 weeks of age, 

but were not changed at 34 weeks of age in either genotype.  

With regards to femoral cortex, C6-deficiency had no effect on cortical bone at 17 

weeks of age, but led to a significant reduction in cortical mineral density at 34 weeks 

of age. Global knock-out of CD59a resulted in a significant decrease in cortical 

mineral density at both 17 and 34 weeks of age. In addition, reduced vertebral bone 

mass was observed in C6-deficient mice at the two investigated ages, but not in 

CD59a-deficient mice. One possible explanation for this might be that gene-knockout 

contributes to site-specific variations in peak bone mass [96-98]. In other knock-out 

models, the gene knock-out led to reduced bone mass and BMD in long bones but not 

in the vertebrae [98]. 

Interestingly, in both C6-deficient and CD59a-knock-out mice, osteopenia was 

associated with increased osteoclast number and surface in the distal femur and spine, 

whereas neither group showed changes in osteoblast number and surface. Our 

findings suggest that CD59a-knock-out induces osteopenia by enhancing bone 

resorption, which is partly consistent with a recent study by Bloom et al. [48]: The 

authors found that cortical BMD was significantly lower in CD59a
−/− 

mice at 8 and 

20weeks of age [48]. However, in contrast to Bloom et al. who reported increased 

trabecular bone mass in CD59a
-/-

 we found an osteopenic bone phenotype. In an in 

vitro study, Bloom et al. also found that deficiency in CD59a promoted 

osteoclastogenesis from BM of mice, whereas ALP staining and mineralization were 

not significantly different between cultures derived from male WT and CD59a
-/-

 mice. 

This study of ex vivo cultures supports our in vivo results with higher osteoclast 

numbers and unchanged osteoblast parameters. However, little is known whether 

MAC influences osteoclasts directly, or indirectly promotes inflammation and further 

activates RANKL and T cells to enhance osteoclastogenesis.  

Because of the crosstalk with the complement system, the coagulation system 
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might also be a possible link between C6-deficiency and the osteopenic phenotype we 

observed. C6-deficient rodents are described to have defects in coagulation [99]. Due 

to formation of the MAC, platelets and endothelial cells are induced to release 

microparticles which can serve as basis for the generation of thrombin form the 

prothrombin complex [100]. Others could show decreased bone mass in mice with 

defective factor VIII-thrombin-protease-activated receptor 1 axis [101]. Also other 

defects in the coagulation cascade, such as impaired fibrinolysis and ineffective 

clearance of fibrin matrices, could be linked to conditions associated with 

osteoporosis and to increased fracture risk [102]. The action of MAC seems to be 

different under physiological and pathological conditions. While our findings suggest 

that unchallenged mice lacking the MAC or the MAC-regulator CD59a develop 

osteopenia, in experimental models of osteoarthritis, C6-deficiency and CD59a had 

diverging effects. While C6-deficient mice were protected against development of 

meniscectomy-induced osteoarthritis, CD59a-knock-out mice developed more severe 

OA compared to wildtype-littermates [38]. The authors also showed that chondrocytes 

coated with sub-lytic concentrations of MAC express cartilage-degrading enzymes, 

inflammatory cytokines, among them M-CSF and monocyte chemoattractant 

protein-1, as well as cyclooxygenase 2. In mice with defective MAC-regulation due to 

CD59a knock-out, MCP-1 and M-CSF might contribute to the increased 

osteoclast-numbers we observed.  

In case of rheumatoid arthritis, C6-deficiency was reported to attenuate the disease 

to a low-grade inflammatory state. The authors compared the clinical and 

histopathological scores of C3aR
-/-

, C5aR
-/-

 and C6-deficient mice in a model of 

collagen and antibody-induced arthritis. They found the scores to be reduced in all 

mice; however, the percentage of synovial macrophages was significantly reduced in 

C3aR
-/-

 and C5aR
-/-

, but not in C6-deficient animals. Infiltrating neutrophils, however, 

were significantly reduced in all genotypes. Gene expression analysis revealed a 

significant reduction of IL-1ß in C5aR
-/-

 and C6-deficient mice [67].  

