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  Pref ace    

 Osteoimmunology is a rapidly developing research fi eld on the crosstalk between 
bone and the immune system. Examples of such immune-bone interactions are 
pathogenic mechanisms of bone diseases that are caused by or related to altered 
immune reactions. The English term “osteoimmunology” was fi rst used in 2000 by 
Arron and Choi in a comment in  Nature  (430: 535). Nevertheless, the concept that 
osteoclasts, multinucleated bone-resorbing cells, develop from the monocyte- 
macrophage lineage dates back to the 1920s. In the 1980s, proinfl ammatory cyto-
kines such as interleukin-1 or TNF-alpha were shown to stimulate bone degradation. 
The discovery of the RANK/RANKL/osteoprotegerin system and the development 
of antibody-based targeted therapies for osteoporosis and other bone diseases have 
signifi cantly increased the momentum of osteoimmunology. 

 The purpose of this book is to give an introduction to the fi eld of osteoimmunol-
ogy to scientists and clinicians working in immunology, pathophysiology and oste-
ology. The book is organized into 12 chapters. The fi rst chapters give an introduction 
to cell and molecular biology of bone and the immune system, including method-
ological issues such as automated cell detection and bone markers. Dedicated chap-
ters also describe effects of vitamin D on the immune system and immunological 
aspects of biomechanics. The next chapters deal with molecular mechanisms, clini-
cal aspects and the treatment of osteoimmune diseases such as osteoporosis and 
rheumatoid arthritis. A special chapter is dedicated to osteoporosis in organ trans-
plant patients. The fi nal chapter describes the osteoimmunology of periodontal 
diseases. 

 I am very thankful to all authors who contributed to this book for their valuable 
time, expertise and effort. Moreover, I would like to acknowledge the great help and 
dedication of the staff from Springer Nature, in particular Dr. Silvia Herold, Dr. 
Amrei Strehl, Mag. Angelika Heller and Prakash Jagannathan. Special thanks is 
given also to Birgit Schwarz for her continuous support of this book project. 

 I am convinced that our readers will enjoy the book as much as I enjoyed edit-
ing it.  

  Vienna, Austria     Peter     Pietschmann    
   March 2016 
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      Basics of Bone Biology                     

     Martina     Rauner       and     Lorenz     C.     Hofbauer    

1.1          Introduction to Bone 

1.1.1     Bone Function and Structure 

 Bone is the major constituent of the skeleton which is a hallmark of all higher 
 vertebrates. Besides the protection of internal organs and the support of body 
 structures, the most important functions of bone are to serve as an attachment site 
for ligaments, tendons, and muscles allowing locomotion and provide a cavity for 
hematopoiesis in the bone marrow (Mendez-Ferrer et al.  2010 ; Zaidi  2007 ). 
Moreover, bone has a central role in mineral homeostasis as it functions as a 
 reservoir for inorganic ions that can be mobilized rapidly on metabolic demand. 

 Although bone is often considered an inert, static material, it is a highly  organized, 
living tissue that undergoes constant remodeling. Different cell lineages have 
emerged to serve distinct skeletal functions. While cells from the hematopoietic 
 lineage, such as osteoclasts, break down bone tissue to remove old and damaged 
bone or release calcium to maintain calcium homeostasis, cells from the mesenchy-
mal lineage, including chondroblasts, fi broblasts, and osteoblasts, construct and later 
remodel bone tissue (Jiang et al.  2002 ). Osteoblasts produce the organic  components 
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of the extracellular matrix, which mainly includes type I collagen (approximately 
95 %), but also noncollagenous proteins (i.e., osteocalcin,  osteopontin, osteonectin, 
bone sialoprotein) and proteoglycans. The inorganic matrix predominantly contains 
calcium and phosphorus, appearing as hydroxyapatite crystals (Ca 10 (PO 4 ) 6 (OH) 2 ), 
and is deposited into the collagenous matrix. This complex organization confers 
rigidity and strength to the skeleton while maintaining a high degree of elasticity. 

 Two types of osseous tissues are found in all bones: cortical or compact bone and 
trabecular or cancellous bone, sometimes also referred to as spongy bone (Fig.  1.1 ). 
Cortical bone is mainly found in the shafts of long bones (diaphyses) and is made of 
numerous overlapping cylindrical units termed Haversian systems or osteons. The 
central Haversian canal, containing the blood vessel and nerves, is surrounded by 
densely packed collagen fi brils which are formed to concentric lamellae. Osteocytes, 
terminally differentiated osteoblasts, are located between concentric lamellae and are 
connected to each other via canaliculi, allowing the exchange of nutrients and 
 metabolic waste and the sensation of mechanical stress. Volkmann’s canals are 

a

b

  Fig. 1.1    Illustration of compact and cancellous bone. ( a ) Whole tibial structure measured by 
micro-computed tomography. Twelve-micron isotropic spatial resolution. ( b ) Lateral view of the 
tibia. The trabecular meshwork structure is clearly visible at the epiphysis. Cortical bone is found 
at the shaft ( Source : Peter Varga and Phillipe Zysset)       
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responsible for the conjunction of blood vessels from the inner and outer bone  surfaces 
to the vessels of the Haversian canals. The dense organization of cortical bone thus 
provides maximum strength and load-bearing capacity by being highly resistance to 
bending and torsion. Cancellous bone, on the other side, is predominantly found at the 
ends of long bones (epiphyses) as well as in fl at bones and in vertebral bodies where 
force may be applied at variable angles. It is composed of a meshwork of trabeculae, 
thereby reducing skeletal weight without compromising strength. This particular con-
struction also establishes a vast surface area. Considering that bone remodeling only 
takes place at bone surfaces, cancellous bone is quick to render metabolic activities 
but also disproportionally susceptible to damage when net bone loss occurs.

1.1.2        Ossification Processes 

 Ossifi cation occurs either intramembranous or endochondral. During skeletal devel-
opment, fl at bones (e.g., calvariae) and some irregular bones are formed by intramem-
branous ossifi cation where bony tissue directly forms from the connective tissue 
without an intermediate cartilage stage (Blair et al.  2008 ). Within this process, mesen-
chymal stem cells (MSCs) condense into highly vascularized sheets of primitive con-
nective tissue at sites of eventual bone formation. Certain MSCs group together and 
differentiate into osteoblasts that deposit extracellular matrix (osteoid) which subse-
quently is mineralized forming the bone matrix. These small aggregates of bone tis-
sue, termed bone spicules, continuously expand with new MSCs lining on the surface, 
differentiating into osteoblasts, and secreting extracellular matrix. Once they become 
embedded by the secreted mineralized matrix, osteoblasts  terminally differentiate into 
osteocytes. As the bone spicules grow and interconnect with others, a trabecular net-
work of woven bone – also referred to as primary  spongiosa – is formed. Although 
woven bone forms quickly with the collagen fi bers being randomly organized, it is 
structurally weak. Thus, it is soon replaced by a more solid lamellar bone, which is 
composed of a highly organized collagen  structure (Frost and Jee  1994 ). Several col-
lagen fi bers align in the same layer, and several such concentric layers stacked in 
alternating orientations fi nally constitute a bone unit called osteon (Parfi tt  1988 ). This 
highly sophisticated organization  confers strength and resistance to torsion forces to 
lamellar bone. However, the complex architecture and orderly deposition of collagen 
fi bers require more time and restrict the formation of osteoid to 1–2 μm per day. 
Besides the creation of woven bone in fetal bone development, it may also occur in 
adults after fractures or in patients with Paget’s disease (Parfi tt  1994 ). 

 In contrast to fl at and irregular bones, bones of the vertebral column, pelvis, and 
extremities develop by endochondral ossifi cation. Thereby, hyaline cartilage devoid of 
blood vessels is fi rst formed and then replaced by bone matrix starting at the primary 
ossifi cation center. During embryonic development, chondrocytes congregate to a car-
tilaginous model that alleges the shape of the future bone, and after the local enlarge-
ment of chondrocytes (hypertrophy), endochondral bone formation is initiated in the 
middle of the shaft at the primary ossifi cation center. The perichondrium, which sur-
rounds the cartilage model, becomes invaded with blood vessels and then is called 
periosteum (Stanka et al.  1991 ; Streeten and Brandi  1990 ; Trueta and Buhr  1963 ). The 
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periosteum contains layers of MSCs that differentiate into osteoblasts during develop-
ment, when the bone increases its width (appositional growth), or after fractures, when 
new bone formation is required. In addition to its important function to supply nutrients 
via the blood vessels, the periosteum contains nociceptor nerve endings that allow the 
sensation of pain (Fortier and Nixon  1997 ; Grubb  2004 ; Jimenez-Andrade et al.  2010 ). 

 The growth plates are characterized by the orderly proliferation and maturation of 
chondrocytes in longitudinal columns, forming stratifi ed zones of reserve, prolifera-
tive, maturing, and hypertrophic cartilage (Poole et al.  1991 ). Hypertrophic chondro-
cytes secrete large amounts of a specialized extracellular matrix rich in collagen type 
X and alkaline phosphatase, which becomes calcifi ed. After the calcifi cation of the 
collagenous matrix, hypertrophic chondrocytes start producing matrix metallopro-
teinase 13, which is crucial for the subsequent degradation of the cartilage matrix, and 
undergo apoptosis (Stickens et al.  2004 ). By doing so, transverse septa of cartilage 
matrix surrounding them are broken down, leaving vertical septa largely intact, but 
allowing the entry of capillaries and invading cells of the ossifi cation front. These 
cells mainly include cells of the mesenchymal (osteoblast precursors and stromal 
cells) and hematopoietic lineages (osteoclast precursors and other hematopoietic lin-
eages that constitute the bone marrow). After osteoblast precursor cells have migrated 
to the surface of remnant cartilage spicules, they differentiate into fully mature osteo-
blasts and deposit a predominantly type I collagen- containing extracellular matrix 
(osteoid), which subsequently becomes mineralized into the mature bone matrix. The 
ossifi cation continues toward the ends of the bones, where the further elongation of 
long bones occurs in the growth plates of the metaphysis. Finally, the trabecular bone 
in the diaphysis is broken down by osteoclasts to open up the medullary cavity. 

 The same procedure is true for the secondary ossifi cation center, located in the 
epiphysis, except that the trabecular bone is retained (Alini et al.  1996 ). The length of 
bones increases until the early twenties through a process similar to endochondral ossi-
fi cation (Riggs et al.  1999 ). The cartilage in the epiphyseal plate remains proliferating 
and is continuously replaced by bone matrix until the skeleton has reached maturity 
and the epiphyseal plate has become almost completely ossifi ed. The articular cartilage 
remains uncalcifi ed and covers the ends of the long bones. Due to its incredibly low 
coeffi cient of friction, coupled with its ability to bear very large compressive loads, 
articular cartilage is ideally suited for placement in joints, such as the knee and hip.   

1.2     Bone Remodeling 

 During a person’s lifetime, continuously changing functional demands require per-
manent adaptation of the bone structure and microarchitecture. Wolff has observed 
this principle of functional adaptation already over 100 years ago (Wolff  1892 ). The 
process of where “form follows function” occurs in conditions of disuse (as during 
immobility, space fl ights, or long-term bed rest), overloading (weight gain), and 
growth and after fracture healing and consists of two activities, namely, bone forma-
tion and bone resorption (Sommerfeldt and Rubin  2001 ; Frost  1990  #133). While 
these processes are locally separated in modeling (Frost  1990 ), bone remodeling is 
characterized by the spatial and temporal coupling of bone formation by osteoblasts 
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and bone resorption by osteoclasts (Rodan and Martin  1981 ). The so- called basic 
multicellular unit (BMU) is covered by a canopy of cells that creates a bone remodel-
ing compartment (BRC). While the nature of the canopy cells remains under debate, 
evidence in humans suggests that it is bone lining cells with tissue- specifi c macro-
phages (osteomacs) interspersed, generating a unique microenvironment to facilitate 
coupled osteoclastic bone resorption and osteoblastic synthesis (Andersen et al. 
 2009 ; Chang et al.  2008 ; Sims and Martin  2014 ). Interestingly, the action of BMUs 
slightly differs in cortical (endocortical as well as intracortical surfaces) and trabecu-
lar bone. While in cortical bone, the BMU forms a cylindrical tunnel of about 
2,000 μm long and 200 μm wide and the BMU burrows through the bone with a 
speed of 20–40 μm/day, the remodeling process in trabecular bone is mainly a sur-
face event reaching a depth of approximately 50 μm. With a speed of 25 μm/day, 
active remodeling sites of BMUs in trabecular bone cover areas of varying sizes 
ranging from about 100–1,000 μm 2 . In general, approximately 5–25 % of bone sur-
face are undergoing bone remodeling (Parfi tt  1994 ; Raisz  1988 ), thereby, restoring 
microdamages and ensuring mechanical integrity as well as regulating the release of 
calcium and phosphorus, while maintaining the global bone morphology. 

 An active BMU performs one bone remodeling cycle that occurs over several 
weeks and includes four main processes: activation, resorption, reversal, and forma-
tion (Parfi tt  1988 ). While the process of bone resorption is usually accomplished 
within 2–3 weeks, the new synthesis of bone requires around 2–3 months. The 
remodeling cycle is initiated by the detection of signals that induce the activation of 
the quiescent bone surface, which is covered with bone lining cells. These signals 
may be provided through osteocytes that sense mechanical strain or are affected by 
structural damage, which severs the processes of osteocytes in their canaliculi and 
leads to osteocyte apoptosis (Aguirre et al.  2006 ; Bonewald  2007 ; Hazenberg et al. 
 2006 ; Verborgt et al.  2002 ). Alternatively, hormone actions (e.g., estrogen or parathy-
roid hormone (PTH)) due to more systemic changes in homeostasis or effects of 
corticosteroids on bone cells may negatively alter osteocyte biology. Current research 
points toward an intricate communication between osteocytes, which senses bone 
damage deep within the osteon or hemiosteons, and lining cells on the bone surface, 
which receive signals through the long processes of osteocytes and communicate the 
health status of the bone to the marrow environment to initiate the establishment of a 
BRC (Hauge et al.  2001 ). Osteocyte apoptosis may also contribute to the recruitment 
of osteoclast precursor cells by diminishing the osteocytic secretion of factors that 
usually inhibit osteoclast formation such as transforming growth factor-β (TGF-β) 
(Heino et al.  2002 ). In vivo evidence indicates that osteocyte apoptosis precedes 
osteoclast formation as osteocyte apoptosis occurs within 3 days of immobilization 
and is followed within 2 weeks by osteoclastogenesis (Aguirre et al.  2006 ). Although 
the process of osteoclast precursor attraction is not fully understood yet, osteoblast-
secreted products including monocyte chemoattractant protein-1 (MCP-1), the 
osteoclast differentiating factor receptor activator of NF-kB ligand (RANKL), as 
well as the osteoclast-attractant sphingosine- 1- phosphate (S1P) may play an impor-
tant role (Ishii et al.  2009 ,  2010 ; Keller et al.  2014 ; Li et al.  2007 ; Nakashima et al. 
 2011 ; Xiong et al.  2011 ). After osteoclast precursor cells are recruited to the acti-
vated surface, they fuse to form mature, bone resorbing osteoclasts (Vaananen and 
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Horton  1995 ). The osteoclasts attach to the surface and form a ruffl ed boarder at the 
bone/osteoclast surface that is completely surrounded by a sealing zone. Thereby, 
osteoclasts create an isolated microenvironment to dissolve the inorganic matrix by 
producing an acidic microenvironment and degrade the organic matrix with specifi c 
enzymes (Teitelbaum  2000 ). As bone resorption subsides and a resorption pit with a 
demineralized collagen matrix remains, osteoclasts disappear and mononuclear cells 
of undetermined lineage remove the collagen remnants and prepare the surface for 
bone formation. This phase is called reversal. Currently, there is a debate about 
whether the reversal cell is of hematopoietic or mesenchymal origin. Recent evi-
dence suggests that this cell type may be a resident macrophage of the bone termed 
osteomacs (Pettit et al.  2008 ). These cells are positive for the macrophage markers 
F4/80+ and CD68, but negative for the osteoclast marker tartrate-resistant acid phos-
phatase (TRAP), and are found throughout in the periosteum and endosteum. 
Moreover, these cells have been shown to produce MMPs, which are required for 
matrix degradation, as well as TGF-β and ephrin B2, which may promote osteoblast 
recruitment, differentiation, and/or activation of bone lining cells (Chang et al.  2008 ; 
Compagni et al.  2003 ). Thus, these cells would be ideal couplers of bone resorption 
and formation. However, further research is needed to clarify the nature of the rever-
sal cells. After the reversal phase, the bone remodeling cycle is fi nished with the 
synthesis and deposition of bone matrix by osteoblasts until an equal amount of bone 
was reproduced. Also in this case, the mechanisms that terminate bone formation are 
not known, but may be mediated by signals from osteocytes that have become 
embedded in the mature bone matrix. Finally, bone lining cells build a canopy cover-
ing the surface keeping the material dormant until the next cycle (Fig.  1.2 ).

  Fig. 1.2    Bone remodeling. Monocytes from the hematopoietic lineage differentiate into osteo-
clasts, which resorb old and damaged bone tissue. Macrophages, which also originate from the 
hematopoietic lineage, contribute to the initiation of bone remodeling and attract osteoblast precur-
sors that mature to bone-forming osteoblasts at the bone surface. After fi lling the resorption lacu-
nae, osteoblasts become embedded by the bone matrix and turn into osteocytes. Quiescent lining 
cells remain at the bone surface       
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1.3        Key Players of Bone Remodeling 

1.3.1     Cells of the Osteoblast Lineage: Osteoblasts, Osteocytes, 
and Bone Lining Cells 

1.3.1.1     Functions of Osteoblast Lineage Cells 
 Osteoblasts are derived from MSCs, and their primary function is to synthesize the 
organic collagenous matrix and promote its mineralization by producing bone 
matrix proteins including osteocalcin, osteopontin, and bone sialoprotein and pro-
viding optimal environmental conditions for crystal formation (Ducy et al.  2000 ). 
Due to their active protein machinery, osteoblasts have a prominent Golgi apparatus 
and endoplasmatic reticulum. As mentioned earlier, osteoblasts are also the main 
producers of RANKL and its decoy receptor osteoprotegerin (OPG) and are there-
fore critically involved in regulating osteoclastogenesis (see also Sect.  1.4.2 ). Fully 
differentiated osteoblasts that are surrounded by mineralized bone tissue are called 
osteocytes and act as mechanosensors in bone tissue (Bonewald  2011 ; Paic et al. 
 2009 ). They are the most numerous cells within the bone tissue and scattered evenly 
through the matrix. With their fl attened morphology and long processes, they form 
a sensory network which allows the detection of abnormal strain situations such as 
generated by microcracks (Hirao et al.  2007 ; Martin and Seeman  2008 ). By com-
municating these signals to bone lining cells (the second terminally differentiated 
osteoblast cell type) or secrete factors that recruit osteoclasts, osteocytes initiate the 
repair of damaged bone. 

 Other emerging roles of osteoblast lineage cells include the maintenance of 
hematopoietic stem cell (HSC) niches and HSC homing as well as acting as nonpro-
fessional antigen-presenting cells in conditions of infl ammation (Fleming et al. 
 2008 ; Jung et al.  2007 ; Mendez-Ferrer et al.  2010 ; Ruiz et al.  2003 ; Schrum et al. 
 2003 ; Skjodt et al.  1989 ). While the capacity to stimulate effector cells of the 
immune system may only be relevant under pathophysiological conditions, the 
osteoblast-driven maintenance of the stem cell niche is of critical importance for the 
homeostasis of hematopoiesis. Experiments in mice have shown that the number of 
long-term repopulating HSCs increases or decreases in parallel with in vivo osteo-
blast stimulation by PTH or osteoblast ablation using a mouse genetic approach 
(Visnjic et al.  2004 ). Although the underlying signaling events are not fully under-
stood yet, several mechanisms such as the selective expression of signaling mole-
cules (i.e., jagged, G-protein Gsα), adhesion molecules (i.e., integrins, N-cadherin), 
and components of the ECM (i.e., proteoglycans) may determine the long-term 
repopulating ability of HSCs and their ability to home into the bone marrow. 

 Finally, one of the most important discoveries in the past years was the 
 appreciation of bone as an endocrine organ (Karsenty and Ferron  2012 ). Next to 
other factors that have been described to possess hormonal features (e.g., fi broblast 
growth factor 23, an osteocyte-produced hormone that regulates phosphate 
 homeostasis (Feng et al.  2006 )), several novel endocrine functions of osteocalcin 
have been discovered. First, it has been shown to control glucose metabolism by 
stimulating insulin production in beta cells in the pancreas and by directing fat cells 
to release adiponectin, both leading to enhanced insulin sensitivity (Lee et al.  2007  
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and Ferron et al.  2010 ). In addition, osteocalcin increases energy expenditure in 
skeletal muscle and brown adipose tissue, further contributing to the protective 
effect of osteocalcin on obesity and insulin resistance (Ferron et al.  2008 ; Lee et al. 
 2007 ; Puigserver et al.  1998 ). Next to the control of energy balance, osteocalcin has 
also been linked to the regulation of reproduction. By stimulating the biosynthesis 
of testosterone in Leydig cells, osteocalcin has also been shown to regulate male 
fertility (Oury et al.  2011 ). Thus, the osteoblast does not only serve as a matrix-
producing cell but controls several critical organ functions.  

1.3.1.2     Osteoblast Differentiation and Involved Signaling Pathways 
 MSCs give rise to a variety of cells including osteoblasts, adipocytes, chondrocytes, 
and myoblasts (Pittenger et al.  1999 ). Several steps of commitment are undertaken 
by the MSC to generate progeny with more limited differentiation capacities until 
the differentiated end-stage cell is able to express distinct functional markers and 
morphological traits. Typical osteoblast markers include alkaline phosphatase 
(ALP) and type I collagen, as well as various noncollagenous proteins such as 
osteocalcin, osteopontin, or bone sialoprotein. However, cells of the osteoblastic 
lineage also selectively express proteins at distinct differentiation stages such as 
type I collagen in matrix-producing osteoblasts or osteocalcin and sclerostin in fully 
mature osteoblasts or osteocytes. 

 Osteoblasts express receptors for various hormones including PTH, 
1,25- dihydroxyvitamin D 3 , estrogen, glucocorticoids, and leptin, which are involved 
in the regulation of osteoblast differentiation (see Sect.  1.4.1 ). Furthermore, osteo-
blasts are regulated by multiple local factors including bone morphogenetic proteins 
(2, 4, 6, and 7) (Shore et al.  2006 ; Storm and Kingsley  1999 ; Wu et al.  2003 ; Wutzl 
et al.  2010 ), growth factors (transforming growth factor-β, epidermal growth factor, 
insulin-like growth factor) (Canalis  2009 ), Sonic and Indian hedgehogs (Guan et al. 
 2009 ; Maeda et al.  2007 ), as well as members of the Wnt family in a paracrine and 
autocrine fashion (Baron and Kneissel  2013 ). Because the Wnt signaling pathway 
is of such critical importance for bone mass maintenance, it will be discussed here 
in more detail. 

 Wnt signaling is highly conserved throughout evolution among a variety of 
 species and plays an important role in regulating cellular processes such as prolifera-
tion, differentiation, cell survival, and motility (van Amerongen and Nusse  2009 ). 
Wnt signaling further plays a key role in embryonic development and maintenance 
of tissue homeostasis, including bone (Baron and Kneissel  2013 ). Wnt proteins are 
cysteine-rich glycoproteins that act on target cells by binding to the seven-span trans-
membrane receptor protein Frizzled (FZD) and low-density  lipoprotein 
 receptor-related proteins 5 and 6 (LRP 5/6). In bone, various  components of this 
pathway have been shown to positively or negatively regulate osteoblast  differentiation 
(Baron and Kneissel  2013 ). First evidence that the Wnt/β-catenin pathway is involved 
in bone mass homeostasis has been provided by observations of mutations in the 
LRP5 gene, in which gain-of-function mutations led to a high bone mass phenotype 
in humans and mice and loss-of-function mutations led to low bone mass phenotypes 
(Boyden et al.  2002 ; Gong et al.  2001 ; Van Wesenbeeck et al.  2003 ). Since then, the 
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discovery of several other members of the Wnt pathway has been implicated in 
 participating in the regulation of bone remodeling (summarized in Baron and 
Kneissel  2013 ). 

 Wnt signaling comprises several pathways that are usually divided into the 
canonical or β-catenin-dependent pathway and noncanonical or β-catenin- 
independent pathways. Both canonical and noncanonical pathways regulate bone 
metabolism. The canonical pathway is activated upon binding of Wnt proteins to a 
receptor complex consisting of Frizzled (FZD) and its co-receptor, lipoprotein 
receptor-related protein (LRP)-5 or LRP-6. This interaction results in the stabiliza-
tion and nuclear translocation of β-catenin, where it induces the transcription of 
osteoblast proteins (Clevers  2006 ). Noncanonical signaling pathways on the other 
hand are activated by distinct receptors such as ROR2 and RYK and comprise vari-
ous downstream pathways such as the Ca 2+ -dependent pathways, protein kinase C, 
as well as Rho/Rac small GTPase and Jun N-terminal kinase (JNK) (Baron and 
Kneissel  2013 ). 

 Wnt signaling is regulated at various levels such as through the presence or 
absence of multiple Wnt proteins, co-receptors, intracellular signaling molecules, 
and transcription factors. Furthermore, it is tightly regulated by a series of extracel-
lular inhibitors including members of the secreted frizzled-related protein (sFRP) 
family and Wnt inhibitory factor that bind to Wnt ligands, as well as dickkopfs 
(Dkks) and sclerostin, both binding to LRP5/6 (Semenov et al.  2005 ; Tian et al. 
 2003 ). In both cases, these interactions lead to the blockade of Wnt ligands binding 
to FZD receptors. Many Wnt inhibitors have been proposed as therapeutic targets 
for increasing bone mass by applying neutralizing antibodies, whereas sclerostin 
may be of particular interest due to its specifi c expression in osteocytes (Keller and 
Kneissel  2005 ; Paszty et al.  2010 ). Romosozumab and blosozumab, antibodies that 
block sclerostin actions in humans, are currently in phase 3 and phase 2 clinical tri-
als, respectively, to test their effi cacy to prevent fractures in postmenopausal women 
(McClung et al.  2014 ; Recker et al.  2015 ). 

 At a transcriptional level, osteoblast differentiation is induced by the master 
 transcription factor runx2 (runt-related transcription factor 2, also called core 
 binding factor 1, Cbfa1) and several signaling pathways converge to increase runx2 
expression. Runx2-defi cient mice have no osteoblasts and thus only contain a carti-
lage-like skeleton (Harada et al.  1999 ; Miller et al.  2002 ). Intriguingly, although 
runx2 supports osteogenic differentiation, it inhibits osteoblast maturation into 
osteocytes, keeping osteoblasts in an immature state (Lian et al.  2006 ). Runx2 
expression is induced by BMPs, TGFβ1, Indian hedgehog, and members of the Wnt 
pathway and is tightly regulated by various posttranslational modifi cations as well 
as co-repressors, such as Twist and menin-1, and co-activations, such as TAZ. Even 
though runx2 is regarded as the master transcription factor for osteoblasts, also 
other transcription factors including osterix (also called specifi city protein 7, sp7) 
(Kim et al.  2006b ), β-catenin (Krishnan et al.  2006 ), dlx3 and dlx5 (distal-less 
homeobox) (Harris et al.  2003 ), msx2 (homeobox factor) (Liu et al.  1999 ; Satokata 
et al.  2000 ), ATF4 (activating transcription factor 4) (Tozum et al.  2004 ), as well as 
NFATc1 (nuclear factor of activated T cells c1) (Koga et al.  2005 ) also participate in 
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the regulation of osteoblast differentiation. Many of these factors control osteoblast 
differentiation at very specifi c locations such as dlx proteins in the skull. 

 After osteoblasts have fully matured and deposited a mineralized matrix sur-
rounding them, they become osteocytes, which serve different functions than matrix 
deposition. As mentioned above, osteocytes are evenly located throughout the bone 
tissue and produce a dense network by connecting each other via gap junctions on 
their processes. In this respect, connexion-43 seems to play a critical role in the 
formation of hemichannels which allow an extensive communication between two 
osteocytes (Plotkin et al.  2002 ,  2008 ). Mice rendered osteocyte depletion exhibit 
enhanced bone fragility, intracortical porosity, and microfractures, indicating their 
crucial function to maintain bone integrity (Tatsumi et al.  2007 ). Also several other 
studies have shown that loss of osteocyte viability is related to bone loss (Aguirre 
et al.  2006 ; Teti and Zallone  2009 ; Weinstein et al.  2000 ). Besides mechanosensa-
tion and mechanotransduction, osteocytes control phosphate metabolism by pro-
ducing FGF-23 and express several mineralization inhibitors including fetuin-A, 
dentin matrix protein-1, phex, and the Wnt inhibitor sclerostin, which allows them 
to control the amount and quality of the bone matrix (Bonewald  2011 ; Coen et al. 
 2009 ; Liu et al.  2009 ; Poole et al.  2005 ). Dentin matrix protein-1-defi cient mice, for 
example, show impaired osteocyte maturation, increased fi broblast growth factor-
 23 expression, and severe abnormalities of bone mineralization (Feng et al.  2006 ). 
Of note, also glucocorticoids have the potential to increase the expression of miner-
alization inhibitors, thereby compromising bone quality and bone strength (Yao 
et al.  2008 ).   

1.3.2     Cells of the Osteoclast Lineage: Osteomacs 
and Osteoclasts 

 Tissue-resident macrophages, also referred to as osteomacs, and osteoclasts both 
derive from the hematopoietic monocytic lineage. The concept of osteomacs has 
only recently been developed due to thorough observations of periosteal and endos-
teal tissues and the bone remodeling compartment (Pettit et al.  2008 ). Pettit et al. 
determined that osteomacs constitute about one sixth of the total cells within osteal 
tissues and span a network along bone surfaces with their stellate morphology. Due 
to their abundance and wide-spread location, it is likely that osteomacs contribute to 
immune surveillance in the bone marrow compartment and react quickly to infl am-
matory stimuli. Osteomacs are distinguishable from osteoclasts by the expression of 
the murine macrophage marker F4/80, which is not present on osteoclasts, and by 
being negative for osteoclast-specifi c markers such as TRAP (Chang et al.  2008 ). 
As they are also located at the bone remodeling compartment, osteomacs have been 
proposed to participate in the reversal phase of bone remodeling and closely interact 
with osteoblasts through the production of osteoblast-stimulating factors such as 
bone morphogenetic protein-2 or transforming growth factor-β. 

 Osteoclasts are tissue-specifi c giant polykaryons (up to 100 μm in diameter) 
derived from the monocyte/macrophage hematopoietic lineage and are the only 
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cells capable of breaking down large amounts of mineralized bone, dentine, and 
calcifi ed cartilage (Teitelbaum  2000 ). Bone resorption is a crucial step in bone 
remodeling which is necessary for healthy bone homeostasis, thereby repairing 
microdamages and adapting to new mechanical loads and altered metabolic condi-
tions. Bone remodeling starts with the retraction of bone lining cells uncovering 
bone tissue and attracting mononuclear precursors to the bone surface. The earliest 
step in osteoclastogenesis is the determination of the stem cell precursor to the 
osteoclastic lineage following the induction of PU.1 (Tondravi et al.  1997 ). Soon 
thereafter, precursors express the M-CSF receptor,  c-fms , and after activation with 
the ligand, proliferation is induced. The next determination step toward a mature 
osteoclast is the expression of receptor activator of NFkB (RANK). The presence of 
its ligand, RANKL, is essential for the formation and fusion of multinucleated cells. 
Mice lacking either RANKL or RANK have no osteoclasts and severe osteopetrosis 
(for more details, see Sect.  1.4.2 ) (Anderson et al.  1997 ; Dougall et al.  1999 ; Kong 
et al.  1999b ; Lacey et al.  1998 ; Yasuda et al.  1998 ). RANK signaling activates sev-
eral transcription factors that are essential for osteoclastogenesis including activated 
protein-1, NFkB, or nuclear factor of activated T cells (NFAT). In the osteoclast, 
most signals converge to induce the activity of NFATc1. This is also proven geneti-
cally, as embryonic precursors lacking NFATc1 fail to become osteoclasts 
(Takayanagi et al.  2002 ). Importantly, NFATc1 is indispensible and suffi cient for 
osteoclastogenesis, as its overexpression yields osteoclasts even in the absence of 
RANK signaling (Matsuo et al.  2004 ). 

 Although several downstream effectors of RANK signaling induce NFATc1 
expression, the mechanisms that induce NFATc1 in a calcium-dependent way have 
only recently been identifi ed. Therein, immunoreceptor tyrosine-based activation 
motif (ITAM)-containing adaptor molecules such as DAP (DNAX-activating protein) 
12 and Fc common receptor-γ chain (FcR-γ) have been shown to be indispensable for 
osteoclastogenesis as mice defi cient for both receptors are severely osteopetrotic 
(Koga et al.  2004 ; Mocsai et al.  2004 ). The activation of phospholipase-Cγ, Syk, and 
Tec kinases has been shown to be required for the activation of calcineurin-dependent 
calcium (Faccio et al.  2005 ; Mocsai et al.  2004 ; Wada et al.  2005 ). Paired immuno-
globulin-like receptor-A (PIR-A) and osteoclast- associated receptor (OSCAR) have 
been found to associate with FcR-γ (Kim et al.  2002 ), whereas triggering receptor 
expressed on myeloid cells-2 (TREM-2) and signal-regulatory protein-β1 (SIRP-β1) 
bind to DAP12. These signals are considered to act as co-stimulatory signals for 
RANKL in osteoclast precursors, since those signals alone are not able to induce 
osteoclastogenesis (Koga et al.  2004 ). 

 Mature osteoclasts express several specifi c proteins including TRAP, cathepsin 
K, calcitonin receptor (CTR), and integrin receptors (Teitelbaum  2000 ; Teitelbaum 
and Ross  2003 ). Via integrins, osteoclasts attach very tightly to the matrix (sealing 
zone), thereby creating an isolated lacuna (Howship’s lacuna) able to maintain an 
acidic environment necessary for matrix dissolution (Mimura et al.  1994 ; Miyauchi 
et al.  1991 ). At least four integrin receptors are expressed in osteoclasts, including 
α v β 3 , α v β 5 , α 2 β 1 , and α v β 1  binding to various extracellular matrix proteins such as 
vitronectin, collagen, osteopontin, and BSP. After attachment, intracellular 
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rearrangements lead to the polarization of the cell borders, whereas the sealing zone 
is adjacent to the basolateral domain and the ruffl ed border, respectively. At the 
opposite side of the ruffl ed border emerges the functional secretory domain. The 
ruffl ed border and the functional secretory domain are connected to each other via 
microtubules on which exocytotic vesicle traffi c has been observed, suggesting the 
secretion of resorbed material into the extracellular space (Vaananen and Horton 
 1995 ). In addition to the development of distinct membrane domains, the cytoskel-
eton undergoes organizational changes creating a dense actin-ring in osteoclasts 
preparing for resorption (Silver et al.  1988 ). This process has been shown to be 
greatly dependent on Rho-GTPases, which require the mevalonate pathway for iso-
prenylation and activation (Chellaiah  2006 ). Of note, bisphosphonates have been 
shown to block osteoclast activity by inhibiting farnesyl diphosphate synthase, a 
critical enzyme in the mevalonate pathway. 

 The resorption of bone matrix takes place in the resorption lacuna. The ruffl ed 
border is formed by the fusion of cytoplasmic acidic vacuoles, thereby releasing 
acid into the resorption lacuna and initiating rapid dissolution of the hydroxyapatite 
crystals (Blair et al.  1989 ; Teti et al.  1989 ). Furthermore, ATPases, located in the 
ruffl ed border, additionally transport protons into the Howship’s lacuna (Li et al. 
 1999 ; Mattsson et al.  1994 ). The protons are supplied by the reaction of water and 
carbon dioxide catalyzed by the enzyme carbonic anhydrase II resulting in the for-
mation of protons and HCO 3  − . Whereas H +  is pumped into the resorption lacuna, 
HCO 3  −  is transported into the extracellular space via HCO 3 /Cl exchanger. The 
imported chloride ions are also pumped into the resorption lacuna to form hydro-
chloric acid with a pH as low as 4, which is capable of dissolving the mineralized 
matrix (Silver et al.  1988 ). The organic matrix is degraded by various enzymes, 
including TRAP, cathepsin K, and matrix MMP-9. Cathepsin K is a lysosomal cys-
teine proteinase capable of degrading type I collagen (Gelb et al.  1996 ). Although 
osteoclasts form in cathepsin K-defi cient mice that build a ruffl ed boarder and are 
able to mobilize bone mineral, they are unable to effi ciently degrade the collagen 
matrix and thus resorb bone (Saftig et al.  1998 ). Furthermore, active osteoclasts 
express high levels of matrix metalloproteinases such as TRAP and MMP-9 (Okada 
et al.  1995 ; Wucherpfennig et al.  1994 ). Using electron microscopy, Okada and col-
leagues were able to show that MMP-9 degraded collagen into fragments, suggest-
ing the involvement of MMP-9 in the resorption process. Stronger evidence is 
provided by mice lacking MMP-9, which are severely osteopetrotic and have diffi -
culties in the endochondral ossifi cation process, as the collagen matrix is only insuf-
fi ciently being broken down (Engsig et al.  2000 ). 

 After the resorption of bone tissue, osteoclasts die by apoptosis and are quickly 
removed by phagocytes (Teitelbaum and Ross  2003 ). At present, little is known 
about the molecular mechanisms that terminate osteoclast resorption and initiate 
osteoclast apoptosis in vivo. Nevertheless, targeting osteoclasts for apoptosis, such 
as by using bisphosphonates or denosumab, a monoclonal antibody targeting 
RANKL, has been the predominant approach to prevent bone destruction in condi-
tions of bone loss such as postmenopausal osteoporosis and therapy-induced or 
cancer-related bone loss (Rachner et al.  2011 ).   
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1.4     Regulation of Bone Remodeling 

1.4.1      Hormones 

 Bone formation and resorption, as well as the cell machinery that performs those 
tasks, are under the subtle control of various hormones, whereas the most extensively 
studied ones are estrogens and androgens, parathyroid hormone (PTH), 1,25-dihy-
droxyvitamin D 3 , and glucocorticoids, due to their common use as anti- infl ammatory 
drugs. These major endocrine regulators will be discussed in more detail. However, 
it should be noted that bone homeostasis is also regulated by other hormones such as 
calcitonin (Huebner et al.  2008 ), leptin (Karsenty and Ducy  2006 ), and hormones of 
the anterior pituitary gland (follicle-stimulating hormone, thyroid-stimulating hor-
mone, and adrenocorticotropic hormones) (Imam et al.  2009 ). 

 PTH is a peptide hormone and one of the most important regulators of calcium ion 
homeostasis (Kronenberg  2006 ; Lanske et al.  1999 ). PTH is produced and secreted 
by C cells in the parathyroid gland in response to low blood calcium levels and acts 
on the kidney, bone, and intestine to maintain blood calcium concentrations. In bone, 
PTH stimulates the production of interleukin-6 and RANKL by osteoblasts and stro-
mal cells, thereby promoting the differentiation, activation, and survival of osteo-
clasts (Dai et al.  2006 ; Greenfi eld et al.  1993 ). Thus, PTH and PTHrP (PTH-related 
protein) promote bone resorption and consequently the release of calcium (Lanske 
et al.  1999 ; Pollock et al.  1996 ). However, it should be noted that an intermittent 
exposure to PTH has bone anabolic effects mainly increasing osteoblast functions 
and, thus, is currently the only approved anabolic treatment option in the treatment 
of postmenopausal osteoporosis (Bilezikian and Kurland  2001 ). 

 Calcitriol (1α,25-dihydroxyvitamin D 3 ), the active hormonal form of vitamin D, 
is a steroid hormone either ingested from the diet or synthesized in the skin from 
7-dehydrocholesterol through exposure to sunlight (Webb and Holick  1988 ). Its 
importance for the development and maintenance of the mineralized skeleton was 
demonstrated in studies using vitamin D receptor or 1α(OH)ase knockout mice 
(Dardenne et al.  2001 ; Panda et al.  2004 ). The mineralization defect was normalized 
after a high-calcium, high-phosphate, and high-lactose diet (rescue diet) was admin-
istered. However, the administration of only 1,25(OH) 2 D 3  to 1α(OH)ase knockout 
mice was not suffi cient to normalize the impaired mineralization if hypocalcemia 
was not corrected (Panda et al.  2004 ). Moreover, vitamin D-defi cient mice showed 
an increase in osteoblast number, bone formation, and bone volume as well as 
increased serum ALP levels. Additionally, osteoclast numbers were decreased due 
to a decreased production of RANKL and an enhanced production of OPG (Kitazawa 
et al.  2003 ). 

 Besides PTH and calcitriol, which mainly regulate calcium homeostasis, estrogens 
and androgens are sex steroid with profound effects on bone. In contrast to PTH and 
1,25-dihydroxyvitamin D 3 , they enhance bone formation and inhibit bone resorption 
(Carani et al.  1997 ; Khosla et al.  2001 ; Leder et al.  2003 ). Lack of estrogen as well as 
testosterone inevitably leads to an increased bone turnover rate with a simultaneous 
increase in osteoclastic bone resorption as well as osteoblastic bone formation 
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(Eghbali-Fatourechi et al.  2003 ; Khosla and Riggs  2003 ; Weitzmann et al.  2002 ), 
although the latter of less magnitude. However, the net effect of estrogen defi ciency is 
bone loss as a result of an increased production of RANKL and a decreased produc-
tion of OPG in osteoblastic cells as well as an increase in the secretion of pro-infl am-
matory and pro-resorptive cytokines in lymphocytes such as IL-1, IL-6, and tumor 
necrosis factor-alpha (TNFα) (Jilka et al.  1992 ,  1995 ; Tanaka et al.  1993 ). Although 
clinical trials have shown that hormone replacement therapy decreased the incidence 
of major osteoporotic fractures (Cauley et al.  1995 ; Orwoll et al.  1996 ), serious side 
effects including cardiovascular disease and cancer have occurred, and therefore other 
medications are now used in the treatment of osteoporosis (e.g., selective estrogen 
receptor modulators such as raloxifene) (Riggs and Hartmann  2003 ). 

 Bone cells also contain glucocorticoid receptors that confer responsiveness to 
endogenously produced and exogenously administered glucocorticoids. While active 
forms of endogenous glucocorticoids such as cortisol are necessary for bone 
 development, glucocorticoid excess is detrimental to many metabolic systems includ-
ing bone. Studies in mice lacking 11β-hydroxysteroid dehydrogenase-2, an enzyme 
that inactivates active glucocorticoids, showed that endogenous glucocorticoids are 
necessary to prime MSCs to the osteoblastic lineage (Eijken et al.  2005 ; Hamidouche 
et al.  2008 ; Sher et al.  2004 ; Zhang et al.  2008 ) and support osteoblastogenesis. This 
is also recapitulated in human osteoblast cultures, which require physiological 
amounts of glucocorticoids to differentiate into fully mature, mineralizing osteoblasts 
(Rauner et al.  2010 ). Moreover, when the glucocorticoid receptor was specifi cally 
deleted in osteoclasts, glucocorticoids enhanced the lifetime of osteoclasts, but at the 
same time inhibited bone resorption by disrupting the osteoclastic cytoskeleton (Kim 
et al.  2006a ). In contrast to these bone anabolic physiological effects of glucocorti-
coids, the prolonged exposure to synthetic glucocorticoids, such as required to treat 
infl ammation or organ rejection, results in severe bone loss already within the fi rst 
months of administration. The pathophysiology of glucocorticoid-induced bone loss 
includes the transient hyperactivation of osteoclasts due to an increased RANKL/
OPG ratio in osteoblasts (Hofbauer et al.  1999 ,  2009 ) and a severely inhibited 
 osteoblast function, mediated by the suppression of critical pro-osteoblastic factors 
such as runx2, Wnt, and BMP signaling, as well as the induction of mineralization 
inhibitors such as dentin matrix protein-1 or phex (O’Brien et al.  2004 ; Rauner et al. 
 2010 ; Thiele et al.  2012 ; Wang et al.  2005 ,  2008 ; Yao et al.  2008 ). Animal studies 
suggest that glucocorticoid- induced osteoporosis may be successfully prevented 
administering bisphosphonates, PTH, denosumab, or an anti-sclerostin antibody 
(Hofbauer et al.  2009 ; Yao et al.  2008 ,  2015 ). Analogous to selective estrogen  receptor 
modulators, also selective glucocorticoid receptor modulators have been developed 
that display an improved benefi t/risk ratio, but need to be verifi ed in human studies.  

1.4.2       Osteoblast-to-Osteoclast Signaling: RANKL/OPG 

 Although interactions between osteoblasts and osteoclasts have already been 
observed in the 1980s by Rodan and colleagues, it took another 15 years to identify 
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the two main negotiators in osteoblast-osteoclast communication, RANKL and OPG 
(Anderson et al.  1997 ; Kong et al.  1999b ; Lacey et al.  1998 ; Yasuda et al.  1998 ) 
(Fig.  1.3 ). Today, the high efforts invested in understanding and characterizing the 
RANKL/RANK/OPG system have led to detailed knowledge of the pathogenesis of 
metabolic bone diseases and have already contributed to the development of innova-
tive therapeutic drugs that are now already in clinical use (human anti- RANKL anti-
body, denosumab, Prolia TM ) (Cummings et al.  2009 ; Smith et al.  2009 ).

   As mentioned earlier, bone formation and bone resorption are coupled processes 
in remodeling. Often, dysregulations favoring osteoclastogenesis are responsible 
for the development of metabolic bone diseases such as osteoporosis, Paget’s dis-
ease, rheumatoid arthritis, or osteoarthritis. The discovery of RANKL and its recep-
tors RANK and OPG has fi nally highlighted the molecular processes in 
osteoclastogenesis raising the possibility to inhibit the development of osteoclasts, 
rescuing bone from exorbitant resorption. 

 In 1997 Simonet et al. discovered a protein which exposed an osteopetrotic 
 phenotype when overexpressed in transgenic mice (Simonet et al.  1997 ). Investigating 
even further, they found that this protein was secreted by preosteoblasts/stromal cells 
and was capable to inhibit osteoclast development and activation. Due to its bone-
protective effects, they named it osteoprotegerin. OPG belongs to the TNF receptor 
superfamily, however, lacking a transmembrane and cytoplasmic domain. OPG is 
expressed on a variety of tissues, including the lung, heart, kidney, liver, stomach, 
intestine, brain, spinal cord, thyroid gland, and bone, indicating multiple possible 
functions. The most prominent role of OPG has been assigned to bone protection; 
however, recent investigations have also proposed important functions of OPG in 
endothelial cell survival (Holen et al.  2005 ; Malyankar et al.  2000 ) and vascular cal-
cifi cation (Al-Fakhri et al.  2005 ; Rasmussen et al.  2006 ; Bucay et al.  1998 ). 

 After the identifi cation of OPG followed the discovery of RANKL, which 
does not only have a huge repertoire of names (TRANCE, TNF-related 

OPGRANK

RANKL

  Fig. 1.3    RANK/RANKL/OPG system. RANK is expressed on mononuclear osteoclast precursor 
cells ( pink ). Upon binding of RANKL ( circles ), produced by osteoblasts ( blue ), osteoclast differ-
entiation is induced. RANKL/RANK signaling is also active in mature osteoclasts ( pink ) to pro-
mote resorption activity and prolong survival. OPG ( half circle ), which is also produced by 
osteoblasts, is a soluble decoy receptor for RANKL and can thereby prevent binding of RANKL 
to RANK, thus the induction of osteoclastogenesis       
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activation- induced cytokine; ODF, osteoclast differentiating factor; OPGL, osteo-
protegerin ligand; TNFSF11, TNF superfamily member 11) but also many faces 
regarding its structure, function, and appearance in tissues. The names originated 
from the four discoverers, each one having used different approaches to identify the 
protein. They either searched for a ligand for OPG (Yasuda et al.  1998 ), screened for 
apoptosis- regulating genes in T cell hybridomas (Kong et al.  1999b ), or found 
RANKL to induce osteoclastogenesis (Lacey et al.  1998 ) and enhance the life span 
of dendritic cells (Anderson et al.  1997 ). Kartsogiannis and colleagues detected 
RANKL protein and mRNA expression in a variety of tissues, including the bone, 
brain, heart, kidney, liver, lung, intestine, skeletal muscle, mammary tissue, pla-
centa, spleen, thymus, and testis (Kartsogiannis et al.  1999 ). This extensive distribu-
tion of RANKL throughout the body already indicates its multiple functions, 
whereas the most important one is dedicated to the regulation of bone remodeling. 
RANKL knockout mice reveal a severe osteopetrotic phenotype due to the absence 
of osteoclasts. Furthermore, defects in tooth eruption, lymph node genesis, mam-
mary gland, and lymphocyte development were reported as well as disturbances in 
T cell/dendritic cell interactions and thermoregulation (Kong et al.  1999a ; Martin 
and Gillespie  2001 ). RANKL is a member of the TNF superfamily and is mainly 
expressed in preosteoblasts/stromal cells as well as activated T cells. It exists in 
three isoforms: RANKL1 and RANKL2 are type II transmembrane proteins, 
whereas RANKL2 encodes for a shorter intracellular domain. RANKL3 is a soluble 
protein, supposed to be cleaved by TACE (TNFα-converting enzyme, a metallopro-
tease) from the transmembrane form. Other isoforms of RANKL are likely to exist, 
for Kong and colleagues mentioned a primary secreted form of RANKL in activated 
T cells (Kong et al.  1999a ) and other groups found diverse posttranslational modifi -
cations on the N-terminus (Dossing and Stern  2005 ). 

 The third participant in the bone remodeling regulatory system is RANK and 
belongs to the TNFR superfamily alike OPG (Anderson et al.  1997 ). RANK repre-
sents a type I transmembrane protein and is expressed in tissues as ubiquitously as 
RANKL, though most commonly found in osteoclasts and dendritic cells (Hofbauer 
and Heufelder  2001 ). RANK-defi cient mice show similar phenotypes to those of 
RANKL knockout mice, including lack of tooth eruption, osteopetrosis, and miss-
ing lymph nodes (Dougall et al.  1999 ). The RANK signaling cascade is initiated 
when RANKL binds to the extracellular domain of RANK which passes the signal 
along to TRAF6 (TNF receptor-associated factor 6). TRAF6 has various down-
stream mediators including the transcription factors NFkB, NFATc1 (nuclear factor 
of activated T cells), and AP-1 (activator protein-1) as well as the cascades of 
mitogen- activated protein kinases (MAPK) such as p38 stress kinase, JNK (c-Jun 
N-terminal kinase), and ERK (extracellular signal-regulated kinase) (Koga et al. 
 2004 ; Rauner et al.  2007 ). 

 The expression of OPG and RANKL is highly inducible by various systemic and 
local factors. Among others, estrogen, bone morphogenetic protein-2, INF-γ, and 
TGF-β positively regulate OPG, whereas PTH, 1,25(OH) 2  vitamin D 3 , glucocorti-
coids, prostaglandin E 2 , IL-6, IL-8, and IL-11 enhance the expression of RANKL 
(summarized in Khosla ( 2001 ) and Leibbrandt and Penninger ( 2009 )).  
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1.4.3     Osteoclast-to-Osteoblast Coupling Factors 

 Even though a great deal of research has mainly focused on the communication of 
osteoblasts to osteoclasts through the RANKL/OPG system in the past 15 years, 
recent observations in patients taking antiresorptive drugs (i.e., bisphosphonates or 
denosumab) or patients with osteoclast-poor osteopetrosis have suggested that bone 
resorption may stimulate bone formation as these patients do not only present with 
suppressed bone resorption but also with reduced bone formation. Besides factors 
that are released from the bone matrix and may also promote osteoblast function, 
such as TGF-β or IGF-I and IFG-II, several novel factors have been identifi ed that 
are secreted by osteoclasts and act on osteoblasts to regulate their function. 
For example, mature osteoclasts have been shown to produce cardiotrophin-1 
(a member of the IL-6 cytokine superfamily), collagen triple helix repeat containing 
1, Wnt1, and Wnt10b, all of which stimulate osteoblast differentiation and function 
in vitro and in vivo (Ota et al.  2013 ; Kimura et al.  2008 ; Pederson et al.  2008 ; 
Takeshita et al.  2013 ; Walker et al.  2008 ; Weivoda et al.  2015 ). 

 One intriguing class of coupling factors is ephrin signaling, which can transmit 
signaling in a bidirectional manner, signaling either through the receptor (forward 
signaling) or through the ligand (reverse signaling). Initially, ephrinB2 has been 
discovered as a membrane-bound ligand on osteoclasts, while its receptor EphB4 is 
expressed on osteoblasts. Activation of the EphB4 receptor by ephrinB2 has been 
shown to promote osteoblastogenesis, while signaling through ephrinB2 suppressed 
osteoclast differentiation through downregulating NFATc1 and c-Fos (Zhao et al. 
 2006 ). However, as mice lacking ephrinB2 in myeloid cells displayed a normal 
bone phenotype, the question remained how the ephrinB2/EphB4 signaling impacts 
on bone physiology (Zhao et al.  2006 ). Additional studies have shown that eph-
rinB2 is also induced by PTH and that it is in fact the osteoblast-derived ephrinB2 
that is critical to regulate bone formation, rather than the osteoclast-derived eph-
rinB2 (Allan et al.  2008 ; Takyar et al.  2013 ). Nevertheless, the dual regulation of 
osteoblast and osteoclast activity by this pathway suggests an important role not 
only in physiological but also in pathophysiological conditions. 

 The last class of coupling factors that will be discussed here is the semaphorins. 
Semaphorins were originally described as axon guidance repellents and use plexins 
and neuropilins as their primary receptors. Whereas membrane-bound semaphorins 
usually use plexins and soluble semaphorins often associate with neuropilins 
(Tamagnone et al.  1999 ). Meanwhile, semaphorins have been described to function in 
a variety of different tissues, including bone. In osteoclasts, Sema4D is expressed high-
est. Targeted deletion of Sema4D in osteoclasts resulted in an increased bone mass, due 
to an increased number and function of osteoblasts, whereas osteoclast numbers and 
function were not altered (Negishi-Koga et al.  2011 ). More detailed studies showed 
that the binding of Sema4D on osteoclasts to its cognate receptor plexin B1 on osteo-
blasts suppresses osteoblast activity by attenuating IGF-1 signaling in a RhoA-
dependent manner (Negishi-Koga et al.  2011 ). In addition to Sema4D, also other 
semaphorins have been implicated in the regulation of bone metabolism, but most of 
them are not expressed by osteoclasts. Sema3D has been shown to be expressed in 
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osteoblasts and stimulate osteoclastogenesis (Sutton et al. 2008). Moreover, polymor-
phisms in Sema7a are associated with low bone mineral density and a high risk of 
vertebral fractures in postmenopausal women (Koh et al. 2006). However, underlying 
mechanisms remain to be elucidated. More detailed insights have been gained into the 
regulation of bone mass through Sema3A, which is also produced by osteoblasts. 
While the initial characterization of Sema3A-defi cient mice led to the conclusion that 
Sema3A suppresses osteoclast function and promotes osteoblast differentiation, a sub-
sequent study using cell type-specifi c cre lines indicated that Sema3A does not directly 
act on bone cells to regulate bone homeostasis but does so indirectly by modulating 
sensory nerve development (Fukuda et al.  2013 ; Hayashi et al.  2012 ). However, more 
studies will be needed to clarify the complex role of semaphorins on the regulation of 
bone mass, especially in light of their regulation of nervous system, whose interactions 
with the skeletal system are still largely unexplored.  