Together with the findings in OA, the reduction in clinical score, infiltration 

neutrophils and decreased IL-1ß-expression clearly show the rather protective effect 
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of C6 and therefore MAC-deficiency under degenerative and inflammatory 

conditions.  

Contrasting the rather protective effects of C6-deficiency in various disease models, 

deletion of CD59a, thus inefficient MAC-regulation, leads to increased susceptibility 

to complement activation and MAC-mediated injury in various disease models 

including rheumatoid arthritis, nephritis, renal ischemia reperfusion injury, and 

encephalomyelitis [66, 103-105], emphasizing the importance of regulated 

MAC-activation. Apart from the function of MAC-mediated cell lysis, sublytic 

MAC-concentrations are also able to trigger a pro-inflammatory environment in joints 

by enhancing the expression of pro-inflammatory cytokines and mediators, such as 

CCL2, CCL5, and CSF1 [38, 77]. 

It is already known that the immune system exerts differing effects in the 

physiological state and under pathological inflammatory condition [106]. Under 

physiological condition the immune system might protect the bone tissue, whereas in 

an inflammatory environment, activated immune system aggravates bone destruction 

by stimulating bone resorption [106]. For example, T-cell-deficient and 

B-cell-deficient mice under physiological circumstance show decreased bone mass 

and increased bone resorption [107-108]. In contrast, T-cell deficient mice are 

resistant to ovariectomy-induced bone loss, concurrent with the resistance of 

stimulating bone resorption and M-CSF/RANKL-dependent osteoclastogenesis [107].  

All above imply that MAC is crucial for the physiological process of skeletal 

homeostasis, as lacking of MAC-inhibition or inactivation of MAC is not sufficient 

for maintaining normal homeostatic bone structure. 

 

4.2 Age-related changes and the peak mass in skeletal architecture 

Another finding of the present study was an age-dependent phenotype in both 

C6-deficient and CD59a-knockout mice. We observed dramatic changes and 

structural deteriorations in femoral cancellous bone of C6-deficient and 

CD59a-knock-out mice at 17 weeks of age, but not at 34weeks of age. We consider 

that age may affect the peak and change of bone mass and BMD in both 
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gene-deficient and WT mice. Bone loss is not only associated with old age in the 

mouse but also can arise as a continuous process from early growth at early age with 

reaching peak point [109, 110-112]. In humans, age-related bone loss (Type II 

osteoporosis) begins near 40 years of age and progresses linearly at a rate of 0.5 to 1% 

per year, and declines to nearly 40% of total bone loss at 70 years of age [113-115]. 

Additionally, the measurement by quantitative computed tomography (QCT) and dual 

energy X-ray absorptiometry (DXA) showed that the peak BMD in humans was at 

10-19 years age [116].  

Age-related changes and deteriorations in skeletal mass and architecture in the 

mouse are similar to those features in human aging [109, 110-112]. Rapid growth in 

young C57BL/6J mice is accompanied by remarkable increases in body mass, bone 

size, mineral mass, mechanical properties, and increased bone formation rates [112]. 

Several authors have systematically and comprehensively reported that age-related 

changes in trabecular architecture at the distal femur and spine in male and female 

C57BL/6J mice [109, 110]: Ferguson et al. reported that bone length, mass, and 

mechanical properties reached mature levels at 12 weeks of age. After 42 weeks, 

age-related bone loss was represented by decreased bone mass, reduced bone 

mineralization, diminished whole bone stiffness and energy of protecting fracture 

[112]; Glatt et al. reported that the peak of trabecular BV/TV in distal femur of male 

C57BL/6J mice was at between 1 and 2 months of age and decreased subsequently 

throughout life [109]. Our results showed femoral trabecular BMD, BV/TV, Tb.N, 

and Tb.Th in WT 34-week-old to be considerably lower compared to those from WT 

17-week-old mice. Similar to femurs, the peak of vertebral trabecular BV/TV in male 

C57BL/6J mice is reached between 1 and 2 months of age and kept constant until 6 

months and declines over life [109]. Our findings also displayed vertebral BMD, 

TMD, BV/TV, Tb.N, Tb.Th of 34-week-old male to be considerably decreased 

compared to WT 17-week-old mice. 