1.4.4     Cytokines and Chemokines 

 Bone remodeling is also critically regulated by various cytokines and chemokines, 
not only in pathophysiological conditions but also within physiological bone remod-
eling. Many pro-infl ammatory cytokines including TNFα and interleukin (IL)-1, 
IL-6, IL-7, IL-11, IL-15, and IL-17 potentiate bone loss either by increasing osteo-
clast generation and activation or by inducing RANKL expression by the osteo-
blasts. On the other hand, IL-4, IL-5, IL-10, IL-12, IL-13, and IL-18 and interferon 
(IFN)-α, IFN-β, and IFN-γ are inhibitors of osteoclastogenesis by blocking RANKL 
signaling, either directly or indirectly (reviewed in Lorenzo et al. ( 2008 ); Sipos 
et al. ( 2008 )). Interestingly, IL-1 directly stimulates TRAF6 expression on the 
osteoclast, thereby potentiating RANK signaling, whereas IFN-γ is known to down-
regulate TRAF6 by targeting it for proteosomal degradation, thereby aborting 
osteoclast formation (Takayanagi et al.  2000 ). TGF-β is described to both directly 
suppress osteoclastogenesis and induce osteoclastogenesis via suppressor of 
 cytokine signaling 3 (SOCS3) (Lovibond et al.  2003 ; Ruan et al.  2010 ). 

 In contrast to osteoclasts, little is known about the effects of cytokines on 
 osteoblasts. TNFα, IL-1, and IFN-γ were shown to inhibit osteoblast differentiation 
and block collagen synthesis (Canalis  1986 ; Centrella et al.  1992 ; Gilbert et al.  2000 ; 
Kuno et al.  1994 ). IL-6 and the IL-6 receptors were shown to be produced by osteo-
blasts and stromal cells, but the effects on osteoblastogenesis remain unclear 
(Franchimont et al.  1997a ,  b ). IL-4 has been reported to be a chemoattractant for 
osteoblasts and to directly stimulate the proliferation of osteoblasts (Ura et al.  2000 ). 
However, it has an inhibitory effect on osteoblast differentiation. Accordingly, 
 IL-4-overexpressing mice exhibited a decrease in bone formation and decreased dif-
ferentiated osteoblasts on their bone surface (Jilka et al.  1998 ). 

 So far, only little is known about the regulation of bone mass by chemokines. 
However, Binder et al. reported on a critical role of the C-C chemokine receptor 2 
(CCR2) in normal and pathological bone mass maintenance by regulating osteo-
clastogenesis (Binder et al.  2009 ). In this study, CCR2, the receptor for several 
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monocyte chemoattractant proteins, was found to induce the expression of RANK 
in osteoclast precursor cells using the NFkB and ERK signaling pathways, thereby 
making them more susceptible for RANKL-induced osteoclastogenesis. Osteoblast 
differentiation and activity, on the other hand, were not affected. Thus, chemokines 
and chemokine receptors as well as cytokines are likely to play an important role in 
the maintenance of bone mass, but their defi nitive functions still remain to be deter-
mined in more detail.   

1.5     Concluding Remarks 

 Bone is a highly dynamic tissue that undergoes constant remodeling to repair struc-
tural damage or adapt to changing functional demands. Osteoblasts, osteocytes, and 
osteoclasts intensively communicate with each other to coordinate the remodeling 
process, and their functions are tightly regulated by various systemic and local fac-
tors such as hormones or cytokines. Local factors may be produced by bone cells 
themselves to act in an autocrine manner or by other cell types (e.g., immune cells, 
vascular cells, adipocytes, neurons) that also participate in the regulatory process. 
Due to the increasing knowledge of cellular and molecular mechanisms of bone 
remodeling, effi cient therapies have already been developed (bisphosphonates, 
PTH, denosumab) and will continue to develop (i.e., anti-sclerostin antibodies) to 
encounter exacerbated bone loss that occurs with aging, estrogen defi ciency, or 
malignant and infl ammatory disease.     
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2.1  Introduction

Microscopes have been used for a long time to observe biological samples. However, 
measurements of tissue- and cell-related parameters were conducted by human 
observers and were consequently ad hoc, not reproducible and restricted to small 
sample numbers. Since computers have become vastly more powerful, life sciences 
now routinely take advantage of new opportunities to couple microscopy and in 
silico methods. Automated image segmentation and analysis of large numbers of 
digital images allow algorithmic recognition of cell and tissue structures and 
 subsequent numeric measurements of cellular parameters. Nevertheless, these new 
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methods also come with technical challenges concerning computational resources 
like processing capacity, memory and disk space, biological sensor limitations, as 
well as algorithm development.

Today, state-of-the-art hardware and cloud computing enable high throughput 
analysis of vast amount of images in reasonable time. In the context of bone 
research, an application for automated analysis is the in silico quantification of 
osteoclasts. Cell culture models using either murine or human osteoclasts offer the 
possibility to study parameters such as osteoclast formation from their mesenchy-
mal precursors, differentiation, maturation, and apoptosis (Marino et al. 2014). 
Advanced molecular imaging of osteoclasts allows to study pathological processes 
and to elucidate the effect of osteoclast-targeted therapies for diseases in which 
excess bone resorption is a crucial pathological process. This includes osteoporosis, 
rheumatoid arthritis, as well as bone tumors such as giant cells tumors, osteosarco-
mas, and bone metastases.

Currently, quantification of multinucleated osteoclasts in culture is performed man-
ually (Marino et al. 2014). When studying the influence of endogenous metabolites, 
hormones or therapeutic agents on osteoclast biology, a lot of potentially valuable and 
relevant information, such as number of nuclei, osteoclast size, number and properties 
of precursor cells, as well as abundance of target proteins in each cell class, cannot be 
assessed reliably by manual evaluation. These parameters, however, could be impor-
tant to elucidate the effects of natural and synthetic agents on osteoclast biology.

To exemplify a typical question in basic osteoclast research, we were looking at 
whether the pineal hormone melatonin affects osteoclast formation in vitro. 
Melatonin has long been sought to exert beneficial effects on bone structure and 
has been proposed to prevent osteoporosis in premenopausal and menopausal 
women (reviewed in Maria and Witt-Enderby (2014)). Melatonin was found to 
favor the differentiation of human adult’s mesenchymal stem cell into osteoblasts 
via binding and signaling through a G-protein-coupled melatonin receptor (Radio 
et al. 2006; Koyama et al. 2002). Thus, beneficial effects of melatonin on bone 
structure were mainly attributed to its effects on osteoblasts (Maria and Witt-
Enderby 2014; Radio et al. 2006). Although melatonin may prevent bone degrada-
tion by inhibiting osteoclast formation directly (Ostrowska et al. 2001), the 
inhibitory effects on osteoclast are also caused by the action of melatonin on osteo-
blasts. This was suggested from studies in mice, where melatonin increased the 
osteoprotegerin expression in osteoblasts, which lead to a reduction in the RANKL-
mediated osteoclast formation (Maria and Witt-Enderby 2014; Koyama et al. 
2002). In a pilot experiment, we re- investigated the possibility of direct effects of 
melatonin on the formation of mouse osteoclasts from bone-derived precursor cells 
specifically by focusing on osteoclast number, cell area, multinuclearity, and 
downregulation of the macrophage (osteoclast precursor cell) marker protein F4/80 
as osteoclast marker. As outlined above, limitations of manual evaluation of osteo-
clast formation would normally prevent the detection of small-scale correlations 
between changes of cell-associated parameters and the effects of the hormone 
melatonin. However, when employing a computerized quantification method, all of 
the abovementioned limitations can be overcome.
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In this chapter, we briefly describe standard procedures for osteoclast culture, 
markers for osteoclast detection, as well as the applied immunofluorescence label-
ing protocol. We provide a brief introduction to digital images and slide-based 
microscopy and discuss software packages for image processing as well as valuable 
tools for handling the workflow.

We then describe the development and application of an image processing algo-
rithm for the detection and quantification of osteoclasts. Principles of ground-truth 
data and their evaluation as well as the algorithms used for osteoclast detection are 
explained. Measurements are introduced, and examples are given on how to apply 
them in real-life scenarios. The described steps are not programming language spe-
cific and can be implemented in the framework of the reader’s choice. However, we 
do not cover implementation details, as these are beyond the scope of this work and 
should be read in existing books on microscopy and digital image processing, for 
example (Gonzalez and Woods 2008; Wu et al. 2008; Burger and Burge 2008; 
Solomon and Breckon 2011). The algorithm, which was developed, has been inte-
grated in the software application StrataQuest (TissueGnostics GmbH, Austria), a 
context-based qualitative image analysis software package. As a “real-life” basic 
research example, we then show the results of our pilot study using StrataQuest to 
quantify the direct effect of melatonin on osteoclast formation in culture which 
yielded novel interesting results that would not have been available without an auto-
mated in silico analysis system.

Many of the image processing problems mentioned in these sections are so- 
called ill-defined problems – e.g., segmentation (Martin et al. 2001; Bakushinskiy 
and Goncharsky 2012) – meaning that there is no unambiguous gold standard to 
compare these algorithms to. Furthermore, the question of how to compare a devel-
oped algorithm to the performance of human experts still remains an important open 
research problem. Thus, to illustrate these difficulties, we cover not only typical 
pitfalls including technical problems but also human intuition and limitations in 
perception and vision that have an influence on the development and evaluation of 
image analysis algorithms.

In summary, the purpose of this chapter is to introduce biologists and medical 
scientists to image processing by using a commercially available automated image 
analysis program to quantify various parameters in osteoclast cultures and exem-
plify this through evaluating the effect of melatonin on osteoclast formation. We 
hope that we can thereby raise the audience’s awareness and interest in the possibili-
ties and limitations of this new, powerful technology.

2.2  Techniques

2.2.1  Culture Conditions for Isolated Murine Osteoclasts

The culture conditions for osteoclasts suitable for an automatic detection method 
were developed from standard protocols (Marino et al. 2014; Akatsu et al. 1992), 
but different culture parameters were evaluated.
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Mice (Mus musculus) were culled by neck dislocation following asphyxiation. 
Tibiae and femora were prepared, the caps of the bones were cut off, and the bones 
were rinsed with 10 ml pre-warmed (37 °C) minimum essential medium containing 
antibiotics and antifungals. The cells were diluted to 2 × 106 cells per ml, and osteo-
clast formation-stimulating additives (25 ng/ml Receptor activator of nuclear factor 
kappa-B ligand (RANKL), 15 ng/ml Macrophage colony-stimulating factor 
(M-CSF)) were added. 1 ml of cell suspension was added per well (each containing 
a sterile glass coverslip) of a 24-well culture plate. Culture was maintained at 95 % 
relative humidity/5 % CO2 in an incubator for 7 days. Change of medium was per-
formed every second day.

To investigate the effects of melatonin on osteoclast development from bone 
marrow precursor cells, we applied different doses of melatonin (1, 0.1, and 0.01 μM 
melatonin from a stock solution of 10 mg/1 ml Dimethyl sulfoxide (DMSO)) to the 
osteoclast cultures for the entire cultivation time. The respective controls were 
treated with the solvent only.

2.2.2  Staining Protocol

At the beginning of the development of an algorithm, characteristic features of the 
target structure or cell need to be defined by biological experts, preferably in a 
written document for later reference. In the case of osteoclasts, the biological 
experts defined two important criteria to identify mature osteoclasts: criterion 1, 
the amount of nuclei per cell (≥3) (Andersson and Marks 1989) and criterion 2, a 
low to undetectable expression of the macrophage-antigen F4/80 (van de Wijngaert 
et al. 1987). The expression of the latter marker is reduced or lost due to the dif-
ferentiation from precursor cells to osteoclasts. Therefore, the staining protocol 
included (1) labeling of the nuclei with blue DAPI, (2) staining of the cells with an 
antibody directed against F4/80 macrophage marker (eBioscience.com), probed 
with red Alexa Fluor 568 (Invitrogen molecular probes), and (3) making all cells 
(osteoclasts and precursors alike) “visible” using one antibody against the mem-
brane-bound calcitonin receptor (Acris) and one antibody against the cytoskeleton 
component α-tubulin (Sigma Aldrich), both probed with Alexa Fluor 647 
(Invitrogen molecular probes; far red, appearing white in the image). In the 
acquired images (e.g., Fig. 2.1), mature osteoclasts appear white (due to the stain-
ing for α-tubulin and reduced expression of F4/80 staining), while precursor cells 
appear red or pink from the α-tubulin – calcitonin receptor – F4/80 overlay. It 
should be kept in mind however that differentiation and fusion of cells to generate 
mature osteoclasts is a continuous process. Therefore, mononucleated cells with 
rather low F4/80 staining can be present in the culture (visible in Fig. 2.1) as well 
as multinucleated cells with higher expression levels of F4/80. It is up to the bio-
logical experts to define a threshold level of mean F4/80 intensity/cell that dis-
criminates between “true” osteoclasts (≥3 nuclei per cell, mean fluorescence 
intensity of F4/80 < set threshold) and “true” precursor cells (1–2 nuclei/cell, mean 
fluorescence intensity of F4/80 > set threshold).
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Cells were fixed using a 4 % formaldehyde solution, and the remaining aldehyde 
groups were quenched with 50 mm NH4Cl. The cells were incubated with blocking/
permeabilization buffer (0.5 % Triton X-100 + 1 % bovine serum albumin in 
phosphate- buffered saline (PBS)) for 60 min. After this period, the primary antibod-
ies were applied directly in the culture plate at a dilution of 1:1,000 in blocking 
buffer (parallel approach) for 60 min. After washing with PBS, the secondary anti-
bodies were applied in the dark at a dilution of 1:1,000 in blocking buffer (parallel 
approach) for 30 min. To stain the nuclei, the cells were incubated for 15 min with 
DAPI (1 μg/ml) in aqua bidestilata. The coverslips were finally mounted with 
Fluoromount-G (SouthernBiotech) on conventional microscope slides.

Images of the stained cells were acquired using an automated Axio Imager epi-
fluorescence microscope (Zeiss) equipped with TissueFAXS™ hardware and soft-
ware (TissueGnostics GmbH, Austria) using a 40× Neofluar 1.4 (oil) objective. For 
special considerations concerning the acquisition process, see the following 
sections.

2.2.3  Digital Images

Before algorithm development can commence, images have to be acquired and 
stored. The digitalization of specimens requires a suitable representation of the cap-
tured light by an electronic sensor (camera) that can be further processed by the 

Fig. 2.1 This image shows one immunofluorescence-labeled osteoclast cell in culture surrounded 
by precursor cells. The osteoclast is marked up in green. The perimeter of the target cell is created 
on a separate layer so that the original content of the image is not modified. This additional layer 
can later be extracted and processed by computer-based algorithms

2 Toward the Automated Detection and Characterization of Osteoclasts



36

computer. Exposure time controls the amount of light that is able to hit the sensor 
elements. Finally, quantification transforms these values to a limited set of intensi-
ties that can be further processed by the computer. Typical ranges of 256 (=28 = 8 
Bit), 4096 (=212 = 12 Bit), or 65,536 (=216 = 16 Bit) are used to represent these inten-
sity values. An example of an 8-bit image with a corresponding gray-level matrix is 
shown in Fig. 2.2.

2.2.4  Automated Slide-Based Microscopy

Sampling of images from large-scale experiments necessitates automation of the 
acquisition process. A suitable microscope with a fully motorized stage has to be 
used to automatically acquire images. During acquisition, the stage moves the slides 
in such a way that the camera captures each region of interest as a set of overlapping 
field of views (FOVs). For this image acquisition, we used a TissueFAXS™ system 
(TissueGnostics GmbH, Austria), which offers a convenient workflow to acquire up 
to eight slides automatically. This was a requirement for further statistical analysis 
to analyze global effects of various compounds on the growth and formation of 
osteoclasts in culture. If these cultures contain huge cells, in this case osteoclasts, 
then stitching (tiling together of the single FOVs to one big image) of acquired 
regions is essential for further steps, as these cells may have been only partially 
captured at the border of a FOV. Automatic-stitching algorithms have two main 
components: finding the best alignment for two neighboring images and finding the 

Fig. 2.2 This figure illustrates the digital representation of a captured image derived from fluores-
cence microscopy. The small insert on the right side shows the gray level value of the selected pixel 
(8-bit image: a value between 0 and 255)
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best alignment taking into account all neighboring images. TissueFAXS already 
includes stitching during and after acquisition.

2.2.5  Software for Image Processing

Commercial state-of-the-art solutions like StrataQuest (TissueGnostics GmbH, 
Austria), in which the osteoclast detection algorithm we have developed was finally 
incorporated, can automatically detect tissue structures on a digital slide by integrat-
ing the detection of objects into detailed context-based quantitative analysis (Stadler 
et al. 2015; Schmid et al. 2015). StrataQuest allows the  analysis of interactions 
between different types of data like nuclei counts, cell area,  protein staining intensi-
ties, and the different cell types present via an  easy-to-use graphical user interface 
(GUI). Coupled with TissueFAXS, acquisition and analysis are possible in a homo-
geneous workflow and CE-marked analysis environment for use in research and 
in vitro diagnostics. An open source alternative, which requires only basic knowl-
edge of image processing, is Cell Profiler.1 This application suite offers a framework 
to build versatile pipes (algorithms) for various biological applications. Many pre-
defined pipes for various applications can be downloaded from the online forum and 
are free of charge. For immunohistochemically stained images, GemIdent2 (Holmes 
et al. 2009) is also a versatile tool. A good overview of available software packages 
is provided in Eliceiri et al. (2012).

However, when designing a new algorithm, a developing framework has to be 
chosen. Common tools like GNU Image Manipulation Program (GIMP) or Adobe 
Photoshop are not suitable for algorithm development due to lack of a powerful and 
fast scripting language. High-performance algorithms made image software tools 
like OpenCV,3 ImageJ (Rasband 1997), and Matlab4 however are very popular: 
They offer special image-processing toolboxes that are optimized for high through-
put while still being relatively easy-to-use for rapid prototyping of image analysis 
algorithms. For rapid prototyping of image  analysis problems, Matlab and ImageJ 
are good choices. The disadvantage of Matlab and ImageJ is that they are computa-
tionally slow compared to OpenCV – so if speed is an issue, algorithms have to be 
developed or ported to this framework.

In any case, independent of the used framework, generation of ground-truth 
markups should be started as early as possible so that there is a continuous flow of 
data. Ground-truth data represent a set of images provided by biological experts that 
include counts, location, and key features of the objects of interest (Krig 2014). This 
dataset is then used to evaluate the newly developed algorithms, train machine- 
learning systems, and optimize parameters throughout the whole development 
process.

1 http://cellprofiler.org
2 http://gemident.com
3 http://opencv.org/
4 www.mathworks.com/
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2.3  Evaluation of Expert Markups and Developed  
Image- Processing Algorithms

After and during development, the performance of newly implemented algorithms 
needs to be measured in an unbiased way. For this purpose, visual inspection is the 
most commonly used method. Unfortunately, this step is error prone and highly 
dependent on the observer who in many cases will still be a computer scientist 
rather than a qualified biological researcher. A better method for this evaluation is 
to let biological domain experts do markups to obtain the so-called ground-truth 
data from original images (Krig 2014). This can be done using any graphics-editing 
program like GIMP or Adobe Photoshop. The idea of this markup is to point out 
those objects of interest (e.g., cells, tissue structures) that should be detected by the 
algorithm solely by using the provided images without any additional information. 
The number of markups needed differs from project to project. In case of the osteo-
clast detection algorithm, about 100 FOVs were manually marked up for osteo-
clasts. It is essential to draw these markups on a second “layer” (like a “transparency 
film” on top of the original image) of the target image so that no information from 
the original image is lost. Alternatively, markups can be stored as simple polygons 
using popular tools such as Fiji (Schindelin et al. 2015). Either way, manual mark-
ups can then be automatically compared to automatically generated masks by the 
algorithm, ensuring that the newly developed tool and the tissue experts produce 
comparable results. Supervised machine-learning classifiers like support vector 
machines, logistic regression, and random forests require ground-truth data as an 
input to build their decision model.

Before starting to develop an algorithm, the agreement between different human 
experts has to be confirmed. If this is very low, meaning that there is no consensus 
between the different human experts, even the best detection algorithm cannot suc-
ceed, and therefore development should be postponed, until an agreement between 
human experts has been achieved. The quality of the ground-truth data can be 
increased if several human experts provide markups of the same set of images. It is 
very important that the markups done by humans are performed independently by 
other experts and by the algorithm developer so that a reliable ground truth can be 
obtained. A comparison between the experts can be calculated by computing the 
correlation between the markups. In some cases, like cell recognition covered in this 
chapter, pixel-level (meaning that the experts actually would have to draw exactly 
the same lines around the cells) scoring is not very reasonable; therefore, evaluation 
on a higher level of abstraction, e.g., object-based evaluation, is preferable. This 
approach counts the number of detected objects and compares it with those that are 
found in the ground-truth data. Overlaps between detected objects can be used to 
compute a rough-place agreement beyond the number of detected objects.

In both cases (pixel-/object-based evaluation), having more than one human 
expert can generate a more objective ground truth (Srivastava et al. 2013), e.g., by 
performing a majority voting. As the name suggests, majority voting selects those 
pixels/objects (e.g., osteoclasts) that are marked up by the majority of the human 
experts.
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39

The next step is the evaluation of the algorithm output. In various scenarios  
(e.g., segmentation), algorithms have a vast set of parameters. Optimizing them 
manually is an impossible task, because it would mean evaluating several hundreds 
of thousands of images by hand. Therefore exhaustive parameter-optimization tech-
niques are applied that compare their output with previously created ground-truth 
data. This technique runs the algorithm with a large set of possible parameter com-
binations and returns those that have the highest agreement compared to the human 
experts’ ground-truth data. Care must be taken to prevent overfitting, i.e., choosing 
seemingly optimal parameters, which are only performing well due to chance and 
only on the images that were used for parameter optimization. Therefore, not all 
data should be used for this technique – some data should be held back for a final 
reevaluation of the best parameter settings. This technique is not new and well stud-
ied for machine-learning algorithm evaluations: for example, in cross validation, the 
input data is separated in equally sized sets, employing one for training and one for 
testing the learned model.

One question that arises is how to compute a score of agreement between the 
human experts and the algorithm. On pixel level we can calculate the F-score to 
rank different algorithm output-masks. The F-score (Chinchor and Sundheim 1993) 
is composed of precision and recall. Informally, precision represents the percentage 
of relevant pixels retrieved and is also known as positive prediction rate. Recall on 
the other hand is also called sensitivity or true positive rate and corresponds to the 
ratio of correctly classified pixels versus all possible pixels. Formally they are 
defined as follows:

 
Precision

TP

TP FP
=

+  

 
Recall

TP

TP FN
=

+  

TP represents the true positive pixel, those that were marked up by both the 
expert and the algorithm, whereas TN (true negative) stands for pixels that were not 
marked by either of them. If the pixel was only detected by the algorithm, then it is 
called a false positive (FP). Similarly, pixels that were not assigned as belonging to 
the object of interest by the algorithm but were marked up by the expert are called 
false negative (FN). With these measures, the balanced F-score is defined as:
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Other common metrics for pixel-level evaluation of segmentation results are the 
Jaccard index (1912) and Dice coefficient (1945). Former is defined as the size of 
the intersection divided by the size of the union of both sets:
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J denotes the Jaccard index. A denotes the set of pixels marked up by the expert 
and B the set of pixels detected by the automated segmentation algorithm.

The Dice coefficient is a similarity measure closely related to the Jaccard index 
and often used in ecology. It is less prone to outliers and better suited for heteroge-
neous data sets (McCune et al. 2002). Formally it is defined as follows:

 

s
A B

A B
=

∩
+

2

 

where s denotes the Dice coefficient, A the sets of pixels marked up by the expert, 
and B the automated segmentation algorithm.

The above measures were used in recent state-of-the-art literature to evaluate the 
performance between expert and machine or between various machine-derived seg-
mentations (Hunter et al. 2013; Esteves et al. 2013; Maska et al. 2014). Besides 
pixel- and object-based comparison, there are other methods, which may be more 
suitable for specific scenarios. An extensive survey of segmentation methods was 
published in Zhang (1996). Segmentation is a well-studied topic in computer vision 
but still a challenging task. Several evaluation methods have been published (Zhang 
2001; Smochina 2010; Benes and Zitova 2015). Recently, even crowdsourcing was 
employed to evaluate segmentation results of experts with various levels in exper-
tise and automated image processing systems (Irshad et al. 2015).

When applying these discussed points to the example of osteoclast detection, diffi-
culties with their practical implementation become obvious. An example markup of a 
target cell can be seen in Fig. 2.1 (the green line indicates the manually drawn perim-
eter of an osteoclast). Since the number of osteoclasts is the desired output of the algo-
rithm, an object-based evaluation is more suitable than a pixel- based one. In this case it 
is less important whether a specific pixel belongs to the osteoclast or to the background 
as long as the number, general location, and size of the objects (= osteoclasts) agree 
with the ground-truth data. As mentioned above, to obtain a general detection algo-
rithm which does not only model the specific knowledge of one expert alone, multiple 
experts with biological background and experience with osteoclast cultures should 
deliver ground-truth data. In our setting, two experts provided osteoclast markups, and 
only those osteoclasts that had been identified by both human experts were considered 
to be “real.” When we evaluated the object-level agreement between these two experts 
in seven different regions (about 70 images) of osteoclast cultures (Fig. 2.3), the mean 
agreement (matched) between the two experts was 70 ± 17 %. This shows that even 
though the manual markup of osteoclasts appears simple in theory (i.e., on an image 
with a clearly isolated osteoclast as shown in Fig. 2.3), in many other “real-world” 
images (i.e., in images with osteoclasts and precursor cells in close proximity), the 
opinions of the human experts as to what qualifies as an osteoclast and what does not 
can be quite incongruent. Reasons why human-based classification may be error prone 
were published in Baak (1991) and are discussed later in Sect. 2.5. Comparing our 
algorithm to the experts’ matched markup, 86 % of osteoclasts identified by both 
human experts were also classified as osteoclasts by the algorithm. In most experi-
ments however, the algorithm classified more osteoclasts than the matched results of 
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both human experts (Fig. 2.3). Thus, not only the comparison of the algorithm perfor-
mance to the matched human experts’ ground truth but also the reliability of the ground 
truth itself will have an impact on the values of precision and recall.

2.4  How to Design an Image-Processing Algorithm 
Exemplified on Osteoclast Detection in Culture

In this chapter we present the development of an algorithm for osteoclast detection 
in vitro, starting with the already acquired and stitched images. It follows the gen-
eral scheme of algorithms for image processing (Fig. 2.4). Most of the existing 
published image-processing algorithms were derived from this or a similar work-
flow. Before designing an algorithm, criteria to distinguish between objects of inter-
ests (osteoclast) and the remaining objects (precursors) have to be specified. The 
detailed staining protocol can be found in Sect 2.2. Osteoclasts are defined as mul-
tinucleated cells with at least three nuclei (Criterion 1). Additionally, they should 
not exhibit significant expression levels of F4/80 macrophage marker that identifies 
only the osteoclast precursor cells (Criterion 2). Such biological criteria should be 
written down in a document called customer requirement specification (CRS) to 
prevent unexpected results due to misinterpretation by the algorithm developer. The 
following sections refer to the respective steps of Fig. 2.4: (1) illumination correc-
tion, (2) segmentation, (3) post-processing, and (4) labeling).
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Fig. 2.3 This chart exemplifies the consensus between two human experts. It shows the number 
of osteoclasts (y-axis) detected in seven acquired regions from different cultures (x-axis). In each 
region, the first and the second column represent the osteoclast number detected by each expert 
(Expert 1, Expert 2), whereas the third column shows the number of osteoclasts detected congru-
ently by both experts (matched)
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2.4.1  Illumination Correction

This first step of the detection algorithm is critical, because all further steps will 
operate on the generated output. Misalignment due to shifts in camera setup or the 
optical path of the microscope causes uneven illumination (Fig. 2.5a, b) which 
might not even be visible to the naked eye but can greatly affect the automated 

Fig. 2.4 This flowchart 
demonstrates the general 
scheme of image- 
processing algorithms. 
Four major processing 
steps must be distinguished

a b

Fig. 2.5 This figure illustrates the effect of a post-acquisition illumination-correction (processing 
step 1) on images obtained by epifluorescence microscopy. In the original image (a), an 
illumination- gradient is clearly visible from the left upper corner to the right lower corner. This 
gradient is removed after the application of illumination-correction (b)
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image analysis. To compensate for this introduced bias, an illumination correction 
function can be computed (Wu et al. 2008; Wang et al. 2015). It represents a special 
illumination image that contains the overall pattern of illumination in all future-
acquired images. Various publications deal with this process, e.g., (Zhu et al. 2003), 
Ljosa and Carpenter (2009), and Smith et al. (2015). If the approximation of the 
illumination function fails, adaptive thresholding can be applied, which is discussed 
in the next section.

2.4.2  Segmentation

Step 2 splits the pixels in two groups, those belonging to the foreground (cells, 
including osteoclasts) and those belonging to the background (Fig. 2.6a). This sepa-
ration can be achieved by applying intelligent thresholding. Examples are the clas-
sical triangle algorithm (Zack et al. 1977) or machine-learning-based classifiers 
with appropriate features (Kapelner et al. 2007). Most of these image segmentation 
techniques operate on histograms. A histogram is a discrete distribution function of 
the image’s intensity values. It counts the number of gray values that pertain to each 
of the single categories/bins (intensity values, 0–255 in case of an 8-bit image). The 
triangle algorithm obtains a threshold to distinguish between background  

a b

Fig. 2.6 This figure illustrates the results of (a) segmentation (processing step 2) and (b) post- processing 
(processing step 3) on images obtained by epifluorescence microscopy. In (a), the output image of 
processing, step 1 (see Fig. 2.5b) has been subjected to automated image segmentation. White structures 
represent identified objects. This segmentation may introduce artifacts visible as small white blobs that 
do not belong to actual structures. Gray circles indicate example areas where these artifacts are visible. 
Due to size and shape criteria, they can subsequently be removed resulting in image (b)
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(< threshold) and foreground (≥ threshold) by computing two local maxima of this 
histogram. Now these two peaks are connected, and the maximum distance (an 
orthogonal vector to the line connecting the two peaks) between the line and the 
histogram is computed (see Fig. 2.7 for an example). The intensity value indicated 
by the maximum distance is the threshold value. Everything greater or equal 
(brighter) is considered as foreground. Every value beneath this threshold (darker) 
is classified as background. The machine-learning-based methods are more com-
plex and require extensive knowledge in learning theory. The interested reader 
should refer to the publication mentioned above.

If illumination correction (step 1) did not produce an acceptable result, adaptive 
thresholding can be used to partition images into foreground and background as 
well. Compared to a single threshold like in the triangle approach, this is a more 
sophisticated process that chooses different thresholds for each pixel of the image. 
Because of this method of operation, this is sometimes also called local or dynamic 
thresholding (Gonzalez and Woods 2008; Stockman and Shapiro 2001; Burger and 
Burge 2016; Korzynska et al. 2013).

For our osteoclast detection algorithm, we used adaptive thresholding (Liu et al. 
2002) and computed local thresholds for each subregion of the image. The threshold 
is chosen by examining the intensity values of the local neighborhood of each pixel, 
computing the median intensity. An important parameter of this approach is the 
neighborhood size which can be determined by thresholding the image with differ-
ent neighborhood sizes (e.g., 100 pixel, 200 pixel, etc.) and comparing the seg-
mented image with the previously discussed ground-truth markup of the expert. The 
neighborhood size with the highest concordance is chosen and every subsequent 
image of the same type processed with the optimized parameter.

2.4.3  Post-processing

Step 3 implements a cleanup step, which removes artifacts (Fig. 2.6a, b) and 
unwanted cells such as osteoclast precursor cells. This is often achieved by binary 
operations such as area opening or the computation of morphological features that 

Fig. 2.7 Histogram 
illustrating the triangle 
threshold method. The 
optimal threshold is 
selected where the 
maximum distance (dotted 
line) intersects with the 
base line at the bottom
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can be used to distinguish between the object of interest and other objects. Area 
opening removes all objects with an area smaller than a chosen threshold. If this 
condition is not specific enough, morphological features such as eccentricity, solid-
ity, convex hull, etc., can be used to distinguish between the desired cell and 
unwanted artifacts. In case of our developed osteoclast detection algorithm, we have 
also used features from specific staining, i.e., Criterion 1 (osteoclasts: ≥3 nuclei) 
and Criterion 2 (osteoclast: F4/80 mean intensity/cell <20).

2.4.4  Labeling

Step 4 performs a labeling of the remaining cells (Fig. 2.8a, b) (Samet and Tamminen 
1988; He 2012). This is done to directly denominate each single cell on the image so 
that further measurements can be computed by directly addressing the single cells.

As a side note, the image context is also of great importance during feature cal-
culation. Figure 2.9a, c show two osteoclasts. Reasoning from the example at the 
top, a feature such as the distance between the nuclei may perfectly identify the 
target cell. Unfortunately, in the same region, another osteoclast can be found 
(Fig. 2.9c) where the distance is much larger than in the upper example. So if one 
were to try and detect osteoclasts only in the DAPI channel, i.e., by looking at the 
nuclei alone, this might produce false positives or negatives. This is why we 

a b

Fig. 2.8 This figure shows the labeling (processing step 4) of images obtained by epifluorescence 
microscopy. In image (a), an enlarged area of the output image of processing step 3 (see Fig. 2.6b) 
is shown. In image (b), the labeling of the segmented image is illustrated. For demonstration pur-
pose, each object is labeled in a different shade of gray. Internally, this would be represented by 
assigning a unique number to each object
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introduced the additional immunofluorescence stainings of the microtubules, the 
calcitonin receptor, and the F4/80 macrophage marker to assign the detected nuclei 
to whole cells (Fig. 2.9b, d).

Having computed all these features, it is now possible to create statistics and 
draw conclusions about treatment- or disease-related morphological intensity-based 
difference or staining intensity-based (i.e., associated protein levels) difference. Our 
final developed algorithm for image-based osteoclast detection has since been 
incorporated into the StrataQuest image analysis software package.

2.4.5  Practical Example: Influence of Melatonin  
on Osteoclast Formation

To exemplify the use of this novel automated system for relevant questions in basic 
biological bone research, we have investigated the effect of pharmacological (μM) 
doses of melatonin on osteoclast formation in vitro (Bubenik et al. 1998). Using the 
automated osteoclast detection algorithm in StrataQuest, a multitude of parameters 
were measured and computed including (mean) intensity values of labeled proteins 

a b

c d

Fig. 2.9 The importance of context is illustrated in this figure. Figures (a–d) show two different 
image details of immunofluorescence-labeled osteoclast cultures. White circles indicate osteo-
clasts. During the staining process, cell nuclei are stained with DAPI (a, c). Additionally, microtu-
bules and a membrane receptor are immunofluorescence-labeled to visualize cell bodies (b, d). An 
important criterion of mature osteoclasts is to have three or more nuclei. An algorithm that oper-
ates only on the nuclei (DAPI channel) would probably miss the osteoclast in (c) due to the larger 
distance between the nuclei in contrast to (a). Taking the additional staining of cell bodies and 
borders into account, the same nuclei in (b) and (d) are now allocated to one cell, and consequently 
these cells are identified as osteoclasts
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per cell (exemplified for F4/80 staining, Fig. 2.10a, c), number of nuclei per cell 
(Fig. 2.10a, c), total or relative number of individual cells, or mean cell area 
(Fig. 2.10b, d). Results are displayed for two out of the four discriminated cell 
populations, namely, the multinucleated osteoclasts with mean F4/80 intensity lev-
els <20 (arbitrary threshold, range 0–255) and the mononucleated precursor cells 
with mean F4/80 intensity levels >20 (Fig. 2.10 upper and lower graphs, respec-
tively). While, in analogy to published data (Koyama et al. 2002), we could not see 
any influence of melatonin on osteoclast number (Fig. 2.10b); we found a strong 
increase ranging from 130 % of control values with 10 nM melatonin to 200 % of 
control values with 1 μM melatonin in the mean area of osteoclasts after treatment 
with melatonin, an effect which was not seen for the precursor cells (Fig. 2.10b). In 
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Fig. 2.10 Effect of in melatonin treatment (Mel: 1 μM, 0.1 μM, 0.01 μM) or solvent (S) on cul-
tured osteoclasts (a, b) and precursor cells (c, d). (a, c) Mean number of nuclei/cell and mean 
intensity levels of F4/80 staining/cell. (b, d) Relative (% of total) cell number and mean cell area 
(μm2). Data from a typical experiment for multinucleated cells with mean intensity levels of F4/80 
staining <20 (1.3–2.6 % of cells) and mononucleated cells (precursor cells) with mean intensity 
levels of F4/80 staining >20 (51–74 % of cells) are shown
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correlation, also the mean number of nuclei/osteoclast increased up to 140 % of 
control values (Fig. 2.10a). The classical evaluation by humans would have only 
retrieved the number of osteoclasts/area or well, which in our experiment has not 
been influenced. The observation that the mean area of and the mean number of 
nuclei/osteoclast increased (but not of the precursor cells) indicates that melatonin 
has a stimulating effect on the fusion of osteoclast precursor cells to mature osteo-
clasts. Whether the morphological alterations are associated with an increased 
bone-resorbing activity of the osteoclasts needs to be determined in functional 
assays, e.g., measurement of pit formation on dentine slices (Takahashi et al. 2007). 
Nevertheless, the results gained by automated evaluation for the first time demon-
strate a direct effect of melatonin on bone-resorbing cells, which together with the 
well-established stimulatory influence on osteoblast activity would greatly influ-
ence bone turnover.

2.5  Common Pitfalls

Although high-end microscopy technologies open up new ways to examine tissue 
and cell culture samples, it also requires detailed knowledge of biology, optics, 
electronics, and computer science. This includes appropriate sampling of the tis-
sues, optimized cell-culture conditions, furthermore well-chosen fixation, and stain-
ing protocols. It also includes the selection of the most appropriate microscopic 
equipment for acquisition of the specific experiment (Pearson 2007). However, in 
this section we want to focus on those common problems that occur during image 
acquisition and evaluation. We discuss pitfalls like uneven illumination, uneven 
staining, touching clumps of nuclei, and psychological aspects resulting in fallacies 
due to gestalt laws. For basics about microscopy and optics, please refer to Spector 
and Goldman (2006).

2.5.1  Imaging-Based Errors

2.5.1.1  Illumination
To perform a quantitative measurement, each step of image acquisition has to be as 
exact as possible. Noise is often a result of a misaligned light source and increases 
the error rate in all following algorithm steps. Therefore, having an evenly illumi-
nated image is of great importance. To achieve this goal, calibration slides can be 
used to align the light source properly before recording microscopy images. 
Applying an illumination-correction function (as discussed in Sect. 4.1) afterwards 
is a measure of last resort since it modifies the intensity values of the image and 
might distort the “real” microscopic picture. If this is done in the channel containing 
the target protein, the researcher has to consider that she/he may have created an 
artificial (= false) staining due to the applied correction function. Using these results 
for further statistical analysis is problematic and may lead to wrong conclusions. 
The most common optical problem, nonaligned condensers, causes a type of uneven 
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illumination that is almost impossible to repair with image-processing techniques. 
A priori detection and elimination of illumination gradients before recording images 
therefore save a lot of effort and avoid unnecessary image manipulation, thus 
increasing the significance of derived quantitative biological results.

2.5.1.2  Acquisition Parameters
Acquiring the same sample on different instruments or with different settings on the 
same instrument often results in different-looking images. Depending on the set-
tings and the experience of the user who controls the microscope, image quality 
may vary. Currently, there is no standard (Yagi and Gilbertson 2005), so the compa-
rability between various acquisition systems is impossible. An example simulating 
the effect of different acquisition settings on the same FOV is shown in Fig. 2.11. 
The first image (Fig. 2.11a) of this figure is in focus and has balanced color values 
as it should be. Figure 2.11b is out of focus; consequently segmentation will prove 
difficult and unreliable because borders are blurred. To prevent out-of-focus images, 
techniques like the so-called extended focus (Abrahamsson et al. 2006) can be used: 
first, a stack of images of the same FOV on five different focal planes is acquired. A 
subsequent fusing step merges all images per stack and takes only those parts that 
are in focus on each plane. As a result, the amount of unfocused cells is reduced to 
a minimum. Figure 2.11c illustrates overexposure. Saturated areas are visible as 

a b

c d

Fig. 2.11 This figure illustrates the effect of acquisition conditions in image processing. Image 
(a) represents an ideal acquisition, showing the cells in focus with balanced color values. In image 
(b), cells are out of focus, and their borders are no longer clearly visible. Image (c) is overexposed 
(exposure time set too long). Saturated areas make further quantitative analysis impossible. Finally, 
image (d) has a significantly increased red value (background) that may mislead the observer. 
Note: These images have been processed for demonstration purposes
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white spots and prevent useful feature computation. An increased red level is illus-
trated in Fig. 2.11d. This may mislead the observer to draw incorrect conclusions 
about the expression of a certain marker.

2.5.1.3  File Formats
Another pitfall can be the file format used to store the image. Lossless formats 
should always be preferred to prevent quantification artifacts. A good choice for 
storing high-quality images would be the portable network graphics (PNG) 
(Fig. 2.12a). This format can be read by a variety of tools and supports lossless 
compression. Besides PNG, the tagged image file format (TIFF) is popular for stor-
ing acquired images. Compared to PNG, it offers a wide range of storage options, 
which is also the drawback of this format. It cannot be guaranteed that other appli-
cations which offer TIFF support are able to read and correctly interpret the chosen 
TIFF settings. The most commonly used Joint Photographic Experts Group (JPEG) 
graphics format has to be avoided (Fig. 2.12b). The intention of its compression is 
to remove details that are not visible to the human eye. Obviously, this alters inten-
sity values and can limit the applicability of machine-learning and image- processing 
techniques as well as quantification of biological features.

For the osteoclast detection, we selected PNG due to the portability of the format 
to different operating systems like Windows, Mac OS X, and Linux, since prelimi-
nary experiments indicated about 30 % less disk space usage than when using com-
pressed TIFF images.

2.5.2  Errors Related to the Gestalt Laws

The origin of the term Gestalt (the essence of an entity’s complex form) goes back 
to Ernst Mach in 1886 (Mach 1886). Since that time, gestalt laws are extensively 
examined in psychology. An example of these laws is grouping of objects due to 
proximity, similarity, closure, good continuation, and connectedness. A summary 

a b

Fig. 2.12 The importance of file formats in image processing is illustrated in this figure. Images 
(a, b) represent the same image detail derived from an immunofluorescence-labeled osteoclast 
culture. While image (a) was stored as PNG (with lossless compression), image (b) was saved as 
JPEG. JPEG may reduce image quality dramatically and may introduce rectangular artifacts that 
could affect machine-learning classification
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published in Scientific American describes and illustrates these gestalt laws com-
prehensively (Rock and Palmer 1990). Especially when ground-truth data is cre-
ated, gestalt laws play an important role. Human recognition of shapes is still a 
research field with many open questions. One way to reduce the effect of gestalt 
laws is to make people aware of it: Training them with examples can increase the 
output quality of ground-truth data, thus improving detection accuracy of the algo-
rithm. As a result, interdisciplinary projects should be preferred to avoid such 
imprinted pitfalls.

Up to this day, there are scenarios where image processing cannot compete with 
human intuition. One frequently occurring example in osteoclast detection is the 
problem of touching clumps of nuclei (Moffat et al. 2006). Figure 2.13a exemplifies 
a case where image processing may fail, although nuclei can be intuitively separated 
by a human (Fig. 2.13b), and different human observers are remarkably consistent 
in where they separate the given nuclei. Analyses that require identification of a 
single nucleus fail if no proper segmentation of these clumps is available. There are 
several approaches to divide clumps in a single nucleus in culture and tissues 
(Rogojanu et al. 2010; Zhang et al. 2015; Sheeba et al. 2014) like applying water-
shed algorithms (Sheeba et al. 2014), cutting of nuclei due to angles in the morpho-
logical shape (Cloppet and Boucher 2010; Wang et al. 2012), level-set-based 
processes (Xiong et al. 2006), or dynamic programming that tries to model the 
human expertise (Nandy et al. 2007). However, each of these approaches has sce-
narios where they fail, so currently there is no computational algorithm available 
that can handle all different cases of clumps.

Trying to model this method is tricky due the fact that it is not yet known how the 
human brain recognizes objects (Liu et al. 2009). Figure 2.14 illustrates an idealized 
decision-making process of a human. In real life, this process is assumed to be less 

a b

Fig. 2.13 This figure illustrates the limitations of automated image segmentation in comparison 
to human-object recognition. Figure (a) shows an image detail of an osteoclast culture, where cell 
nuclei are labeled with DAPI. Clusters of nuclei, i.e., overlapping nuclei, are visible. The result of 
a segmentation of these nuclei is indicated in image (b). The detected perimeters derived from 
automated image segmentation are drawn as solid white lines, while the dotted lines represent the 
additional separation of the overlapping nuclei, as a human would intuitionally draw them
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structured and contains trained template recognition, which is believed to be present in 
the human subconscious and instantly available (Baak 1991; Lennert and Stein 1981) – 
an example would be recognition of numbers or letters in literate humans. In contrast 
to the human brain, slight variations in size, staining, orientation, and illumination are 
not accounted for by the computer and therefore result in poor recognition perfor-
mance. Currently, image processing uses features (e.g., curvature, intensity changes, 
homogenous textures, edges, etc.) that seem to be too different and too “weak” to 
model the human performance of perception.

Nevertheless, visual perception is not the only source of error; verbal expression 
differs from expert to expert. An example would be the size of osteoclasts. One 
human expert may assume that a “huge” osteoclast is one with up to 6 nuclei, whereas 
for another expert, “huge” osteoclast means more than 16 nuclei. Obviously, 

Fig. 2.14 This flowchart shows an assumed human diagnostic process of an idealized decision- 
making situation (Modified after Baak (1991))
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development of an algorithm requires background knowledge of the target cell struc-
ture and texture. Ideally, the computer scientist obtains this information during inter-
views with the biological expert, and they create a CRS together at the beginning of 
the project instead of relying on verbal-communicated information only. Quantitative 
evaluation is given by ground-truth data which should agree with explicit knowledge 
given in the CRS, and over the course of the project, the CRS should be regularly 
discussed and possibly adapted. The interpretation of the given features to classify 
the target cells varies depending on the final knowledge of the algorithm engineer. 
This was shown for pathologists in Livesey et al. (1978), Pool et al. (1979). However, 
nowadays when pathological interpretations are quantified by computer-based evalu-
ation, computer scientists take the place of the pathologists by developing tools to 
support their diagnoses. Clearly, they face the same problems with less medical and 
biological experience, and additionally they interpret the data based on their techni-
cal background which may lead to problems of overgeneralization.

2.5.3  Benefits of Automated Osteoclast Detection

Despite these pitfalls, automated segmentation and analysis of osteoclasts as exem-
plified in this chapter has significant advantages. Large amount of data is process-
able – for the results shown in Fig. 2.10, we have processed regions up to 42 mm2, 
and the only limits for further scale-up are the acquisition of the images and the 
computer’s processing and memory capacity. Our computer-based evaluation is 
faster by about two orders of magnitude compared to a trained human expert. 
Additionally, the result after manual quantification is just the number of osteoclasts, 
whereas our algorithm yields many more informative measures, such as total cell 
number, total and relative numbers of osteoclasts and their precursor cells, total area 
of all cells, total and relative area of osteoclasts and their precursor cells, numbers 
of nuclei, quantification of associated proteins, and many morphological and statis-
tical features. Furthermore, it is highly unlikely that the human quantification on 
large regions is reproducible or consistent if compared to another human expert 
(due to fatigue and different interpretations by different humans). However, reap-
plying an algorithm to the same set of images always yields the identical result.

 Conclusion
Applying image processing and machine-learning techniques to biological and 
medical images can improve the quality of research and diagnostics dramati-
cally; automated analysis produces consistent quantitative measures. Small dif-
ferences not visible for the human eye, but possibly linked to disease states, can 
be detected. Currently applied visual inspection normally produces an overall 
score rather than measuring each cell. The human mind also cannot keep track of 
the multiple informative measures of cells or tissue and is generally less able to 
integrate many weak predictive measures. It should also be emphasized again 
that machine-based analysis is more efficient after development and can operate 
24 h, 7 days a week.
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One domain that especially benefits from such systems is bone research. 
Osteoclast quantification is currently done manually, so that large-scale experi-
ments cannot be conducted. The intra- and inter-variability between experts is 
normally very high, which is in contrast to an automated system that detects and 
quantifies these cells, improves the quality of the result, and is always consistent. 
Applying the algorithm, in addition, enables to measure parameters, which can-
not be assessed manually. Indeed, practical application of the novel osteoclast 
detection system in the software StrataQuest enabled us to identify a direct influ-
ence of the indolamine melatonin on in vitro murine osteoclast size and multi-
nuclearity which would not have been accessible without in silico-based image 
analysis.

By extension, together with automated staining systems, a reproducible, vali-
dated, and fully automatic workflow for medium to high throughput evaluation 
of basic osteoclast biology, but also routine clinical screening, is conceivable. Of 
course, legal issues have to be considered before such algorithms can success-
fully be applied to standard diagnosis in hospitals, and the results of automated 
quantifications are dependent on a number of parameters like correct staining 
and acquisition. Image processing will never replace human experts completely, 
because the final diagnosis and interpretation is still up to human expertise, but it 
can relieve the scientists or physicians from a huge amount of repetitive work 
and at the same time increase the significance of the obtainable results.
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  3      An Introduction to the Immune System                     

     Georg     Schett    

3.1          Innate and Adaptive Immunity 

 The term “osteoimmunology” describes the molecular and cellular cross talk 
between the skeletal and immune systems (Schett et al.  2009 ). Before referring to 
these immune–skeletal interactions, we introduce the two main branches of the 
immune system, the innate immunity and the adaptive immunity. The immune sys-
tem developed during evolution to protect the organism against invading infectious 
agents such as bacteria, fungi and viral agents. In principle, the immune system is 
divided into two major branches that differ from each other in preferentially involved 
cell types and the mechanisms of action of the immune response. However, innate 
and adaptive immunities are also closely linked and synergized to ensure best 
immune defence against microbe. 

 On the one hand, innate immunity constitutes an old defence system, which has 
been highly conserved over millions of years among different species. The innate 
immunity can be characterized as ancient, rapid, nonspecifi c, invariant and constant, 
with minimal expansion and limited diversity. Highly conserved molecular patterns 
such as lipopolysaccharide (LPS) and sugar moieties such as mannans and glycans, 
which are the so-called pathogen-associated molecular patterns (PAMPs), are rec-
ognized by germ line-encoded receptors on a distinct subset of leukocytes. The cells 
that participate in the innate immunity do not undergo clonal expansion. Therefore, 
these strategies are suitable for the quick recognition of structurally conserved pat-
terns and an immediate defence against the offending agents. A further characteris-
tic aspect is that there is no immunological memory with innate immune responses. 
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 On the other hand, there is the adaptive immunity that evolved to form a defence 
that is specifi cally fi tting to the particular pathogen. As a consequence, it requires 
some time to ensure building up highly specifi c responses to the infectious agent. 
Another feature of the adaptive immunity is the development of an immunological 
memory that ensures rapid and highly specifi c responses after a second encounter 
with the same pathogen. 

 Besides the effi cient protection against potential danger caused by various micro-
organisms, it is very important that the immune response is not directed against 
the host himself with consequent damage or destruction of the body’s own tissues 
and organs (“horror autotoxicus”). This so-called self-discrimination/non-
self- discrimination is the essential feature of the immune system that protects against 
developing autoimmunity. Here we want to give an overview on the types of cells and 
pathways of this defence system that creates both innate and adaptive immunity.  

3.2     The Innate Immune Response 

3.2.1     Effector Cells in Innate Immunity 

 The distinctive features of innate immunity commonly refer to a broadly distrib-
uted variety of myeloid and lymphoid cells that can exert rapid effector functions 
through a limited repertoire of germ line-encoded receptors. These effector cells 
can be characterized by the expression of glycoprotein surface molecules, the 
“cluster of differentiation” (CD) molecules, which are determined by their binding 
of specifi c monoclonal antibodies. In particular, the types of cells that are capable 
of the innate immune response are neutrophils, monocytes, macrophages, natural 
killer (NK) cells, eosinophils, basophils and mast cells. All these cells except the 
NK cells are derived from the common myeloid progenitor, the stem cell that also 
gives rise to megakaryocytes and erythrocytes. As there is a morphological differ-
ence between these aforementioned lineages, these cells also differ in their immu-
nological function. 