With regard to bending stiffness, two decades ago, calculated results of material 

property in male C57BL/6J mice showed that the stiffness of femoral mid-diaphysis 

increased from 29.8 N/mm at 4 weeks to a peak value of 162.8 N/mm at 52 weeks, 
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and later declined to 115.3 N/mm at 104 weeks [112]. Additionally, Beamer et al. 

found that bone stiffness of 34-week-old male mice was lower by 5.6% than that of 

15-week-old mice, whereas the authors didn‟t show whether it reached significantly 

statistic or not [112]. Of note, our finding suggested that the femoral bending stiffness 

of WT 34-week-old mice was reduced by 23% compared to 17-week-old wild type 

mice. 

In conclusion, our results suggest that complement component C6 and the 

MAC-regulator CD59a play an essential role in maintaining bone mass and skeletal 

homeostasis during the physiological process of bone remodeling. The mechanisms 

behind need to be further investigated. 
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5. Summary 

 

The complement system belongs to the innate immune system, and it usually leads 

to the body‟s counterattack against bacteria by controlling microbial threats and 

eliminating cellular debris. The membrane attack complex (MAC) and the 

anaphylatoxins C5a and C3a are the major effector components of complement. The 

complement system has been shown to contribute to the pathogenesis of 

musculoskeletal conditions such as rheumatoid arthritis and osteoarthritis. However, 

the focus of previous research was mostly on the complement components C3 and C5, 

their split products and respective receptors. The role of the terminal complement 

cascade downstream of C5 on bone homeostasis was investigated to a lesser extent. 

Therefore, the present thesis explored the role of the terminal complement component, 

the MAC, as well as the role of the MAC-regulatory protein CD59a in bone 

homeostasis.  

To investigate the role of the essential MAC-component C6 and the 

MAC-regulatory CD59a in the regulation of homeostatic structure of skeleton with 

age-related variations, we analyzed the phenotypes of trabecular and cortical bone in 

C6-deficient and CD59a-knockout male mice at 17 weeks and 34 weeks ages. By 

performing biomechanical testing, μCT analysis, and histomorphometric 

measurements in mice, we found that the femoral trabecular BMD and bone volume 

of C6-deficient and CD59a-knockout mice were lower respectively than those of WT 

mice at 17 weeks of age, but were unchanged at 34 weeks of age in either genotype. 

BMD in the spine was less affected. Further evidences showed that in both 

C6-deficient and CD59a-knock-out mice, osteopenia was associated with increased 

osteoclast number and surface in the distal femur and spine, whereas neither group 

showed changes in osteoblast number and surface. With regards to cortical 

phenotypes, global deletion of C6 decreased mineral density of cortex in femur from 

34-week-old mice, with no alterations in bending stiffness. In contrast, global deletion 

of CD59a reduced mineral density of cortex in femur, with no alterations in cortical 
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thickness. Of note, raised bending stiffness in CD59a-deficient mice at 34 weeks of 

age was due to the alterations of bone geometry, the increased moment of inertia 

(pMOI), total cross-sectional area inside the periosteal envelope (Tt.Ar), and marrow 

area (Ma.Ar). 

In conclusion, our results suggest that complement component C6 and the 

MAC-regulator CD59a play an essential role in preserving bone mass and skeletal 

homeostasis. As a lack of MAC-inhibition or inactivation of MAC is not sufficient for 

maintaining normal homeostatic structure, the data provided in this thesis imply that 

MAC is involved in skeletal homeostasis.
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