3.2.1.1     Neutrophils 
 Neutrophils represent the fi rst line of defence as they are attracted by chemotactic 
factors and accumulate at the site, where a potentially noxious agent is recognized 
for the fi rst time (Borregaard et al.  2010 ). As an initial action, neutrophils take up 
the microorganisms by phagocytosis and destroy the pathogen in cytoplasmic vacu-
oles by producing oxygen species and lytic enzymes. Besides the quick destruction 
of the invading agent, neutrophils also produce chemokines and cytokines such as 
tumor necrosis factor alpha (TNFα) to attract more effector cells such as macro-
phages to the site of the pathogenic invasion. Therefore, neutrophils are also of key 
importance for further steps of immune activation. Another task of neutrophils is 
that they are involved in tissue regeneration after elimination of the pathogen by 
producing cytokines that promote cell proliferation.  
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3.2.1.2     Monocytes, Macrophages and Dendritic Cells 
 Monocytes represent approximately 10 % of leukocytes in human blood (Auffray et 
al.  2009 ). Primarily, monocytes function as phagocytes that scavenge toxic compo-
nents and pathogens. By means of phagocytosis, they are enabled to quickly remove 
bacteria or virus- infected cells. Possibly dangerous structures are recognized by 
pathogen recognition receptors such as toll-like receptors that bind particular molec-
ular patterns. These receptors are described below in more detail. Besides their abil-
ity to destroy microbes, monocytes have the function to remove apoptotic cells and 
cellular debris. Thus, monocytes play a crucial role for cellular homeostasis and may 
prevent the development of autoimmunity. In accordance, it is known that a defective 
removal of apoptotic cells contributes to the pathogenesis of autoimmune disorders 
like systemic lupus erythematosus. Monocytes also play a pivotal role in infl amma-
tory conditions, as they are a major source for proinfl ammatory cytokines such as 
TNFα. Based on their phagocytic activity and their pattern of cytokines expression, 
monocytes are further subdivided into three different subsets: The major population 
are the CD14 + CD16-CCR2 high CX3CR1 low  monocytes that represent up to 90 % of 
human monocytes and are characterized by the production of IL-10 after LPS stimu-
lation in vitro. Other subsets are the CD16+ monocytes, which can be divided into 
two subclasses: The CD16 + CD14+ CD64 + CD32+ positive cells function as phago-
cytes and produce TNFα and IL-1 after LPS stimulation. In contrast, the 
CD16 + CD14 low  monocytes lack phagocytic activity and do not produce cytokines in 
response to LPS. Macrophages are derived from monocytes that have left the blood 
circulation and emigrate to target tissues. 

 Depending on their localisation in different organs, macrophages are given dis-
tinct names: for example, liver-resident macrophages are called Kupffer cells, mac-
rophages in the central nervous system are named microglia, and histiocytes are 
macrophages embedded in the connective tissue. Macrophages are characterized by 
surface expression of CD11b, CD14, CD68, F4/80 (mice)/EMR1 (human), lyso-
zyme M and MAC-1/MAC-3. Like neutrophils or monocytes, macrophages also 
serve as phagocytes. They appear to be mobilized shortly after the recruitment of 
neutrophils. However, they persist much longer than the neutrophils at sites of 
chronic infl ammation. Macrophages kill bacteria by the production of nitric oxide. 
Additionally, macrophages play a role in the linking of innate and adaptive immune 
responses as they produce cytokines like IL-12 or interferon gamma (IFNγ) that 
direct adaptive immune responses to the TH1 type. 

 Depending on the co-stimulatory signals, macrophages are polarized into two 
groups and have broadly been classifi ed as M1 and M2 macrophages (Martinez et 
al.  2009 ). M2 macrophages can further be divided into M2a, M2b and M2c macro-
phages. These two major subsets of macrophages differ in terms of their receptors, 
cytokine and chemokine expression, as well as effector function. Whereas M1 mac-
rophages are microbicidal and infl ammatory, M2 macrophages are immune modu-
lators and are poorly microbicidal. The classically activated M1 macrophages 
produce cytokines such as IFNγ, IL-6, IL-12 or TNF, which are potent proinfl am-
matory mediators. Alternatively, activated M2 macrophages are induced by IL-4. 

3 An Introduction to the Immune System



62

IL-10 or IL-13 and act anti-infl ammatory by production of IL-10 and transforming 
growth factor beta (TGF-β), which antagonize proinfl ammatory cytokines. Thus, 
macrophage activation can be either proinfl ammatory or anti-infl ammatory. 

 A further important cross-link to the adaptive immune system is that macro-
phages serve as antigen-presenting cells (APCs). After phagocytosis by a macro-
phage, the antigen is processed by proteolysis. Particles of the pathogen are 
presented on the surface of the macrophage on major histocompatibility complex 
(MHC) class II molecules, which – different from MHC class I molecules – are only 
expressed by professional antigen-presenting cells. The presentation of the antigen 
in a processed form is required to activate T cell-dependent responses in adaptive 
immunity. This issue is described in more detail below. 

 The most potent antigen-presenting cells are the dendritic cells (DCs) that can 
be found in most tissues of the body with a maximum in secondary lymphoid 
organs. There are two kinds of DCs: The so-called classical, myeloid DCs 
(mDCs) are enabled to phagocyte antigens and present the processed particle on 
MHC class II molecules to permit antigen recognition by T cells. The mDCs 
recognize pathogens commonly via the “toll-like” receptors TLR 2 and TLR 4 
and drive the immune response by the production of IL-12 that activates both NK 
and T cells. Besides these conventional dendritic cells, which are monocyte-
derived, a second type of dendritic cells is known, viz. the plasmacytoid DCs 
(pDCs). These cells are designated according to their morphology and are 
believed to be derived from lymphoid progenitors. pDCs detect DNA and RNA 
from viruses by “toll-like” receptors TLR 7 and TLR 9 and respond to pathogen 
encounter by the secretion of infl ammatory chemokines and the interferons 
IFN-α and IFN-β.  

3.2.1.3     Natural Killer Cells 
 Natural killer (NK) cells are defi ned morphologically as large granular lympho-
cytes (Vivier et al.  2011 ). Comparable to T cells and B cells, they originate from 
the common lymphoid progenitor. Human NK cells are characterized by the sur-
face expression of CD16 and CD56 and the lack of CD3 or a T cell or B cell recep-
tors. NK cells kill viral- infected cells by cytolysis. The lack of MHC class I 
molecules on the surface of a virus-infected or a tumour cell, a condition called 
“missing self”, a viral strategy to evade other mechanisms of defence such as apop-
tosis induction by CD8+ cytotoxic T cells, inactivates mechanisms that prevent NK 
cells from killing their target. Further, preceding stimulation of NK cells by acti-
vating ligand–receptor interaction is required. These receptors bind soluble ligands 
such as cytokines like IL-1 or IL-2, cell surface molecules or chemokines. 
Additionally, NK cells are involved in immunoregulatory mechanisms and infl am-
matory processes as they are able to produce cytokines such as IFNγ or IL-10. NK 
cells play a crucial role to sustain self- tolerance while effi ciently destroying virus-
infected or malignant derived cells. Recently it was discovered that NK cells can 
develop an immunological memory. Therefore, their position is attributed both to 
the innate immunity and the adaptive immunity.   
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3.2.2     Pathogen Recognition in Innate Immune Responses 
by “Toll-Like” Receptors 

 Toll was fi rst discovered in  Drosophila melanogaster  where it was found to play a 
key role in embryonic development and the immune response against fungi. Ten 
human “toll-like” receptors (TLRs) have been identifi ed to date. TLRs recognize 
pathogen-associated molecular patterns (PAMPs), which mostly are conserved 
products of microbial metabolism produced by bacteria, but not by the host. Ligands 
of TLRs are, for example, LPS for TLR-4, peptidoglycans for TLR-2, fl agellin for 
TLR-5 or unmethylated CpG DNA for TLR-9. These receptors are found on phago-
cytes such as macrophages, neutrophils or dendritic cells and allow to quickly dis-
tinguish between self and infectious non-self. Structural properties of all TLRs are 
the N-terminal leucine-rich repeats and the cytoplasmic toll/IL-1 receptor (TIR) 
homology domain. Upon ligand recognition, TLRs drive the expression of genes 
that are involved in host defence, such as antimicrobial proteins, proinfl ammatory 
cytokines, chemokines, co-stimulatory and MHC molecules. There are different 
downstream signal cascades depending on the adaptor molecules that are recruited 
to the TIR. One important intracellular signalling pathway is the activation of NFkB 
that promotes the expression of proinfl ammatory cytokines such as TNFα or IL-1.  

3.2.3     Humoral Effectors of the Innate Immunity 

3.2.3.1     The Complement System 
 The complement system consists of over 25 plasma and cell surface proteins and is 
an important effector mechanism that links both the innate immunity and the adap-
tive immunity. The main function of the complement system is to mark invading 
pathogens to have them recognized for phagocytosis by, for example, macrophages, 
a process called opsonisation. The second aim is to attract other effectors of the 
innate immunity to the site of pathogen encounter by release of cleavage products 
that are produced during complement activation and act as chemoattractants. The 
third way of action is that complement activation can directly promote cell destruc-
tion by forming the so-called membrane attack complex (MAC) and inducing lysis 
of the cell by increased membrane permeability. There are three different ways of 
complement activation: The classical pathway requires stepwise proteolytic cleav-
age of complement components and is mediated by antibody–antigen complexes. 
The alternative way of complement activation is triggered by microbial structures 
that neutralize inhibitors of spontaneous complement activation and does not require 
antigen–antibody interaction. The common fi nal path of both modes of activation is 
the formation of the MAC that promotes removal of viral-infected cells or microbes, 
respectively. During the formation of the MAC, the complement component C3a is 
produced which is a potent chemokine and effi ciently attracts immune cells to the 
site of infl ammation. The third activation pathway is called the lectin pathway of 
complement activation because it is started by the contact with mannan-containing 
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microbial cell walls or by complexes of microorganisms and host pentraxins and 
fi colins. 

 The mechanisms of complement-mediated cell destruction potently drive local 
infl ammation by recruiting cells of both the innate and adaptive immunities to the 
place of pathogen encounter. Therefore, the complement system can be seen as a 
means of cross talk between the two branches of the immune system. This feature 
can also be applied to different kinds of cytokines that represent a kind of commu-
nication between the different effectors of the immune system.  

3.2.3.2     Cytokines 
 Cytokines are glycoprotein or glycopeptide molecules that are produced by a vari-
ety of cells including almost all cells, which are involved in the adaptive or innate 
immunity. Cytokines act as humoral mediators that regulate cellular growth and 
differentiation, drive infl ammatory processes and direct the course of infl ammation 
and defence strategies against pathogens. There are fi ve main groups of cytokines: 
the interleukins (IL), the interferons (IFN), the tumour necrosis factors (TNF), the 
colony-stimulating factors (CSF) and the chemokines. Members of all of these fi ve 
groups are signifi cantly involved in regulation of both the innate immunity and the 
adaptive immunity. 

 Interleukins are named after their discovery as they are secreted by leukocytes as 
a means of communication. There are thirty-seven ILs known to date with a combi-
nation of shared and separate functions. Almost all mechanisms of action in both 
branches of immunity are directed by ILs, as these cytokines are produced by nearly 
all involved cells such as T cells and B cells, monocytes, macrophages, NK cells 
and DCs, to only name the major participating subsets. The role of different ILs for 
the two kinds of T-helper (TH)-mediated cell response is described below in more 
detail. IFNs are mainly produced as response to viral infection and activate macro-
phages, NK cells and T lymphocytes. Members of the TNF family are mostly 
secreted by macrophages. TNFα plays a pivotal role in promoting infl ammation and 
macrophage activation. Chemokines serve as attracting agents for different kinds of 
immune cells to the site of infl ammation or pathogen encounter. There are three dif-
ferent types of chemokines related to the localisation of a cysteine residue in their 
amino-terminal. Chemokines serve as ligands for the corresponding chemokine 
receptors, which are expressed by various subsets of effectors in innate and adaptive 
immunities. In summary, the cytokines regulate a concerted action of the two differ-
ent branches of immunity to ensure an effi cient defence against antigens.    

3.3     The Adaptive Immune System 

 The aim of the adaptive immunity is to generate a response that is perfectly fi tting to 
the particular antigen. This process takes time by necessity but has the advantage of 
simultaneously establishing an immunological memory. After re-exposure to the anti-
gen, the immunological memory ensures an immediate reaction against the invading 
agent. B cells and T cells are the key players in adaptive immunity, but they are also 
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dependent on the support of the effectors of innate immune response. After antigen 
encounter, B cells differentiate and mature, helped by TH cells (T-helper cells), to 
produce specifi c antibodies of high affi nity. Cytotoxic T cells constitute the defence 
against intracellular pathogens. Adaptive immunity is dominated by the interplay of B 
cells and T cells. Therefore these two lymphocyte subsets are described in more detail. 

3.3.1     B Cells 

3.3.1.1     Early B Cell Development 
 B cells are named after the organ, in which they develop, the Fabricius’ bursa in 
birds or the bone marrow in mammals. Both B cells and T cells are derived from the 
common lymphoid progenitor. Depending on co-stimulatory signals, the lympho-
cytes developing from these stem cells are committed either to the B cell lineage or 
the T cell lineage. As mentioned, development from the progenitor to the mature B 
cell takes place in the bone marrow, supported by bone marrow stromal cells that 
produce cytokines and deliver co-stimulatory signals allowing the survival of B 
cells. This process is divided into several stages of maturation with the aim to gener-
ate B cells with a functional B cell receptor (BCR), which is a membrane-bound 
immunoglobulin (Ig) molecule. The formation of the Ig is a highly complex process 
that requires somatic reassembly and hypermutation of the encoding genes. 
Principally, Ig molecules are composed of a heavy chain and a light chain and have 
antigen-recognizing variable as well as constant regions that also defi ne the Ig sub-
class. Antibody diversity is generated through the rearrangement of the V, D and J 
segments of the Ig heavy and light chain genes. Only one allele in each B cell 
becomes successfully rearranged, a phenomenon called allelic exclusion. Thereby 
the “one B cell one specifi city concept” is guaranteed, which means that one par-
ticular antigen can only be recognized by one specialized B cell. 

 As a fi rst step of B cell maturation, the stem cell differentiates to the pro-B cell 
stage that is characterized by the rearrangement of heavy chain genes. If the rear-
rangement is successfully completed, the cell expresses the pre-B cell receptor 
(BCR), a membrane-bound μ heavy-chain molecule and is then defi ned as pre-B cell. 
Signalling via the pre-BCR and the IL-7 receptor is critical for the further develop-
ment to immature B cells: after the successful rearrangement of the Ig light chain, the 
B cell expresses the BCR, a membrane-bound IgM molecule, and is called immature 
B cell. If the B cell fails at any stage of this developmental process, it is removed by 
the induction of apoptosis. To guarantee immune tolerance, there are two steps of 
selection that prevent the generation of autoreactive B cells. In the fi rst step (positive 
selection), only those B cells whose BCR can strongly interact with MHC II mole-
cules receive survival signals. Next, B cells that recognize autoantigens by their BCR 
are eliminated by apoptosis. This latter process is called negative selection. After 
completing positive and negative selection, the B cell additionally expresses surface 
IgD and becomes a mature B cell. Mature B cells leave the bone marrow and migrate 
to secondary lymphoid organs such as lymph nodes or the mucosa-associated lym-
phatic tissue (MALT) where they wait for antigen encounter.  
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3.3.1.2     B Cell Development to Antibody-Forming Plasma Cells and B 
Cell Memory in T Cell-Dependent Responses 

 B cells are able to recognize native structures of antigens by their BCR (Kurosaki 
et al.  2010 ). In T cell- dependent immune responses to protein antigens, the B cell 
requires co-stimulatory signals from a CD4 + −TH cell that already had contact 
with the same antigen. After recognition by the BCR, the antigen is processed 
intracellularly and presented on a MHC class II molecule to the specialized, so-
called cognate T cell. Additional co- stimulatory ligand–receptor interactions 
between the B cell and the TH cell are required to promote further B cell differ-
entiation, such as the interaction between B7 on the surface of the B cell with 
CD28/CTLA4 on the T cell. Another important co-stimulatory signal is deliv-
ered by the interaction of CD40 on the B cell with CD40L/CD154 on the T cell. 
This interplay between the B cell and T cell takes place in the so-called germinal 
centres (GC). GCs are the area of lymphoid follicles in lymph nodes and the 
spleen where the B cells clonally proliferate and mature to antibody-secreting 
plasma cells or memory B cells. These developing B cells, called germinal centre 
B cells, are supported by follicular dendritic cells that present antigen–antibody 
complexes on their surface, which stimulate B cell growth and differentiation. 
During the clonal expansion, genes encoding for the BCR undergo an extremely 
high rate of somatic mutation to generate a BCR that interacts highly selectively 
with its target. Thereby a B cell clone that recognizes the antigen with the highest 
specifi city is selected. The less-specifi c B cells lack further stimulatory signals 
and die by apoptosis. The apoptotic cells are removed by macrophages in the 
GC. Next the selected clone divides several times and differentiates further into 
plasmablasts, plasma cells and memory B cells. 

 Plasmablasts produce antibodies to a greater extent than B cells but are still able 
to produce antigens and to interact with T cells. In contrast, plasma cells are only 
capable of antibody production (Oracki et al.  2010 ). Plasma cells secrete an enor-
mous mass of Ig molecules and are the body’s “antibody-producing machinery”. 
Contrary to their precursors, plasma cells do not express MHC class II or surface Ig 
molecules anymore. The class of the secreted Ig molecules depends on the co-stim-
ulatory signals (i.e. cytokines) the B cell received during differentiation by the T 
cell. This means that there might be a class switch from IgM antibodies that are 
primarily produced in the antibody response, to another Ig subclass. The lifespan of 
the plasma cell can be limited to a few days, but there are also plasma cells that 
migrate to the bone marrow and survive for a lifetime. These long-lived plasma cells 
ensure immediate antibody production after re-encounter with the same pathogen. 

 Another developmental pathway of the selected B cell clone is the differentiation 
to a memory B cell. Human memory B cells can be identifi ed by the expression of 
CD27, whereas CD27 is not found on their murine equivalent. They usually express 
IgG, IgA or IgE on their surface, although some also display IgM. They generally 
lack IgD. Memory B cells migrate actively between the blood and secondary lym-
phoid organs and have a lifespan up to decades. As a hallmark, memory B cells are 
able to directly differentiate to high-affi nity plasma cells after antigen re-encounter 
without the preceding process of affi nity maturation in a GC. In contrast to the 
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primary response, class-switched antibodies are produced in the secondary response 
to a pathogen. The ability to immediately respond to a pathogen is due to the already 
hypermutated Ig V region. The generation of an immunological memory is charac-
teristic of T cell-dependent responses, although it is believed that it may also arise 
in response to T cell-independent (TI) antigens.  

3.3.1.3     T Cell-Independent Immune Responses 
 Antigens that activate B cells without any help from T cell are called T cell- 
independent (TI) antigens. As a common feature, these antigens have highly repeti-
tive structures that activate B cells by BCR cross-link. For example, such structures 
are found in bacterial cell wall components. There are two kinds of TI antigens: TI 
type 1 (TI-1) antigens such as LPS also activate immature B cells, whereas TI-2 
antigens such as bacterial polysaccharides of gram-negative bacteria like  pneumo-
cocci  or  meningococci  only activate mature B cells. A specialized B cell subset, the 
splenic marginal zone (MZ) B cells, is capable of TI-2 responses. These B cells are 
named after their localisation in the splenic marginal zone, which lies between the 
red pulp and the white pulp and represents a fi lter station of the blood. However, 
humans lack a histologically distinguishable MZ in the spleen, but have MZ B cells, 
which are recirculating in contrast to their murine equivalents. MZ B cells are char-
acterized as IgM + CD21 high CD23 low . After antigen recognition, they differentiate 
into IgM-secreting plasmablasts within hours and ensure the fi rst-line defence 
against pathogens. The MZ B cell-derived plasmablasts produce IgM in great num-
ber, and in the later phase of the response, antibodies of the IgG subclass are also 
secreted. The loss of MZ B cells in splenectomized individuals explains why they 
are at increased risk of developing septic complications after infection with gram- 
negative bacteria.  

3.3.1.4     Ig Subclasses 
 Ig molecules have a variety of functions: The simplest form of action is that antibod-
ies neutralize the antigen and prevent it from causing damage to the body. Further, 
Igs contribute to the recognition of pathogens and their elimination by initializing 
various cellular and humoral effector mechanisms. Antibody-tagged microbes can be 
recognized and eliminated by phagocytes. Another feature is that cell surface-bound 
antibodies activate the classical pathway of the complement system. 

 There are fi ve different Ig subclasses: IgM, IgG, IgA, IgE and IgD. The IgG 
subclass is further subdivided into IgG1 to IgG4. The Ig molecule is structurally 
similar to a “Y”. It integrates four separate polypeptides, two light (L) and two 
heavy (H) chains that are covalently joined by disulphide bonds. The protease 
papain cleaves the Ig molecule into two antigen-binding fragments (Fab) and the 
crystalline fragment (Fc). The Fab consists of the light chain and the part of the 
heavy chain that carries the antigen-binding domain. The Fc fragment consists of 
the constant C region of the heavy chains that determines the antibody subclass. L 
chains are composed of a variable (V) region, joining (J) region and a constant (C) 
region. There are two classes of L chains in mammals, k and λ, determined by the 
V and J regions. There are fi ve different kinds of H chains μ, γ, α, ε and δ 
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corresponding to the Ig subclasses IgM, IgG, IgA, IgE and IgD. H chains are simi-
lar to a combination of a V, a diversity (D), a J and a C region. The V domain of 
the L chain and the H chain work together as antigen recognition site; the constant 
domains form the Fc fragment and represent the complement-binding region. 
Further, the Fc fragments of pathogen-bound antibodies are ligands for the cor-
responding Fc receptors on phagocytes and facilitate antigen recognition. This 
process of marking the pathogen with antibodies is called opsonisation. 

 IgM molecules are found as membrane-bound monomers on B cells. In their 
secreted form, they occur as high molecular pentamers that are connected by a J 
chain. IgM is the fi rst Ig subclass to be produced in adaptive immune responses. In 
addition, the pentameric IgM is the most potent activator of the complement system. 
Antibodies of the IgG subclass represent the majority of serum Ig with a proportion 
of 75 %. IgG is the predominant antibody subclass produced during memory 
responses, but it is also secreted to a small extent in the primary adaptive immune 
response. As the only antibody subclass, IgG antibodies are able to cross the placen-
tal barrier and give passive immunity to the foetus. IgA antibodies occur as mono-
mers in the blood. However, these antibodies are mainly secreted in a dimeric form 
into different body spaces. Therefore, IgA play a pivotal role for the mucosal 
immune system in the gut and the lung as these antibodies form a protective layer 
against invading pathogens on the mucosal surfaces. IgA is also found in the breast 
milk contributing to the passive immunity of the newborn. Antibodies of the IgE 
subclass are associated with atopic conditions such as allergic asthma bronchiale 
and are crucial for the defence against eukaryotic parasites such as helminths. This 
subclass has the lowest serum concentration. IgD is predominantly expressed on 
mature B cells and is only found in low levels in the serum.   

3.3.2     T Cells 

3.3.2.1     T Cell Subsets and Development 
 The second key player in adaptive immunity is the T cell, named after the thymus, 
the place where they differentiate. Depending on the composition of their T cell 
receptor (TCR), T cells can be subdivided into two classes, the αβ T cells and the γδ 
T cells. The TCR is composed of an αβ heterodimer or a γδ heterodimer that is non- 
covalently associated with the CD3 complex. CD3 is a pan-T cell marker and is 
importantly involved in TCR signal transduction. Additional accessory molecules 
are CD4 and CD8 that determine the interaction with MHC I or MHC II molecules 
and the functional specifi city (Germain et al.  2002 ). The αβ T cells represent the bulk 
of T cells in lymphoid organs, and they are restricted to the response to antigens that 
are either presented on MHC I or II molecules. In contrast, the γδ T cells constitute 
only 2 % of T cells. γδ T cells are generally not MHC restricted and are mostly found 
in the gut mucosa where they seem to be involved in microbial surveillance. Further, 
T cells can be subdivided according to their antigenic specifi city and their effector 
functions into CD4+ TH cells and CD8+ cytotoxic T cells. Similar to the antibody 
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response driven by B cells, memory is also established in the T cell-mediated adap-
tive immunity. Memory T cells are both of the CD4+ and the CD8+ subclass and 
rapidly achieve effector functions after re-encounter with the pathogen. 

 The T cell progenitors are derived from the common lymphoid progenitor in the 
bone marrow and enter the thymus to differentiate to the mature T cells, supported 
by antigen-presenting cells of the thymic microenvironment. T cell development 
can be divided into three steps: the fi rst stage is the CD4-CD8 double-negative sta-
dium, the second is the CD4 + CD8+ double-positive stadium and the last is the 
CD4+ or CD8+ single-positive stadium. The fate of CD4 or CD8 expression is 
driven by the property of the TCR to better interact with MHC II or I molecules, 
respectively. Comparable to B cells, T cells are positively and negatively selected 
during their developmental process to guarantee immunological tolerance and pre-
vent autoimmunity.  

3.3.2.2     CD4+ Effector T Cells 
 TH cells, also known as effector T cells, are important for steering the adaptive 
immune response. Based on their functional specifi city, TH cells can further be 
subdivided to different populations, the TH1, TH2, Treg and TH17 cells. TH1 cells 
produce the signature cytokine IFNγ along with proinfl ammatory cytokines as 
TNFα and TNFβ, to stimulate innate and T cell-mediated immune responses. The 
most important function of TH1 cells is to promote cellular immunity that is medi-
ated by CD8+ T cells that possess direct cytolytic activity to eliminate obligate 
intracellular pathogens. IL-12 drives the differentiation to the TH1 specifi city. Self- 
reactive TH1 cells are related to autoimmune disorders such as insulin-dependent 
diabetes mellitus or rheumatoid arthritis. TH2 cells are characterized by the produc-
tion of IL-4, IL-5, IL-9, Il-10 and IL-13 (Mosmann et al.  1989 ). The TH2 cell-
mediated response promotes the humoral immunity and is crucial for the defence 
against extracellular pathogens. IL-4 essentially directs the TH2 cell response. An 
aberrant TH2 cell response is implicated in atopic conditions such as allergic asthma 
bronchiale. 

 A newly defi ned subset of TH cells are the IL-17-producing TH17 cells that play 
a critical role in the induction and propagation of autoimmune conditions such as 
multiple sclerosis, rheumatoid arthritis, psoriasis or infl ammatory bowel disease 
(Korn et al.  2009 ). TH17 cell development is driven by TGFβ, IL-6, IL-21 and 
IL-22. Signal transducer and activator of transcription 3 (STAT3) and retinoic acid 
receptor-related orphan receptors alpha (RORα) are also critical for TH17 cell dif-
ferentiation. CD4 + CD25 + FoxP3+ regulatory Treg cells can either differentiate in 
the thymus or are derived from naive T cells after stimulation with TGFβ. Treg cells 
are characterized by the expression of the transcription factor forkhead box P3 
(FoxP3), which mainly regulates T cell function and directs the expression of sur-
face molecules and cytokines. In contrast to the other TH cell subsets, Treg cells are 
immunosuppressive. Importantly, Treg cells sustain self-tolerance and prevent auto-
reactivity. It is suggested that Treg cells set a limit in immune responses against 
infections and regenerate homeostasis after pathogen elimination. Disrupted Treg 
function is associated with a variety of autoimmune disorders.  
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3.3.2.3     Cytotoxic CD8 + T Cells 
 Cytotoxic CD8+ T cells recognize antigens that are presented on MHC class I mol-
ecules. MHC I molecules are found on nearly all cells of the body and are loaded 
with peptides that are produced from cytosolic proteins by proteasomal degradation. 
Therefore, CD8+ T cells are capable of defending against intracellular pathogens 
such as viruses or obligate intracellular bacteria such as  Listeria monocytogenes . 
The majority of CD8+ cytotoxic T cells are resident in lymphoid tissues. Before 
activation, co-stimulatory signals by an antigen-presenting cell (APC) are required. 
Cytotoxic T cells possess a variety of effector functions. On the one hand, CD8+ T 
cells produce cytokines such as TNFα or IFNγ, which are crucial for the defence 
against microbes. On the other hand, CD8+ T cells have potent cytotoxic activity: 
the target cell is killed by either apoptosis induction through FAS–FAS ligand inter-
action or by the granule exocytosis pathway. FAS–FAS ligand interaction initiates 
apoptosis by the release of cytochrome c out of mitochondria and consecutive cas-
pase activation. Caspases are cysteine proteases that drive apoptosis in a multistep 
enzymatic process. The granules contain the pore-forming protein perforin, which 
increases cell permeability by damaging the membrane and facilitates the entry of 
other granule enzymes. One of these is the granzymes, a family of serine proteases 
that contribute to apoptosis induction by caspase activation. In addition to the 
defence against microbial pathogens, CD8+ T cells are also crucial for the elimina-
tion of tumour cells. Similar to the antibody response, immunological memory is 
also established during cellular immune responses. Autoreactive CD8+ T cells are 
involved in the pathogenesis of various autoimmune disorders such as insulin- 
dependent diabetes mellitus, systemic lupus erythematosus or antineutrophil cyto-
plasmic antibody (ANCA)-associated vasculitides. Further, CD8+ T cells contribute 
to allograft rejection and graft-versus-host disease in transplantation medicine.    

3.4     Conclusion 

 Bone is a tissue with several pivotal functions for the organism: it stabilizes the 
body’s structure, stores calcium and harbours the haematopoietic system. There are 
many relations between the skeletal and the immune systems: Osteoclasts that 
resorb bone and play a crucial role in infl ammatory conditions are derived from 
monocytes or dendritic cells. Bone-forming osteoblasts also act as regulators of the 
haematopoietic niche that gives rise to all cells of both the myeloid lineage and the 
lymphoid lineage. Further, it is well known that multiple factors that regulate 
immune cells, including cytokines, chemokines and growth factors, also control 
osteoblast and osteoclast activity. It is well established that immune cells and cyto-
kines contribute to the loss of bone mass observed in osteoporosis or in infl amma-
tory diseases such as rheumatoid arthritis and infl ammatory bowel disease. 
Cytokines that are secreted by activated immune cells in infl ammatory conditions 
drive increased bone turnover and skeletal pathology. Hence, an improved under-
standing of osteoimmunology might be the key to develop new therapies for infl am-
matory disease, involving both bone and the immune system.     
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  4      Effects of Vitamin D in the 
Immune System                     

     Ursula     Azizi-Semrad     ,     Peter     Pietschmann     , 
and     Martin     Willheim    

      The term “vitamin” for vitamin D refl ects the original fi nding that plants contain a 
substance able to restore bone metabolism in patients suffering from rickets. Later 
on, endogenous production of a related molecule in animal and man was recog-
nized, dependent on suffi cient sun exposure of the skin and increasing its activity 
10 5  times after further renal metabolism. 

 This was the discovery of the “hormone” vitamin D 3 . In the last century, it was 
discovered that cells outside the renal system were also capable of generating the 
most active metabolite of vitamin D 3 , namely, 1α,25(OH) 2 D 3 , and that this was 
independent of the hormonal regulatory pathways responsible for homeostasis in 
bone metabolism. Today, we are aware of a large number of different cells and tis-
sues able to generate and metabolize 1α,25(OH) 2 D 3 , and, as a counterpart, many 
cell types have been identifi ed as targets for this molecule. In many ways, the prop-
erties of this part of the vitamin D family classify it as a mediator with some char-
acteristics of cytokines – except for its steroid nature – with paracrine, autocrine, 
and, only under specifi c conditions, endocrine functions. Its integral role in the 
innate and adaptive host defense system is well established now, and in part, there 
is interference as well as independence between the osteological and the immuno-
logical branch of the family. 
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4.1     Vitamin D 

 In this section, a brief summary of the metabolism and activity of vitamin D is pre-
sented; for more detailed information, the reader is referred elsewhere (Norman 
 2008 ; Holick  2008 ; Bikle et al  2013 ). 

 The term vitamin D describes a group of secosteroids originally believed to act 
as essential fat-soluble hormones on bone and mineral homeostasis. Most promi-
nent members of the vitamin D group are vitamin D 2 , ergocalciferol, and vitamin 
D 3 , cholecalciferol. While vitamin D 2  derives from plant ergosterol, vitamin D 3  can 
be produced in the human skin from cholesterol or additionally be provided by 
nutritional intake of animal products. Since it was originally believed that vitamin 
D is essential for health but could not be produced by the organism itself, it was 
classifi ed among fat-soluble vitamins. All vitamin D hormones are provitamins, 
gaining their biological activity by rupture of their ring b, and are then called 
“secosteroids.” 

4.1.1     Vitamin D Metabolism 

 In the human organism, vitamin D 3  has the greatest signifi cance. Vitamin D 3  is pro-
duced from cholesterol in the skin by radiant sun energy: ultraviolet B mediates the 
conversion from 7-dehydrocholesterol to the instable previtamin D 3 , which is stabi-
lized by spontaneous, heat-dependent isomerization to the vitamin D 3 . The further 
classical metabolizing pathway involves two hydroxylation steps taking place in the 
liver and in the kidneys. Firstly, the parent vitamin D 3  is hydroxylated to 25(OH)D 3  
by hepatocytes, a reaction catalyzed by the 25-hydroxylase (CYP2R1) (Baeke et al. 
 2010a ). A very important event in the regulation of bone and mineral homeostasis 
is the conversion from 25(OH)D 3  to the biologically active form of vitamin D 3 , 
1α,25(OH) 2 D 3  or 24R,25(OH) 2 D 3 . This step is mediated by the enzyme 
1α-hydroxylase (CYP27B1) produced by the kidney renal proximal tubulus cells 
and is under tight control by the endocrine system (Peterlik et al.  2009 ). Most data 
in publications and within this chapter refer to effects of the active metabolite 
1,25(OH) 2 D 3 . In accordance with other authors, we use the terms “vitamin D 3 ” or 
“calcitriol” as synonyms for 1,25(OH) 2 D 3 . 

 Vitamin D 3  and metabolites are transported in the blood by the vitamin D-binding 
protein (DBP), a member of the albumin family. DBP not only serves as transporter 
but also as an important vitamin D 3  reservoir, since only free amounts of 1,25(OH) 2 D 3  
are crucial for determination of biologic activity. 

 Inactivation of 1,25(OH) 2 D 3  is promoted by a further hydroxylation step. 
1,25(OH) 2 D 3  itself promotes its own degradation by the induction of the 
24- hydroxylase (CYP24A1), an enzyme expressed in most tissues, this mechanism 
probably serving as an internal feedback loop. Metabolites are secreted into the bile 
and are partly reabsorbed via the enterohepatic circulation (Bringhurst et al.  2008 ; 
Norman  2008 ).  
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4.1.2     Vitamin D Signal Transduction 

 In target tissues, biological functions of vitamin D are realized via binding to the 
vitamin D receptors (VDR). As to date, two different receptor types are known. The 
classical pathway comprises the nuclear VDR, a classical nuclear steroid receptor 
mediating biological activities within hours. In addition, rapid actions of vitamin D 
taking only seconds to minutes are known. These are mediated by VDR receptors 
located in the cell membrane. Throughout this chapter, if not mentioned otherwise, 
we will name the nuclear VDR simply as VDR, since this receptor type is not only 
crucial for bone and calcium homeostasis but also for immune function regulated by 
vitamin D (Norman  2008 ).  

4.1.3     The VDR 

 The VDR is a classical nuclear hormone receptor belonging to the steroid receptor 
superfamily, such as nuclear receptors for estradiol, glucocorticoids and vitamin A 
metabolites. After intracellular binding of its key ligand 1,25(OH) 2 D 3 , the VDR 
mainly forms heterodimers with the retinoid X receptor (RXR). The DNA-binding 
domain of the VDR consists of two zinc-fi nger domains and the ligand-VDR-RXR 
complex can bind to vitamin D-responsive elements within promoters of vitamin 
D-responsive genes in order to regulate mRNA transcription, and, consequently, 
physiological actions of vitamin D are also modulated by co-activators or 
corepressors. 

 In contrast to the nuclear VDR, membrane receptors are responsible for rapid 
actions, such as regulation of calcium absorption in the intestine known as “trans-
caltachia.” These receptors are located in fl ask-shaped plasma membrane invagina-
tions called “caveolae.” Second messenger systems other than the mechanism 
involved in signal transduction for the nuclear receptors participate in these pro-
cesses: Signal transduction via phospholipase C, protein kinase C, G-protein, phos-
phoinositide 3-kinase, and voltage-gated calcium or chloride channels is assumed. 
The existence of a crosstalk between the nuclear and membrane vitamin D receptor 
pathways via the RAF/MAP kinases network has also been reported (Norman 
 2008 ). 

 A summary of classic vitamin D actions is given in Fig.  4.1 .

4.1.4        Classic Effects of Vitamin D 

 The effects of vitamin D regarding bone and calcium homeostasis are well estab-
lished (Bikle et al.  2013 ). The regulation of serum calcium and serum phosphate 
levels is under tight control. Since the fi rst step in hydroxylation in the liver is 
poorly regulated and almost the total amount of the parent vitamin D 3  is converted 
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  Fig. 4.1    Summary of classic vitamin D actions (Modifi ed from Norman  2008 )       
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to 25(OH)D 3 , it is seen as a good indicator for the evaluation of the vitamin D 3  
status of an individual (Peterlik and Cross  2006 ; Baeke et al.  2010a ). The real key 
player in this tightly regulated process is the 1α-hydroxylase, the enzyme catalyz-
ing the second hydroxylation step. Expression of 1α-hydroxylase is strongly infl u-
enced by serum calcium and phosphate levels, parathyroid hormone (PTH), and 
1,25(OH) 2 D 3  itself (Baeke et al.  2010a ). Decrease in serum calcium levels stimu-
lates PTH secretion from the parathyroid glands. PTH triggers phosphate secretion 
in the kidneys, thus resulting in decreased serum phosphate levels. Decrease in 
serum phosphate stimulates conversion from 25(OH)D 3  to 1,25(OH) 2 D 3  in the kid-
neys. 1,25(OH) 2 D 3  elevates the serum calcium levels by facilitating calcium 
absorption in the intestine and decreases renal calcium excretion. Furthermore, the 
maturation of osteoclasts allows calcium mobilization from bone to blood (Herold 
 2008 ; Norman  2008 ). 1,25(OH) 2 D 3  itself induces its own degradation by induction 
of the 24-hydroxylase (CYP24A1), thus probably serving as an internal feedback 
loop (Norman  2008 ).  

4.1.5     Additional Effects 

 Effects of vitamin D are not limited to its signifi cant role in bone and calcium 
homeostasis. Many tissue and cell types express the VDR (as shown in Table  4.1 ) 
(Holick  2008 ). Furthermore, the key enzyme 1α-hydroxylase is expressed by vari-
ous cell types and is controlled differently from the renal enzyme (Holick  2008 ; 
Peterlik and Cross  2006 ). There is strong evidence that 1,25(OH) 2 D 3  operates not 
only in an endocrine but also in a paracrine fashion, thus being important for the 
regulation of normal cell differentiation and proliferation in many biological sys-
tems. Vitamin D 3  is known to enhance cell differentiation and inhibit cell prolifera-
tion. Therefore, adequate vitamin D 3  levels can be considered crucial for normal 
immune function and normal cell regulation, including inhibition of cancerogenesis 
(Peterlik et al.  2009 ).

4.2         Vitamin D and the Immune Cells 

 For detailed information on the immune system, the reader is referred to the section 
“Immunology” (see the chapter by Lang und Schett) in this book. The following 
only refers to basic immunology which is essential for understanding. 

 Intersection of vitamin D with the immune system has been discovered more 
than 25 years ago. Clinical observations indicated that patients suffering from the 
granulomatous disease sarcoidosis showed elevated serum calcium levels, and it 
could be demonstrated that excessive local 1,25 (OH) 2 D 3  production in macro-
phages situated in granulomas was responsible for this (Adams et al.  1983 ). 
Furthermore, it was shown that the VDR receptor is expressed by almost all cells of 
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the immune system (see Table  4.1 ). While antigen-presenting cells like dendritic 
cells, macrophages, and monocytes show a constitutive expression of the VDR, rest-
ing T and B lymphocytes are able to upregulate VDR expression upon activation 
(Provvedini et al.  1983 ; Provvedini and Manolagas  1989 ; Holick  2008 ) (also see 
Table  4.1 ). Moreover, the key enzymes of 1,25(OH) 2 D 3  production (1α-hydroxylase) 
and degradation (24-hydroxylase) are also expressed by immune cells. Macrophages 
and dendritic cells show expression of the 1α-hydroxylase identical to the renal 
form, but activity of this key enzyme in immune cells is differently regulated com-
pared to the tight endocrine control mechanisms of calcium and bone homeostasis. 
Local production of 1,25(OH)D 3  is strongly dependent on the amount of 25(OH)D 3  
available and predominantly under control of immune signals such as IFN γ, LPS 
(lipopolysaccharide), and viral infections (Baeke et al.  2010a ; van Etten and Mathieu 
 2005 ). Furthermore, 1α-hydroxylase activity of immune cells seems to lack a direct 
negative feedback control, which explains the occurrence of hypercalcemia in gran-
ulomatous diseases such as sarcoidosis and tuberculosis, where massive local pro-
duction of 1,25(OH) 2 D 3  is mediated by macrophages situated in the granulomas 
(Adams et al.  1983 ). In situ production of 1,25(OH) 2 D 3  makes high local levels 
possible, far exceeding those of serum and allowing a paracrine modulation of 
immune function virtually independent of systemic serum levels (Baeke et al. 
 2010a ). 

     Table 4.1    Extrarenal 1α-hydroxylase and VDR expression in various cell types and tissues   

 Extrarenal tissues or cells expressing 
1α-hydroxylase 

 VDR expression in non calcemic 
tissues/cells 

 Monocytes/macrophages  Thymus 

 Osteoblasts  Lymphocytes 

 Endothelial cells  Monocytes 

 Synovial cells  Epidermis 

 Pancreas  Hair follicles 

 Prostatic gland  Dermis 

 Ovary  Melanocytes 

 Uterus  Myocytes 

 Breast  Cardiac muscle 

 Large intestine  Pituitary gland 

 Pancreas 

 Prostatic gland 

 Gonads 

 Placenta 

 Breast 

 Stomach 

 Brain 

  Modifi ed from Peterlik and Cross ( 2005 ) and Holick ( 2008 )  
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4.2.1     Innate Immunity 

 Historically, there were early signs that vitamin D defi ciency could affect the 
immune function. Already in the seventeenth to nineteenth century, physicians 
observed that children with rickets were more likely to develop pneumonia or to be 
infected with tuberculosis. In the nineteenth century, “sunlight” was a well-accepted 
therapy option for tuberculosis as well as vitamin-D-enriched diets, e.g., cod liver 
oil (Chesney  2010 ; Holick  2008 ). Today, it is a well-supported fact that vitamin D 3  
is an enhancer and stimulator of the innate immune response and that vitamin D 3  
defi ciency infl uences innate immune functions (Chesney  2010 ; Mora et al.  2008 ). 

 Major components of innate immune responses are monocytes and macrophages. 
Vitamin D 3  seems to have a pro-differentiating effect on monocytes gaining a macro-
phage like phenotype. Furthermore, the expression of Fc receptors is modulated, and 
antigen processing, chemotaxis, phagocytic capacity, tumor cell cytotoxicity, as well 
as antimicrobial activity is enhanced. Production of IL-1β and TNF α, induced by a 
variety of stimulators, is decreased in vitamin D 3 -treated mature monocytes, although 
a positive effect of vitamin D on IL-1β and TNF α production has been described for 
immature monocytic cells (Chesney  2010 ; Baeke et al.  2010a ; Adams et al.  2007b ; 
Boltz-Nitulescu et al.  1995 ; Zarrabeitia et al.  1992 ; Almerighi et al.  2009 ). 

 Macrophages are able to rapidly recognize certain “danger” signals on microbes, 
the highly conserved pathogen-associated molecular patterns (PAMPS) by means of 
the so-called pattern recognition receptors. The most prominent subgroup of pattern 
recognition receptors are the Toll-like-receptors (TLR) with many of their signaling 
pathways leading to activation of the transcription factor NFkappaB, consequently 
enhancing production of pro-infl ammatory cytokines such as IL-1 and TNFα (Akira 
et al.  2006 ; Chesney  2010 , also see Chapter Immunology; Adams et al.  2007b ). 

 Binding of PAMPS to the TLR2/1 on macrophages induces not only expression of 
VDR, a process probably mediated by IL-15 (Baeke et al.  2010a ; Krutzik et al.  2008 ), 
but also the 1α-hydroxylase. This enzyme catalyzes local conversion from available 
25(OH)D 3  to 1,25(OH) 2 D 3 . After binding of 1,25(OH) 2 D 3  to the VDR, production of 
fundamental antimicrobial peptides (AMPs), such as cathelicidin with its active form 
LL-37, is induced. Cathelicidin, localized in autosomes, seems to be crucial in the 
defense against  Mycobacterium tuberculosis , since it induces autophagy and therefore 
promotes killing of intracellular pathogens (Liu et al.  2006 ). Liu et al. ( 2006 ) provided 
evidence for human TLR induction of cathelicidin on a DNA level. Furthermore, they 
observed that addition of sera from African- Americans, known to have lower vitamin 
D 3  serum levels due to skin pigmentation and to be more susceptible to tuberculosis, 
to monocyte cultures resulted in weaker TLR-dependent induction of cathelicidin 
mRNA when compared to the addition of sera obtained from a Caucasian cohort. 
After supplementation of 25(OH)D 3 , a recovery of TLR-induced cathelicidin produc-
tion could be detected. In a subsequent study, the authors could show a rise of cathe-
licidin production in vivo induced by TLR in monocytes upon vitamin D 3  
supplementation and therefore provide evidence that vitamin D 3  is crucial for mainte-
nance of localized innate immune functions (Adams et al.  2009 ; Hewison  2010 ). 
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 On the monocyte surface, expression of CD14, the TLR2 co-receptor, is strongly 
boosted by VDR (Miller and Gallo  2010 ; Spittler et al.  1997 ; Do et al.  2008 ). 
Interestingly, at the same time surface expression of TLR2 as well as TLR4 on 
monocyte and macrophage is diminished by vitamin D 3  (Sadeghi et al.  2006 ). It is 
hypothesized that TLR downregulation leading to hyporesponsiveness to PAMPS 
not only prevents cellular overstimulation and oxidative stress but also limits an 
infl ammatory response (Baeke et al.  2010a ). It is postulated that elevated TLR 
expression is associated with several chronic infl ammatory diseases. One study con-
ducted with patients suffering from Behçet disease showed higher expression of 
TLR 2 and 4 on monocytes compared to healthy controls and remarkably, this alter-
ation was even found to be inversely associated with 25(OH)D 3  serum levels (Do 
et al.  2008 ). 

 Vitamin D effects on cathelicidin production and surface receptor expression are 
summarized in Fig.  4.2 .

   Vitamin D 3  signaling is also essential for induction of defensin β 4, an antimicro-
bial peptide used in defense against intracellular invaders. Transcription of the 
defensin β 4 gene may be initiated via convergence of the VDR and IL-1β pathways 
(Chesney  2010 ; Liu et al.  2009 ). 

 Data on regulation of production of the inducible nitric oxide synthase (iNOS) 
by vitamin D 3  are confl icting (Baeke et al.  2010a ). Enhancement (Rockett et al. 
 1998 ) as well as suppression of production (Chang et al.  2004 ; Pedersen et al.  2007 ) 

  Fig. 4.2    Regulation of innate immune reaction by vitamin D 3  following infection (e.g., 
 Mycobacterium tuberculosis ); for further explanation, see text.  PAMPS  pathogen-associated 
molecular patterns,  TLR  Toll-like-receptors,  VDR  vitamin D receptor (Modifi ed from Chesney 
( 2010 ) and Miller and Gallo ( 2010 ))       
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by vitamin D 3  has been described. NOS is an enzyme important for the generation 
of the reactive oxygen species nitric oxide (NO). At least in rodents, NO participates 
in the oxidative burst, an important mechanism of monocytes and macrophages in 
microbe killing (Baeke et al.  2010a ). NO production in human monocytes or mac-
rophages seems to be far less pronounced, and relevance of iNOS for the oxidative 
burst in humans has still to be elucidated (Chang et al.  2004 ). Nevertheless, Chang 
et al. ( 2004 ) could show that PBMC from tuberculosis patients showing high vita-
min D 3  serum levels released less NO. When mouse macrophages were exposed to 
vitamin D 3  at increasing concentrations, a dose-dependent decline in iNOS expres-
sion was observed. The authors hypothesize that this may protect cells from oxida-
tive injury, since NO metabolites and LDH (lactate dehydrogenase) were diminished 
at the same time.  

4.2.2     Antigen-Presenting Cells (APC): Dendritic Cells 
and Monocytes/Macrophages 

 The dendritic cell (DC) is regarded as the most potent APC and therefore essential 
for priming of naive T cells. Exposing DC to vitamin D 3  in vitro inhibits their dif-
ferentiation and maturation process, and their antigen-presenting capacity is 
severely hampered. Expression of MHC II, co-stimulatory molecules (CD40, 80, 
86), and other DC maturation surface markers such as CD1a and CD83 is dimin-
ished, while CD14, a monocytic marker and co-receptor of TLR2, is persistent 
(Baeke et al.  2010a ; van Etten and Mathieu  2005 ). IL-12 production, the key cyto-
kine for the initiation of the Th1 pathway, is suppressed, as well as the expression 
of IL-23, a cytokine essential for Th17 differentiation. Increased production of the 
immunosuppressive cytokine IL-10, also necessary for regulatory T cell generation, 
and CCL22, a chemokine able to attract CCR4+ Foxp3 + CD4 + CD25+ regulatory 
T cells (Penna et al.  2007 ; dÁmbrosio  2006 ), can be observed. Furthermore, upreg-
ulation of the inhibitory immunoglobulin-like transcript 3 (ILT-3), an inhibitory 
receptor that wield negative control on APC activation, is observed even though not 
crucial for Treg induction (Penna et al.  2005 ; Unger et al.  2009 ). Additionally, DC 
treated with vitamin D 3  are capable of antigen-specifi c Treg induction and express 
high levels of programmed death-1 ligand, a member of the co-stimulatory B7 fam-
ily also negatively affecting T cell response and probably important in tolerance 
induction (Unger et al.  2009 ). In summary, exposure of differentiating myeloid (but 
not plasmacytoid) DC to vitamin D 3  results in the production of tolerogenic DC 
with reduced capacity to prime and activate T cells (Adorini et al.  2004 ; Penna et al. 
 2007 ), exerting their immunosuppressive effect not only by suppression of the Th1 
and Th17 pathway but also by induction of T cells with regulatory properties (Tregs) 
(Adorini et al.  2004 ; Penna et al.  2005 ; Baeke et al.  2010a ). While expression of the 
1α-hydroxlase and therefore local production of 1,25(OH) 2 D 3  increase with the 
differentiation stage of DCs, VDR expression is diminished in maturing DC, thus 
reducing the autocrine effect. As a consequence, initiation of the T cell response 
is permitted, and high local concentration of vitamin D 3  might prevent further 
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maturation of other DC and excessive stimulation of T cells in a paracrine fashion 
(Hewison et al.  2003 ; Hewison  2010 ). 

 Regarding monocytes, the immunomodulatory effects of vitamin D 3  on antigen 
presentation and T cell stimulation are considered similar to the DC: expression of 
MHC II, co-stimulatory molecules (CD40, 80, 86), is reduced (Baeke et al.  2010a ; 
van Etten and Mathieu  2005 ; Spittler et al.  1997 ), and the production of pro- 
infl ammatory cytokines such as IL-1, IL-6, IL-8, and IL-12, as well as of M-CSF 
(Baeke et al.  2010a ; van Etten and Mathieu  2005 ; Boltz-Nitulescu et al.  1995 ), is 
diminished. The infl uence of vitamin D 3  on TNF α production – subsequently trig-
gered by a variety of different stimulators – seems to be dependent on the differen-
tiation status of monocytic cells with increased production in immature cells, such 
as cell lines and bone marrow cells, and a decrease in more mature cells, such as 
peripheral blood monocytes (Hakim and Bar-Shavit  2003 ). Vitamin D 3  also affects 
Fc-receptor expression on monocytes, leading to downregulation of FcγRI/CD64, 
FcγRII/CD32, FcγRIII/CD16, and FcεRII/CD23, and stimulates the expression of 
FcαR/CD89 (Boltz-Nitulescu et al.  1995 ). Furthermore, vitamin D 3  exerts several 
effects on monocytes, refl ecting their differentiaton to macrophages (Kreutz and 
Andreesen  1990 ). 

 In several cell types, the 24-hydroxylase, responsible for degradation of the 
active 1,25(OH) 2 D 3 , is inducible by 1,25(OH) 2 D 3 , thus providing negative feedback 
control. In monocytes, expression of the 24-hydroxylase seems to depend on their 
maturation and activation. Undifferentiated/resting monocytes show inducible 
expression of the 24-hydroxylase upon exposure to vitamin D 3,  while activated mac-
rophages are resistant to 1,25(OH) 2 D 3  linked to 24-hydroxylase induction. This 
could be explained by the observation that infection-induced INFγ production acti-
vates STAT 1 α (signal transducers and activators of transcription 1 α) which nega-
tively regulates the expression of the 24-hydroxylase (van Etten and Mathieu  2005 ; 
Chesney  2010 ). Upregulation of 1α-hydroxylase with subsequent (local) production 
of 1,25(OH) 2 D 3 , accompanied by the lack of its negative feedback 24-hydroxylase, 
eventually may even result in systemic hypercalcemia as observed in sarcoidosis.  

4.2.3     T Cells 

 CD4 + T cells have important modulating functions in adaptive immunity (also see 
chapter Immunology). In the 1980s, Mosmann and Coffman initially described two 
different effector T cell subsets, the Th1 and Th2 cells (Mosmann and Coffman 
 1989 ). It was believed that after antigen presentation to a naive T cell, immune 
responses either take the Th1 or the Th2 pathway, dependent on the respective 
pathogen involved and the local cytokine environment present. Several years ago, 
the classical Th1/Th2 dichotomy has been expanded by the identifi cation of further 
CD4 + subsets (also see chapter immunology). On the one hand, a heterogeneous 
group of T cells with regulatory properties necessary for maintenance of self- 
tolerance and with limiting immune reactions was identifi ed and termed regulatory 
T cells (Tregs). On the other hand, a T cell subset, characterized by its key cytokine 
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IL-17, which was discovered in murine disease models of chronic (auto) infl amma-
tory conditions and later on verifi ed in humans, was designated Th17 subset 
(Annunziato and Romagnani  2009a ). Another subset, described by our group and 
highly inducible by vitamin D 3 , is characterized by the production of IL-6 and was 
therefore denominated “Th6”(Azizi-Semrad et al.  2010 ; Willheim et al.  1999 ; Thien 
et al.  2005 ; Pichler et al.  2002 ). Very recently, the Th9, which is also an assumed 
new T-helper cell subset acting as a key player in autoimmune conditions, has been 
characterized. Whether the latter two subsets picture independent T-helper cell sub-
sets or may be interpreted as implication of the plasticity of the Th system still 
remains to be elucidated (Veldhoen et al.  2009 ). 

 Relatively few data exist about functional subsets of CD8 T cells (Tc), and many 
of them only refer to the murine system. There are, however, reports about equiva-
lents to Th1-, Th2-, and Th17-cytokine production patterns in CD8 T lymphocytes. 
These consistently have been termed Tc1, Tc2, and Tc17 and essentially develop 
under the same conditions as their CD4+ counterparts (Seder et al.  1992 ; Kelso 
et al.  1991 ; Salgame et al.  1991 ; Byun et al.  1994 ; Croft et al.  1994 ; Le Gros and 
Erard  1994 ; Kemeny et al.  1994 ; Noble et al.  1995 ; Hamada et al.  2009 ; Huber et al. 
 2009 ). Effects of vitamin D 3  on in vitro differentiation of human CD8+ T lympho-
cytes have been described as very similar to the differentiation of Th1, Th2, and Th6 
(Thien et al.  2005 ).  

4.2.4     Th1/Th2 Cells 

 Th1 cells are characterized by production of their signature cytokine IFNγ and are 
therefore crucial in the defense against intracellular pathogens by means of macro-
phage activation, while Th2 cells, characterized by production of IL-4, IL-5, and 
IL-13, cooperate with B cells in immunoglobulin production (also see chapter 
Immunology) (Annunziato et Romagnani  2009b ). Excessive and pathologic reac-
tions of these distinctive patterns present themselves as the Th1-mediated subgroup 
of autoimmune diseases at one end of the spectrum and as Th2-mediated allergic 
conditions at the other end. The decisive role of the local cytokine milieu for Th 
differentiation has been recognized for the fi rst time in connection with the hypoth-
esized dichotomy of Th1 and Th2 lineage: Whereas IL-12 is a strong inductor of the 
Th1 response while inhibiting the Th2 pathway, IL-4 is an essential cytokine for the 
initiation of the Th2 pathway (Demeure et al.  1994 ; O’Garra and Murphy  1994 ; 
Seder and Paul  1994 ; Thien et al.  2005 ). 

 Naive T cells are able to express the VDR upon activation (Baeke et al.  2010b ) 
and vitamin D 3  can affect T cells in two ways: T cells can act as a direct target 
(Boonstra et al.  2001 ; Thien et al.  2005 ; Mahon et al.  2003 ; Baeke et al.  2010b ) or 
can be infl uenced by modulation of APC differentiation and their cytokine produc-
tion (see above Innate Immunity), possibly hampering antigen presentation to naive 
T cells, leading to inhibition of T cell priming and differentiation. Direct effects of 
vitamin D 3  on T cells have already been verifi ed on gene level, and over 102 target 
genes for vitamin D 3  in CD4+ cells have been described (Mahon et al.  2003 ). 
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 Vitamin D 3  effectively inhibits T cell proliferation (Bikle  2009 ; Rigby et al. 
 1984 ), partly mediated by inhibition of IL-2 production. IL-2, a cytokine secreted 
by activated T cells, operates in an autocrine fashion and is an indispensable growth 
and survival factor for T cells (Smith  1998 ; Smith and Popmihajlov  2008 ; van Etten 
and Mathieu  2005 ). Administration of vitamin D 3  to human or murine T cell cul-
tures inhibits IL-2 production directly (Tsoukas et al.  1984 ; Müller et al.  1993 ; 
Dimeloe et al.  2010 ; van Etten and Mathieu  2005 ; Takeuchi et al.  1998 ; Rigby et al. 
 1984 ), resulting in reduced proliferation and differentiation capacity of T cells. 

 It is well established that vitamin D 3  potently inhibits the induction of the Th1 
pathway (van Etten et al.  2005 ; Boonstra et al.  2001 ; Willheim et al.  1999 ; Pichler 
et al.  2002 ; Thien et al.  2005 ), leading to the assumption that local adequate vitamin 
D 3  levels could prevent Th1-mediated autoimmunity (Cutolo et al.  2007 ). Th1 cells 
are characterized by the production of their signature cytokine IFNγ, which is a 
necessary feedback signal for further activation of macrophages in defense against 
intracellular pathogens such as  Mycobacteria, Listeria,  or  Leishmania  (Cantorna 
et al.  2008 ; van Etten and Mathieu  2005 , also see chapter Immunology). It has been 
shown that vitamin D 3  signifi cantly inhibits the differentiation of (IFNγ producing) 
Th1 cells (Müller et al.  1996 ; Willheim et al.  1999 ; Pichler et al.  2002 ; Thien et al. 
 2005 ) and the IFNγ gene, containing a VDRE, was found to be a direct target of 
vitamin D 3  (Dimeloe et al.  2010 ; Cippitelli and Santoni  1998 ). In fact, vitamin D 3  
seems to inhibit especially the IL-12-induced IFN γ production, while the constitu-
tive IFNγ production is only slightly affected (Thien et al.  2005 ). 

 While these results from murine and human in vitro studies unequivocally sub-
stantiate the suppression of Th1 cytokines, data on Th2 differentiation seem to be 
contradictory. In an APC-free murine culture system, it was shown that in vitro 
administration of vitamin D 3  to naive T cells inhibited the Th1 pathway while 
enhancing Th2 differentiation. Frequency of T cells showing Th2 cytokine expres-
sion (IL-4, IL-5, and IL-10) was increased, and the expression of the Th2-associated 
transcription factors GATA-3 and c-maf was upregulated. Abrogation of these 
effects by neutralization of IL-4 suggested that they were all mediated by IL-4 
(Boonstra et al.  2001 ). Other in vitro studies, in the murine as well as the human 
system, showed no response or even suppression of the Th2 lineage by calcitriol 
(Dimeloe et al.  2010 ; Pichler et al.  2002 ; Staeva-Viera and Freedman  2002 ). 
Interestingly, one study using a murine culture system showed a suppression of 
Th2 induction when vitamin D 3  was present during in vitro differentiation and 
polarization of naive T cells (i.e., addition of IL-4 and anti-IL-12), while in already 
activated T cells, vitamin D 3  had no effect on IL-4 production (Staeva-Viera and 
Freedman  2002 ). 

 Another in vitro study using human adult peripheral blood mononuclear cells 
showed a small reduction of IL-2 positive human T cells and an increased proportion 
of T cells positive for IL-4 and especially for IL-13 on a single-cell level (Willheim 
et al.  1999 ). A subsequent study showed that vitamin D 3  only slightly enhances the 
constitutive IL-4 production in Th2 cells. Nevertheless, when vitamin D 3  was admin-
istered in combination with IL-4, a strong co-stimulatory effect on the production of 
the Th 2 cytokines IL-4 and IL-13 could be observed (Thien et al.  2005 ). 
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 A possible explanation for the confl icting results regarding Th2 differentiation 
was recently presented by Dimeloe et al. ( 2010 ). They reviewed in vitro vitamin D 3  
levels in several studies and hypothesized that low in vitro concentrations of vitamin 
D 3  (10 −7 M to 1 −9 M) induced suppression of the Th1 lineage as well as the Th2 pat-
tern, while high concentrations of vitamin D 3  (1 × 10 −6 M) might enhance IL-5 and 
IL-13 production (Jirapongsananuruk et al.  2000 ). This seems to corroborate data 
from epidemiological studies: Hyppönen et al. ( 2009 ) found a signifi cant but non-
linear positive correlation of serum 25-OH vitamin D levels with serum IgE concen-
tration. In this large British cohort study, both subjects showing very low and very 
high 25-OH vitamin D 3  serum levels had increased total and specifi c IgE concentra-
tions. Such a U-shaped correlation might predispose both of them for atopy and 
allergy, conditions at the Th2 end of the T-helper cell spectrum. 

 Nevertheless, in studies applying exactly the same “low” vitamin D 3  concentra-
tions (10 −7 M to 1 −9 M) in vitro, different effects could also be observed: A complete 
suppression of Th1 and Th2 cytokine induction was found in human cord blood which 
exclusively contained naive T cells (Pichler et al.  2002 ), while in adult blood, Th2 
cytokine production was enhanced (Willheim et al.  1999 ; Thien et al.  2005 ). Different 
effects of vitamin D 3  on the naive T cell population compared to the memory T cell 
subset have already been shown, showing the CD45RA+ (naïve) subset to be less 
susceptible to inhibitory effects of vitamin D 3  (Müller and Bendtzen  1992 ,  1996 ). 

 As a constant result, independent from suppression or induction of IL-4- producing 
T cells, a CD4+ T cell population characterized by production of IL-6 is stimulated 
by in vitro vitamin D 3  administration to human PBMC (Willheim et al.  1999 ). A 
strong co-stimulatory effect of IL-4 and vitamin D could be observed, and in adult T 
cells, this is accompanied by co-expression of IL-4, as has been demonstrated on a 
single-cell level, whereas naive IL-6+ T lymphocytes remain negative for IL-4 
(Pichler et al.  2002 ; Thien et al.  2005 ). A distinct IL-6-producing subset could also 
be detected in the peripheral blood at a low proportion, and since typical transcrip-
tion factors of the Th2 (GATA-3) and Treg (FoxP3) lineage were not found, the 
subset was termed “Th6” (Azizi-Semrad et al.  2010 ). The function of this subset still 
remains to be elucidated, since peripheral mononuclear cells other than T cells have 
the capacity to produce great amounts of IL-6 and therefore are eminent for systemic 
effects. It can be hypothesized that the importance of the Th6 might lay in a paracrine 
(similar to other cytokines) modulation of immune function, since IL-6 is the cyto-
kine decisive for initiation of the pro-infl ammatory Th17 or a tolerance inducing 
Treg pathway (Workman et al.  2009 ). The consistent induction of IL-6 in T cells may 
be a crucial effect of vitamin D, at least in humans, and increase of IL-4 production 
(or IL-4-producing T cells) might be a mutable concomitant circumstance.  

4.2.5     Tregs 

 Regulatory T cells are a heterogeneous group of CD4+ T cells important for mainte-
nance of immunological tolerance, prevention of autoimmune disease, and limitation 
of infl ammation due to their highly suppressive capacity. The group of regulatory 
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T cells can be divided into 2 subpopulations according to their origin: Firstly, the 
natural Tregs (nTregs), characterized by expression of their master transcription fac-
tor FOXp3 and high constitutive expression of the IL-2 receptor α chain, CD25, 
derive from the thymus. The second subset can be induced in the periphery and is 
therefore called i(nducible)Tregs and can be further subdivided into the Tr1 subset, 
characterized by production of IL-10 as its signature cytokine and the inducible 
FOXp3+ subset. Regulatory T cells exert their suppressive function by secretion of 
the anti-infl ammatory cytokines IL-10, TGFβ, as well as by consumption of the T 
cell survival factor IL-2. They also modulate APC function by the upregulation of 
CTLA-4, a surface protein expressed by activated T cells, leading to the downregula-
tion of co-stimulatory molecules (CD80 and CD86) on APCs and in consequence 
limiting T cell activation (Dimeloe et al.  2010 ; Robinson  2009 ). 

 Similar to other cells of the adaptive immune system, vitamin D can either 
directly exert its infl uence on the regulatory subset or modulate APC function, the 
latter resulting in the induction of a tolerogenic DC subset (for details, see above) 
and thereby modulating T cell response. The effect of vitamin D on the generation 
of tolerogenic myeloid DC is already described in the upper section of this chapter. 
These DC are characterized by secretion of large amounts of IL-10, which leads to 
Treg induction (Penna et al.  2005 ,  2007 ; Adorini et al.  2004 ). Several studies report 
also on direct effects of vitamin D on Tregs: Barrat et al. ( 2002 ) conducted an 
in vitro study on human CD4+ T cells in the absence of APC and reported on a 
strong synergistic effect of vitamin D 3  and dexamethasone on development of an 
IL-10-producing subset staining negative for IL-4, IL-5, or IFNγ. In this in vitro- 
generated murine, antigen-specifi c IL-10-producing T cells could prevent experi-
mental autoimmune encephalitis (an animal model for multiple sclerosis), when 
transferred into mice. A subsequent study of the same group demonstrated that vita-
min D and IL-10 restored the generation of an IL-10-producing regulatory CD4+ T 
cell subsets in PBMC obtained from patients with glucocorticoid-resistant asthma, 
a condition characterized by impaired induction of IL-10-positive T cells (Xystrakis 
et al.  2006 ). The group showed in a following in vitro study that vitamin D 3  alone 
also induces an IL-10-positive Treg subset showing enhanced expression of TLR9. 
Induction of this subset could also be demonstrated in vivo after oral administration 
of calcitriol in healthy volunteers. Binding of TLR 9 agonists resulted in a loss of 
regulatory function characterized by a decrease in IL-10 production in vitro. The 
authors hypothesized that this mechanism might permit an adequate immune reac-
tion in the course of infections (Urry et al.  2009 ). Another group demonstrated a 
direct strong synergistic effect of vitamin D and IL-2 on human iTreg generation 
in vitro. After isolation of CD4 + CD25-T cells from human PBMC and following 
stimulation with 1,25(OH) 2 D 3  in combination with IL-2, strong upregulation of 
FOXp3 and CTLA-4 was observed. At the same time, a reduction in the production 
of the pro-infl ammatory cytokines IL-17, IL-23, and IFNγ could be detected (Jeffery 
et al.  2009 ). In the peripheral blood of pregnant women, the Treg population was 
decreased in vitamin D-defi cient (≤19 ng/mL) when compared to insuffi cient (20- 
29 ng/mL) and suffi cient (≥30 ng/mL) (pregnant) women; analogous alterations of 
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the Treg subset were observed in cord blood (Vijayendra Chary et al.  2015 ). 
Moreover, a decreased expression of FOXp3 in placentas from women with vitamin 
D defi ciency was seen. 

 Taken together with the fact that vitamin D has been shown to mediate transplant 
tolerance and prevent development of autoimmune disease due to Treg induction in 
animal models (Adorini and Penna  2008 ; Gregori et al.  2001 ), it can be concluded 
that vitamin D is vital for the maintenance of self-tolerance and prevention of 
immune-mediated disease.  

4.2.6     Th17 

 Th17 are characterized by expression of their signature cytokine IL-17, an impor-
tant mediator in host defense by attracting neutrophils and macrophages to the site 
of infl ammation. Moreover, Th17 cells are supposed to play a pathogenic role in 
the induction, enhancement, and maintenance of various autoreactive disorders 
and chronic infl ammatory conditions, formerly believed to be Th1 mediated. This 
has been already confi rmed in animal disease models such as collagen-induced 
arthritis or experimental autoimmune encephalomyelitis (EAE), a murine model 
for multiple sclerosis. Th17 seem also to play a role in psoriasis or infl ammatory 
bowel diseases. Th17 were fi rstly characterized in mice, and following studies in 
humans unveiled that human Th17 might differ from their murine counterpart. In 
both species, RORγT or its human homolog RORC, respectively, was recognized 
as master transcription factor, and in both human and murine Th17, CCR6 was 
identifi ed as a major chemokine receptor. The transcription factors RORα and 
STAT-3 are found in murine Th17, while in humans, co-expression of the Th1 
master transcription factor T-bet and RORC can be detected. Primarily discovered 
in humans, a remarkable proportion of IL-17 + CD4+ cells produce IFNγ addition-
ally to IL-17 (Th17/Th1 cells). Moreover, Th17 exhibit a potential plasticity to 
Th1, which might be associated with their pathogenic role in autoimmune disor-
ders or chronic infl ammation. Murine Th17 originate from naive T cells after stim-
ulation with IL-1β, TGFβ, and IL-6 and are expanded by IL-21 and IL-23, while 
human Th17 seem to derive from CD4 + CD161+ precursor T cells in the thymus 
and probably differentiate under exposure to IL1β and IL-23 to Th17. Especially 
the role of TGFβ in the induction of human Th17 is controversially appraised 
(Annunziato et Romagnani  2009a ,  b ). 

 Besides vitamin D-mediated modulation of APC function, which consequently 
affects T cell priming and therefore Th17 differentiation, several in vitro studies 
reported on direct effects of vitamin D 3  on Th17 induction and expansion. In a 
murine in vitro study, it was found that vitamin D 3  suppresses the development of 
CD4+ IL-17 and IL-22+ T cells in an APC-free culture under Th17-polarizing con-
ditions. Although augmentation of an IL-10-producing subset could be observed at 
the same time, Th17 suppression could not be attributed to IL-10 signaling, unlike 
the situation in Th9 (see below). The authors of this study ascribed this inhibitory 
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effect of vitamin D on Th17 partly to the suppression of the Th17 transcription fac-
tors (Palmer et al.  2011 ). However, another murine in vitro study suggested a post-
transcriptional inhibition, since at least at physiological concentrations vitamin D 
only affected Th17 cytokine production at protein and not at transcriptional level 
(Chang et al.  2010a ,  b ). Another in vivo study conducted in mice could show that 
orally administered vitamin D inhibited the onset of EAE and diminished the fre-
quency of murine Th17. Migration of Th17 to the central nervous system is regarded 
as crucial for the initiation of EAE and is mediated by the CCR6 and MIP3α/CCL20 
axis. Since the authors observed not only a decreased CCR6 expression in Th17 in 
response to vitamin D but also a reduced migration capacity in vitro, they concluded 
that vitamin D might negatively affect migration of pathogenic Th17 to the central 
nervous system (Chang et al.  2010a ). 

 In human studies, similar results were obtained: It could be shown that the devel-
opment of Th17 and the IL-17 production in CD4 + memory T cells are suppressed 
in a dose-dependent manner and a strong synergistic effect of vitamin D and all- 
trans retinoid acid could be observed. The authors also reported on suppression of 
the master Th17 transcription factor RORγT and enhancement of FOXp3 (Ikeda 
et al.  2010 ). Another study examined the effects of vitamin D on PBMC obtained 
from therapy-naive patients with early rheumatoid arthritis (RA). After stimulation, 
PBMC from RA patients showed a higher production of IL-17 when compared to 
healthy controls. When vitamin D was administrated in vitro, a suppressive effect 
on IL-17 production in these PBMC could be detected and additionally a strong 
synergistic effect of vitamin D and dexamethasone was observed. Since memory T 
cells are regarded as the main source for IL-17 in PBMC, the authors assessed IL-17 
and IL-22 production in isolated CD4 + CD45RO + T cells obtained from RA 
patients and found increased frequencies positive for these cytokines. Consecutively, 
in vitro administration of vitamin D diminished TNF α, IL-22, and IL-17 levels in 
the memory T cell subset (Colin et al.  2010 ). 

 Regarding these studies, it can be concluded that vitamin D might prevent and 
ameliorate Th17-mediated autoimmune conditions by suppressing not only devel-
opment but also expansion and cytokine production of this Th subset.  

4.2.7     Th9 Cells 

 In 2008, a CD4 + T-cell subset characterized by IL-9 production has been described. 
It could be shown that TGFß and IL-4 murine and human Th9 differentiation in vitro 
in mice (Veldhoen et al.  2008 ; Dardalhon et al.  2008 ; Wong et al.  2010 ), while IL-10 
exerts an inhibitory effect on Th9 induction (Palmer et al.  2011 ). Th9 cells have 
been shown to promote experimental colitis and experimental autoimmune enceph-
alitis (EAE) (Jäger et al.  2009 ; Dardalhon et al.  2008 ) and are therefore proposed to 
enhance chronic infl ammatory conditions. Regarding vitamin D effects on Th9 
development, there is only one study available so far: Palmer et al. ( 2011 ) could 
show that vitamin D 3  inhibits murine Th9 differentiation in vitro. Since abolishment 
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of the IL-10 signaling pathway restored Th9 differentiation by blocking the cyto-
kine or the receptor, the authors concluded that vitamin D exerts its inhibitory effect 
on Th9 initiation by the induction of an IL-10-positive subset in the T cell culture. 
It was hypothesized that by this mechanism vitamin D might contribute to the pre-
vention of autoimmune diseases.  

4.2.8     B Cells 

 Similar to T cells, B cells are able to express the VDR as well as the 1α-hydroxylase 
upon activation (Chen et al.  2007 ; Heine et al.  2008 ). Already more than 20 years 
ago, it was observed that 1,25(OH) 2 D 3  potently inhibited IgG and IgM production 
in human activated PBMC in a dose-dependent manner (Lemire et al.  1984 ). 
However, since then, the research focus in vitamin D-mediated effects has been 
rather laid on CD4+ T cells, highlighting the signifi cance of impairment of T cell or 
APC function on B cell differentiation and Ig production (Müller et al.  1991 ). 
Nevertheless, there has been strong evidence of direct effects of vitamin D on B 
cells. This was clearly demonstrated by an early in vitro study on B cell Ig produc-
tion by using EBV-infected B cells, since EBV-induced activation and Ig production 
are independent from T cells (Provvedini et al.  1986 ). Another in vitro study showed 
that vitamin D inhibits proliferation and Ig production in B cells only when admin-
istered before their differentiation into Ig-producing cells (Iho et al.  1986 ). 

 More than two decades later, Chen et al. ( 2007 ) provided evidence that vitamin 
D can affect B cells directly by inhibiting proliferation of activated B cells, plasma 
cell generation, Ig secretion, and class-switch memory cell generation. Moreover, 
they demonstrated that VDR is expressed constitutively in resting B cells and can be 
upregulated upon stimulation. In the same study, the authors observed that patients 
suffering from systemic lupus erythematosus (SLE), an autoimmune disease going 
along with B cell dysregulation and excessive Ig production, showed lower serum 
levels of 25 OH D 3  and 1,25(OH) 2 D 3  than healthy controls. Regarding this fi nding, 
however, it has to be noticed that SLE frequently involves dermal lesions, and the 
possible role of sun avoidance by the patients has not been evaluated. The authors 
postulated that vitamin D might be an important factor for maintenance of B cell 
homeostasis (Chen et al.  2007 ).  

4.2.9     NKT Cells 

 Natural killer T cells (NKT) were fi rst identifi ed in mice as a T cell subset sharing 
some features with NK cells: NKT were found to express an α/β T cell receptor 
(TCR) with a restricted repertoire as well as CD161 (human)/NK1.1 (mouse), a 
receptor normally expressed by NK cells. Although NKT are regarded as T lympho-
cytes, they are not restricted to MHC dependent peptide antigen presentation, but 
recognize glycolipid structures on exogenous and endogenous ligands presented by 
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CD1d. By gaining more information on NKT over time, the description as T cells 
with NK markers seemed to be insuffi cient, not matching real conditions. Various 
subsets have been identifi ed, and classifi cation appears diffi cult and inconsistent in 
literature. NKT might be assigned to a specifi c subset by their specifi c TCR chains, 
CD161, CD4, and CD8 expression, as well as reactivity to α-galactosylceramid 
(αGalCer), a synthetic glycolipid resulting in strong activation of NKT cells. Two 
main types of NKT subsets have been described: The type 1 “classic” NKT express 
an invariant Vα14- Jα18 (mouse) or Vα24-Jα18 (human) rearranged α chain in their 
TCR and are therefore also called invariant (i) NKT. The type 2 “non-classic” NKT 
are able to express diverse TCR. Upon stimulation, NKT cells have the capacity to 
produce large amounts of different cytokines including those that are assigned to 
Th1 (IFN-γ) and Th2 (IL-4) cells. NKT might bridge innate and adaptive immunity 
since they respond rapidly, a feature of innate immune responses, to their specifi c 
antigen with secretion of polarizing cytokines determining adaptive immunity path-
ways. NKT seem to cover a broad spectrum of functions in the immune system by 
contributing to host defense against pathogens, tumor surveillance, and prevention 
of autoimmune conditions (Balato et al.  2009 ; Godfrey et al.  2004 ). 

 Although T cell function is modulated by vitamin D, normal T cell development 
does not require vitamin D or the VDR expression (Cantorna  2011 ). Remarkably, 
the situation is different for NKT. In VDR KO mice, not only thymic and peripheral 
numbers of NKT were reduced but also effector functions of remaining NKT were 
impaired (Yu and Cantorna  2008 ). NKT cells remained at an earlier maturation 
level, lacking expression of NK1.1 and the transcription factor T-bet. Moreover, 
expression of CD1d in thymocytes was reduced, thus impairing selection of NKT in 
the thymus (Yu and Cantorna  2008 ). In a subsequent study, it was shown that vita-
min D defi ciency in utero resulted in reduced numbers of iNKT cells. This was 
caused by apoptosis of iNKT precursors (Yu and Cantorna  2011 ) and could not be 
corrected by later supplement of vitamin D. Since it is suggested that reduced NKT 
numbers can contribute to autoimmunity, suffi cient vitamin D supply seems a criti-
cal factor for maintenance of self-tolerance (Cantorna et al.  2011 ).  

4.2.10     Summary of Vitamin D 3  Effects on Immune Cells 

 The spectrum of effects of vitamin D has increased in parallel with the discovery of 
(functional) subsets of cells involved in innate and specifi c immunity. In a complex 
network of regulatory and effector mechanisms, vitamin D seems to be integrated 
with multiple points of application, revealing a subtle modulatory mode of action 
rather than the previously supposed immunosuppression (also see Fig.  4.3 ). From 
the available literature, enhancement of innate defense effi ciency (e.g., monocyte 
function) and control or balance of specifi c immune reactions (e.g., via dendritic 
cells, NKT, or Treg) can be subsumed as major tasks of vitamin D. Thereby, vitamin 
D obviously exerts an important role at the level of cell development and differen-
tiation but also in a negative feedback mode in already initiated and ongoing infl am-
matory processes. In this respect, conclusions about the role of vitamin D drawn 
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  Fig. 4.3    Summary of immunomodulatory effects of vitamin D 3  on T cell response       

from the various studies have to be critically evaluated: The point of time within the 
life span of a specifi c cell, the phase of an (immunological) process, and, last but not 
least, the age of the individual seems to play a decisive role for the overall impact of 
activity or, as a rather frequent phenomenon, defi ciency of vitamin D.
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4.3         Pathophysiological Aspects of Vitamin D 3  

4.3.1     Vitamin D Deficiency 

 Hypovitaminosis of vitamin D 3  is a widespread phenomenon. The major source of 
vitamin D is UV-dependent production in the skin (see above), while the contribu-
tion of dietary intake appears negligible, at least in countries where dairy products 
are not fortifi ed. Naturally, due to UV exposition, vitamin D 3  levels are affected by 
geographic distribution in terms of latitude and altitude. Altered lifestyles including 
reduced outdoor activity favor vitamin D 3  defi ciency as well as the use of sun block-
ers and skin cancer awareness (Ascherio et al.  2010 ; Peterlik and Cross  2005 ; 
Cantorna and Mahon  2004 ). 

 Serum vitamin D 3  levels and, as a consequence, defi ciency have been primarily 
defi ned with regard to the maintenance of calcium and phosphate homeostasis, and 
a cutoff could be determined by rise of the parathyroid hormone level (Klaushofer 
 2010 ). The most commonly measured parameter in vitamin D 3  metabolism, 25(OH)
D 3,  refl ects the general supply of the organism, while the 1,25(OH) 2 D 3  level repre-
sents the systemic level of its active metabolite, mainly achieved by further hydrox-
ylation in the kidneys. Serum levels of 25(OH)D 3  at 20 nmol/l seem to be effi cient 
in the prevention of rickets in children, but much higher levels are supposed to be 
necessary for general health maintenance (Dimeloe et al.  2010 ). Optimal levels are 
currently a matter of debate, and recommendations for 25(OH)D 3  vary from 30 to 
75 nmol/l, although 50–75 nmol/l are considered desirable (Klaushofer  2010 ). 
Defi nition of suffi cient levels in regard of bone and calcium homeostasis is less 
demanding than establishing a serum threshold for maintenance of physiologic 
immune functions. Bone mineral density and fracture risk assessment are well mea-
surable and useful clinical parameters as control for optimal vitamin D 3  levels in a 
patient’s long-term outcome regarding bone health (Klaushofer  2010 ). On the con-
trary, it is the local production of the active metabolite 1,25(OH) 2 D 3  in an immuno-
logical microenvironment which is crucial for regulatory actions exerted by vitamin 
D 3 . Although suffi cient systemic levels of 25(OH)D 3  are required, local levels of the 
active metabolite are predominantly dependent on 1α-hydroxylase activity in 
immune cells, a process beyond control of the strictly regulated calcium and phos-
phate feedback loop. Moreover, since the amount of local production quantitatively 
affects vitamin D 3  levels only as an exception, local vitamin D 3  levels are probably 
poorly refl ected in systemic serum levels and defi nition of optimal local levels for 
immunological health maintenance appears diffi cult.  

4.3.2     Vitamin D 3  in Health and Disease 

 Since it is well demonstrated that vitamin D 3  is important for the maintenance of 
immunological homeostasis, it can be concluded that vitamin D defi ciency conse-
quently leads to a range of disorders. As for research, two different approaches can 
be chosen: On the one hand, a row of epidemiological studies showed a correlation 
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between vitamin D defi ciency or supplementation and several health disorders. On 
the other hand, a mechanistic approach was based on the hypothesis that a defi -
ciency of vitamin D 3 , which in previous studies was found to suppress the Th1 
pathway, might favor the occurrence of Th1-mediated autoimmune diseases acting 
as “environmental factor.” On the other hand, since it was believed that vitamin D 
shifts the immunologic balance toward a Th2 pattern, the infl uence of vitamin D 3  on 
allergy development was also investigated. In order to confi rm these considerations, 
several animal disease models were employed. 

 In several epidemiological studies, measurable parameters such as vitamin D 3  
supply, rickets prophylaxis, serum vitamin D 3  levels, and occurrence of immune- 
mediated disorders were correlated. In the fi rst large epidemiological study on vita-
min D 3  in a large Finish birth cohort study, Hyppönen et al. ( 2001 ) observed a 
reduced risk for (autoimmune mediated) type 1 diabetes under vitamin D 3  supple-
mentation for rickets prevention. 

 A further epidemiological study by Hyppönen et al. raised the question that 
infant supplementation with vitamin D 3  in order to prevent rickets might be associ-
ated with an increased risk for allergic conditions in later life (Hyppönen et al. 
 2004 ). 

 Nevertheless, in addition to modulating autoimmune or allergic diseases, vitamin 
D appears to play a role in infectious diseases, such as tuberculosis (Rahman et al. 
 2015 ; Cao et al.  2015 ; Esposito and Lelii  2015 ). Moreover, in children, vitamin D 
defi ciency may also be associated with infections such as otitis media and bronchi-
olitis (Esposito and Leli  2015 ).  

4.3.3     Vitamin D 3  and Allergic Conditions 

 Allergy can be considered as an excessive reaction of the immune system toward a 
normally harmless antigen. The often very casually used term “allergy” mostly 
refers to a hypersensitivity reaction (type I according to the classifi cation by Gell 
and Coombs), characterized by a pathologic shift toward a Th2 pattern with exces-
sive IgE production. After “sensitization,” the fi rst contact with the respective aller-
gen, specifi c IgE production is initiated and mast cells are loaded with 
IgE. Re-exposition to the allergen leads to cross-linking of the membrane-bound 
IgE molecules by their specifi c antigen and degranulation of vasoactive mediators 
such as histamine and leukotrienes takes its course. A late component of the allergic 
response comprises an infl ow of Th2 cells as well as of eosinophils and causes fur-
ther tissue damage (Dimeloe et al.  2010 ). Allergy clinically manifests itself as rhi-
noconjunctivitis, asthma, or anaphylaxis. Also often used term “atopy” refers to a 
genetic predisposition to allergy and a bias to produce excessive IgE as reaction to 
specifi c antigens. Atopy can present itself as atopic dermatitis, allergic rhinocon-
junctivitis, or allergic asthma (Fritsch  2009 ; Herold  2008 ). 

 Since it has originally been assumed that in adaptive immune responses vitamin 
D 3  shifts the balance toward a Th2 pattern by inhibition of the Th1 pathway, the 
question has arisen whether vitamin D 3  supplementation might favor development 

4 Effects of Vitamin D in the Immune System



94

of allergies. A large epidemiological Finish birth cohort study showed a possible 
association between vitamin D supplementation (as prevention for rickets) in 
infancy and later allergic conditions (Hyppönen et al.  2004 ). Contrasting this obser-
vation, more recent epidemiological studies suggest a preventive effect of vitamin 
D 3  in pathogenesis of allergic asthma, a chronic obstructive airway disease. Vitamin 
D 3  seems to be already essential for normal fetal lung development, maturation, and 
surfactant production (Litonjua  2009 ). Two epidemiological studies observed a 
negative correlation between vitamin D 3  intake during pregnancy and risk for 
asthma in the offspring (Erkkola et al.  2009 ; Camargo et al.  2007 ). Additionally, the 
study by Erkkola et al. ( 2009 ) also reports on a decreased risk for allergic rhinitis. 
The fi ndings by Hyppönen et al. ( 2009 ) that both very low and very high 25-OH 
vitamin D 3  serum levels are associated with increased average and specifi c IgE con-
centrations might suggest a predisposition for atopy and allergy, but in this study, 
clinical manifestation was not assessed (also see above). A recently published large 
US survey also reported on an association of defi cient 25(OH)D 3  levels and higher 
prevalence of allergic sensitization by measurement of specifi c IgE levels. 
Remarkably, the correlation was observed in children and adolescents but could not 
be defi ned that clearly in the adult population (Sharief et al.  2011 ). 

 Taken together, these results obtained from epidemiological studies raise the 
question whether a specifi c time frame in life might be susceptible to an altered 
vitamin D 3  status. On a cellular level, a bias toward allergy caused by vitamin D 
supplementation during infancy could not be substantiated: In human PBMC 
obtained from cord blood vitamin D showed a virtually complete inhibition of Th2 
differentiation (Pichler et al.  2002 ; see above). 

 Furthermore, several studies showed induction of an IL-10-producing regulatory 
T cell subset upon vitamin D 3  exposure (see above). Regulatory T cell subsets are 
capable of limiting potentially detrimental immune reactions as observed in allergic 
conditions and have been shown to protect against asthma in several studies 
(Robinson  2009 ; Dimeloe et al.  2010 ; Xystrakis et al.  2006 ). Vitamin D 3  alone, as 
well as in combination with glucocorticoids, seems to be a strong enhancer of IL-10 
production in T cells. Glucocorticoids are considered a fi rst-line therapy in asthma, 
and their effects are probably mediated by suppression of Th2 cytokines as well as 
induction of an IL-10-producing T cell subset. In patients suffering from 
glucocorticoid- resistant asthma, CD4+ T cells fail to produce IL-10. This can be 
overcome by in vitro administration of vitamin D 3 . Moreover, in a pilot study, when 
glucocorticoid-resistant asthmatic patients were orally supplemented with vitamin 
D 3 , responsiveness to steroids was ameliorated, shown by an increase of IL-10 pro-
duction in vitro (Xystrakis et al.  2006 ). 

 Additionally, research of vitamin D 3  actions on B cells, the cellular source of IgE 
production, could show that in vitro vitamin D 3  inhibits IgE production stimulated 
by anti-CD40 mAb plus IL-4 (Heine et al.  2002 ; Hartmann et al.  2011 ). In a subse-
quent study, it was shown that Il-10 production in activated B cells was enhanced by 
vitamin D 3 . IL-10, a suppressive cytokine produced by many immune cells includ-
ing APC and T cells (see above), enhances an Ig class switch to IgA, IgG, and IgM 
(Heine et al.  2008 ). 
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 As a conclusion, recent studies suggest a potentially protective role of vitamin D 3  
in allergic conditions. Moreover, it was even suggested that vitamin D analogues 
might be applied in future allergy therapy and vitamin D 3  might enhance respon-
siveness to actually applied anti-infl ammatory drugs (Hartmann et al.  2011 ; 
Xystrakis et al.  2006 ).  

4.3.4     Vitamin D 3  and Autoimmunity 

 Since various in vitro studies showed that vitamin D 3  suppresses the Th1 pathway, 
it was also concluded that defi ciency might cause the onset or exacerbation of for-
mally believed Th1-mediated autoimmune diseases. The pathophysiological con-
cept of autoimmune diseases mediated by a shift toward a Th1 pattern has been 
renewed by the discovery of new CD4 + T cell subsets (also see above). Th17, a 
subset capable of entertaining chronic infl ammatory conditions and Tregs, vital for 
the maintenance of self-tolerance, have contributed among them to a far better 
understanding of autoimmune reactions. In several autoimmune-mediated diseases, 
suppressive function of Tregs seems to be compromised (Costantino et al.  2008 ). 
The role of vitamin D 3  in the prevention of autoimmune conditions has already been 
extensively defi ned on a cellular level by its suppressive capacity on the Th1 path-
way. Effects of vitamin D 3  on the more recently described subsets also fi t well into 
this concept by inhibition of the Th17 lineage and induction or functional restora-
tion of the regulatory T cell subset. 

 Regarding autoimmune diseases, mechanisms of origin and onset still remain to 
be fully elucidated. Gender-related differences to the advantage of females have 
been observed. Specifi c HLA constellations might predispose and serve as genetic 
factor, but additionally mostly unidentifi ed environmental factors seem to be crucial 
at the onset (Fritsch  2009 ). The role of vitamin D 3  defi ciency is discussed in various 
immune-mediated diseases with multiple sclerosis (MS), type I diabetes, psoriasis, 
rheumatoid arthritis, SLE, infl ammatory bowel diseases, sclerodermia, pre-eclamp-
sia, Morbus Behçet, and autoimmune iridocyclitis, among them (Hyppönen  2005 ; 
Do et al.  2008 ; Adorini and Penna  2008 ; Kriegel et al.  2011 ). Various epidemiologi-
cal studies indicate that vitamin D 3  defi ciency could be related to a higher preva-
lence of several autoimmune disorders. This notion is in line with a recent 
meta-analysis that demonstrated lower vitamin D levels and a higher likelihood of 
vitamin D defi ciency in two autoimmune thyroid diseases (Hashimoto thyroiditis 
and Graves’ disease) (Wang et al.  2015 ). 

 However, the vulnerable period in life remains to be elucidated when suffi cient 
vitamin D 3  supply is crucial to prevent autoreactive disorders. In several epidemio-
logical studies, decreased serum levels for 25(OH)D 3  or 1,25(OH)D 3  were observed 
before the onset or in the course of the respective autoimmune disease. This was 
also a reason to hypothesize that there might be a correlation between vitamin D 3  
defi ciency and development of autoimmune conditions. Nevertheless, a reverse cau-
sation has also to be taken into account, since an altered vitamin D 3  status might be 
the consequence of the disease and not the cause (Kriegel et al.  2011 ). 
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 VDR polymorphisms have been attributed to an increased risk for development of 
various autoimmune diseases in humans, including Hashimoto’s thyroiditis, infl am-
matory bowel disease, Graves’ disease, RA, SLE, primary biliary cirrhosis, autoim-
mune hepatitis, Addison’s disease, vitiligo, celiac disease, and type I diabetes, as 
well as MS. Unfortunately, not all of the detected polymorphisms associated with 
autoimmune diseases have known functional consequences, and not all of these asso-
ciations have been reproduced (Kriegel et al.  2011 ; Cantorna et Mahon  2004 ). 

4.3.4.1     Multiple Sclerosis 
 MS is a chronic infl ammatory autoimmune disease characterized by demyelination 
in the central nervous system leading to severe neurologic consequences and dis-
ability. In addition to genetic susceptibility, exposure to not yet fully identifi ed envi-
ronmental factors is required for the onset. Apart from Epstein-Barr virus infection 
and smoking, vitamin D defi ciency is suspected as one of these major environmen-
tal factors. The prevalence of MS is associated with a remarkable geographical pro-
fi le: MS onset is less frequent at the equator and increases with either north or south 
latitude. Furthermore, living at higher altitudes, which is associated with higher UV 
exposure, negatively infl uences MS prevalence. Climatic factors with diminished 
occurrence in very sunny regions also contribute to the risk of MS. Sun exposure at 
a younger age seems to be especially protective. Migration from a high-latitude/
high-prevalence region to a lower-latitude/low-prevalence region during the fi rst 
two decades seems to be benefi cial and vice versa, a fact underlining the crucial role 
of environmental factors in MS onset. Furthermore, a correlation between low vita-
min D 3  serum levels and onset of MS has been described in several studies. The time 
of birth, with a higher risk of developing MS for the spring born (with a peak in 
May) and lower risk for autumn (with a peak in November), may refl ect the vitamin 
D 3  supply of the mother in pregnancy. Additionally, dietary factors affecting vita-
min D 3  supply also seem to contribute, since a lower prevalence in populations with 
high consumption of fatty fi sh has been described (Ascherio et al.  2010 ; Pierrot- 
Deseilligny et Souberbielle  2010 ; Smolders et al.  2008 ). 

 MS belongs to the group of Th1-mediated autoimmune diseases (see above). 
Therefore, it could be concluded that adequate vitamin D 3  supply might prevent MS 
or ameliorate the disease by suppression of the Th1 lineage. The experimental aller-
gic encephalomyelitis (EAE) mouse model, achieved by vaccination with spinal 
cord homogenates containing myelin proteins, is commonly used in MS animal 
studies (Arnson et al.  2007 ; Smolders et al.  2008 ). In several studies, the administra-
tion of 1,25(OH) 2 D 3  before EAE induction avoided its onset, and even administra-
tion after immunization prevented the start or at least led to a milder course of the 
disease. In mice already suffering from EAE vitamin D 3 , administration ameliorated 
the disease and inhibited progression (Smolders et al.  2008 ). Since it has been dis-
covered that Th17 substantially contribute to Th1-mediated autoimmune diseases as 
a pro-infl ammatory subset, effects of vitamin D 3  on Th17 obtained from EAE mice 
have also been examined. It could be shown that application of vitamin D 3  not only 
inhibited Th17 induction but also downregulated CCR6, a chemokine receptor nec-
essary for migration and entry to the central nervous system (Chang et al.  2010a ,  b ). 
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Data on vitamin D 3 -mediated effects on Tregs, other important players in autoim-
mune diseases, appears confl icting. Since it has been shown in several studies that 
vitamin D 3  enhances the regulatory T cell compartment (see above), the same effect 
in MS could be expected. Nevertheless, Chang et al. reported a suppressive effect of 
vitamin D 3  on Treg in vitro induction in T cells obtained from EAE mice. Sloka 
et al. recently described that in EAE 1,25-dihydroxyvitamin D decreased clinical 
severity and reduced the loss of axons (Sloka et al.  2015 ). In a human study, a cor-
relation of serum 25(OH)D 3  levels in MS patients and suppressive capability of 
Tregs was found, while an association of vitamin D 3  status and Treg numbers could 
not be observed. Due to a decline in the IFNγ/IL-4 ratio in patients with high 25(OH)
D 3  serum levels, the authors concluded that vitamin D 3  might skew the balance 
toward a Th2 phenotype. Taken together, they suggest a shift toward a less infl am-
matory T cell cytokine profi le by vitamin D 3  (Smolders et al.  2009 ,  2010 ).  

4.3.4.2     Type I Diabetes Mellitus (DM I) and Vitamin D 3  
 Type 1 diabetes mellitus is a chronic autoimmune disease characterized by destruction 
of pancreatic islet β-cells, the source of endogenous insulin. The progression from 
insulitis to the clinical onset of DM I occurs usually during childhood and adoles-
cence, at a time point when almost 90 % of the β cells are already destroyed. Typical 
feature of the insulin defi ciency is hyperglycemia, and a severe ketoacidosis may pres-
ent itself as life-threatening fi rst clinical manifestation. Chronic damage to blood ves-
sels due to hyperglycemia presents as retinopathy, coronary heart disease, stroke, and 
renal failure as a long-term prospective. Similar to other “Th1”-mediated autoimmune 
diseases, the pathogenesis of DM I is considered to be triggered by environmental 
factors acting upon a genetic background (Takiishi et al.  2010 ; Herold  2008 ). Several 
retrospective studies propose vitamin D 3  defi ciency as an environmental factor. As to 
prevalence, a striking geographic distribution similar to MS has been described, 
emphasizing the role of environmental factors in – autoimmune – disease onset 
(Szodoray et al.  2008 ; Takiishi et al.  2010 ; Hyppönen  2010 ; Mathieu et Badenhoop 
 2005 ). In 2001, Hyppönen et al. published a Finish birth cohort study on a signifi -
cantly reduced risk for DM I when participants had been supplemented with vitamin 
D during the fi rst year of their life. A large multicenter study had also observed this 
protective effect of vitamin D 3  supplementation in infancy (Anonymous  1999 ). 
Furthermore, the risk to develop DM I in later life was found to be increased in chil-
dren suffering from rickets (Hyppönen et al.  2001 ). Moreover, further epidemiologi-
cal studies showed that vitamin D 3  obtained from food or cod-liver intake during 
pregnancy also reduced the risk of DM I in the offspring (Fronczak et al.  2003 ; Stene 
and Joner  2003 ). A case-control study from Italy based on the Piedmont Diabetes 
Registry found no association between the risk of type 1 diabetes in childhood and 
25-hydroxyvitamin D levels at birth; nevertheless, within the subgroup of migrant 
newborns, babies with 25-hydroxyvitamin D concentrations lower than 2.14 ng/ml 
had an increased risk of type 1 diabetes (odds ratio: 14.02) (Cadario et al.  2015 ). 

 The nonobese diabetic mouse (NOD) model is predominantly used in animal stud-
ies examining vitamin D 3  effects in regard to DM I in vivo. Corresponding to other 
animal autoimmune disease models, treatment with therapeutic doses of vitamin D 3  or 
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analogues resulted in the prevention or delay of development of insulitis or clinically 
manifested diabetes. Since therapeutic doses of vitamin D 3  were required, hypercalce-
mia and bone decalcifi cation were observed, leading to a search for effective less-
calcemic alternatives (Arnson et al.  2007 ; Takiishi et al.  2010 ). 

 In a randomized, placebo-controlled trial in young subjects with new-onset type 
1 diabetes, vitamin D supplementation was found to enhance the suppressive capac-
ity of regulatory T cells (Treiber et al.  2015 ). When compared to the placebo group, 
in the vitamin D-supplemented group after 12 months, insulin requirements were 
lower. The authors conclude that vitamin D has the potential as an immunomodula-
tor of type 1 diabetes, e.g. in combination therapies.  

4.3.4.3     Inflammatory Bowel Diseases (IBD) 
 IBD are chronic recurring infl ammatory diseases of the gastrointestinal tract. Crohn’s 
disease and ulcerative colitis are two distinct forms of the IBD. These immune-medi-
ated diseases are characterized by an excessive Th1 reaction to mostly bacterial anti-
gens (Szodoray et al.  2008 ; Peterlik and Cross  2005 ; Cantorna et al.  2000 ). As for 
other autoimmune-mediated diseases, an encounter of genetic susceptibility and 
environmental factors is necessary for IBD onset, and vitamin D defi ciency might 
contribute to its development. Similar to MS and DM I, a specifi c geographic pattern 
in its prevalence can be observed (Szodoray et al.  2008 ). IL-10 knockout mice serve 
as one of the experimental IBD models, since mice spontaneously develop a disorder 
similar to human IBD, due to an uncontrolled immune reaction toward the intestinal 
fl ora. It was shown that vitamin D 3  defi ciency aggravated symptoms in the IL-10 KO 
mice, while supplementation ameliorated the condition caused by the disease 
(Cantorna et al.  2000 ). In two other different experimental IBD models, the lack of 
the VDR led to an aggressive course of the disease (Froicu et al.  2003 ). Vitamin D 3  
defi ciency is common in IBD, and a recent study also reported a correlation between 
25(OH)D 3  serum levels and disease activity. Whether vitamin D 3  defi ciency is a rea-
son for the onset or a consequence of the local infl ammation of the gastrointestinal 
tract still remains to be elucidated (Ulitsky et al.  2011 ).  

4.3.4.4     Vitamin D 3  and Rheumatoid Arthritis (RA) 
 RA is an immune-mediated disease characterized by erosive arthritis and joint 
destruction, potentially leading to disability (Szodoray et al.  2008 ; Adorini and 
Penna  2008 ). As in other immune-mediated diseases, the genetic background, in 
combination with mostly unidentifi ed environmental factors, is responsible for the 
onset of RA. Regarding the geographic distribution, the prevalence of RA was found 
to be higher in the north of Europe than in the southern part. Patients suffering from 
RA have been reported to show decreased vitamin D 3  serum levels. Moreover, lower 
vitamin D 3  serum levels have also been correlated with higher disease activity in RA 
(Cutolo et al.  2007 ). In one epidemiological survey conducted in elderly women, a 
negative correlation between dietary or supplementary vitamin D 3  intake and risk for 
RA could be observed (Merlino et al.  2004 ). Nevertheless, this study relied solely on 
a questionnaire on food intake, and serum 25(OH)D 3  levels, respectively, sun exposi-
tion, were not assessed or taken into account. Another study measured vitamin D 3  
serum levels without detecting a correlation, thus not corroborating the data from 
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Merlino et al. (Nielen et al.  2006 ). A recent meta-analysis based on 24 publications 
found that patients with RA had lower vitamin D levels than controls; moreover, 
among the patients, a negative correlation between 25-hydroxyvitamin D concentra-
tions and disease activity index could be established (Lin et al.  2016 ). 

 Effects of vitamin D 3  on RA were also examined in animal disease models. After 
vitamin D 3  supplementation, Cantorna et al. ( 1998 ) observed amelioration of symp-
toms or even prevention of disease progression in murine Lyme arthritis and 
collagen- induced arthritis. This effect was also achieved in rats with collagen- 
induced arthritis treated with a vitamin D 3  analogue (Larsson et al.  1998 ).   

4.3.5     Vitamin D 3  in Therapy 

 As extensively outlined above, vitamin D 3  acts as a modulator on immune functions 
by shifting the balance within the T cell compartments and infl uencing adaptive 
immunity. Therefore, it could be expected that vitamin D 3  might be applied as ther-
apy in various diseases. Unfortunately, therapeutic doses cause severe side effects in 
form of hypercalcemia, hypocalciuria, nephrocalcinosis, and increased bone resorp-
tion (van Etten and Mathieu  2005 ). Efforts have been laid on the development of 
low-calcemic analogues with enhanced immunomodulatory effects. So far, vitamin 
D 3  and VDR agonists have been already successfully applied in vitro and in various 
animal disease models, but there is still a lack of large clinical studies in humans, 
probably still due to fear of calcemic side effects. 

 In humans, vitamin D 3  and analogues are currently applied only topically, as a fi rst-
line therapy in psoriasis, a chronic infl ammatory immune-mediated disease of the 
skin. Vitamin D 3  effi cacy on psoriasis can be attributed to its pro-differentiating and 
proliferation-inhibitory effect on keratinocytes as well as its immune modulatory 
capacity to reduce infl ammation (Adorini  2005 ; Fritsch  2009 ; Miller and Gallo  2010 ). 

 In order to avoid or ameliorate side effects, several strategies have been pro-
posed: Since a number of synthetic analogues, while being less calcemic, still cause 
severe bone demineralisation, a combination with bone resorption inhibitors was 
suggested. The most promising strategy would probably be the administration of 
vitamin D in conjunction with other immunosuppressive or immunomodulatory 
agents. Synergistic effects with other immunosuppressive drugs have been observed 
in several studies. Administration of vitamin D 3  analogues in combination with 
immunosuppressive agents could save the amounts needed on both sides and there-
fore generally reduce side effects in treatment of autoimmune disorders, graft rejec-
tion, or allergy (van Etten and Mathieu  2005 ).  

4.3.6     Conclusion and Perspective 

 An increasing number of publications suggests a possible role of vitamin D in 
(auto-)immune diseases, the majority of them focusing on the – rather frequent – 
defi ciency of vitamin D. Experimental data partially substantiate the conclusions 
drawn from epidemiological studies. However, there remains a hiatus between 
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in vitro results on vitamin D effects, systemic vitamin D levels measured in indi-
viduals, and epidemiological data on incidence and course of the disease. As dis-
cussed in some of the papers reviewed, there is no defi nite end-to-end concept of 
how a specifi c concentration/defi ciency of vitamin D may lead to autoimmunity, 
and a reverse causation (an altered vitamin D 3  status being the consequence and not 
the cause of the disease) cannot be unequivocally excluded. 

 There are two major drawbacks in this context: Firstly, the mechanism of auto-
immunity itself is still a matter of debate, so whatever effect of vitamin D on the 
immune system is discussed, causality for development of autoimmune disease can-
not be directly evaluated. Secondly, concentrations of the active metabolite 
1α25(OH)D 3  in different compartments and tissues are refl ected only very roughly 
by systemic serum levels of 25(OH)D 3  or 1α25(OH)D 3 . Low levels of 25(OH)D 3 , 
which is also a prerequisite for extrarenal 1α25(OH)D 3  production, are most likely 
associated with local vitamin D defi ciency, relevant for interference with the 
immune system. However, the actual local concentration of 1α25(OH)D 3  cannot be 
directly measured. 

 The value of animal models may be limited, since results are not always clear- 
cut, and their interpretation as accurate image of the human system has to be viewed 
critically. 

 However, as mentioned by several authors, improvement of the vitamin D status 
in a natural way or by supplementation of vitamin D is cheap and easy, and bone 
metabolism benefi ts also from ameliorating the widespread defi ciency. 

 The therapeutic application of higher doses of vitamin D 3  is based on promising 
concepts but is still hampered by side effects and has not become clinical routine so 
far. Whenever the systemic effects can be successfully separated from bone metabo-
lism, either by the production of less calcemic analogues or by concentrating the 
active metabolite on the area of interest, a wide fi eld of applications becomes 
reality.      
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  5      Osteoimmunological Aspects 
of Biomechanics                     

     Katharina     Kerschan-Schindl      and     Gerold     Ebenbichler    

      Different endogenous and exogenous factors which interfere with bone health have 
been identifi ed. Among these, physical activity that relates to regular intermittent 
mechanical bone loading seems to be one of the major factors controlling bone mass 
and the prevention of osteoporotic fractures. Moreover, an interaction between bone 
homeostasis and the immune system which may be modifi ed by regular physical 
activity exists. Bone and immune cells share a common site of origin, the bone mar-
row. They are supposed to infl uence each other not only during maturation; osteo-
clasts and immune cells have a number of regulatory molecules in common including 
cytokines, receptors, signalling molecules, and transcription factors, which infl u-
ence each other. 

 The aim of this chapter is to review the relationship between muscle activity, 
mechanical bone loading, and bone remodelling, thereby elucidating the immuno-
logical communication pathways intended to modulate osteoblast and osteoclast 
activities. This chapter will put a major focus on how mechanical bone loading 
induces bone cell activity intended to either build or abolish bone tissue (mecha-
noinduction; Fig.  5.1 ).

5.1       Mechanical Loading and Bone Formation 

 Galileo has already documented that the shape of the bone would be related to 
loading. Later, in the nineteenth century, Julius Wolff’s work developed a more 
educated understanding of bone mechanobiology that considered functional 

mailto:katharina.kerschan@meduniwien.ac.at
mailto:katharina.kerschan-schindl@meduniwien.ac.at
mailto:gerold.ebenbichler@meduniwien.ac.at


110

adaptation of bone structure and mass at the tissue level. Nowadays we know that 
it is the cells of the musculoskeletal system that are responsible for bone modelling 
and remodelling. 

 The peak bone mass in early adulthood is highly dependent on genetic factors. 
Nevertheless, lifestyle factors like calcium intake and physical activity infl uence 
peak bone mass and bone remodelling. While both disuse and inactivity reduce 
bone mass (Zerwekh et al.  1998 ), strenuous exercise increases it (Courteix et al. 
 1998 ). The earlier a child starts with physical activity, the greater is the benefi t on 
bone mass (Kontulainenen et al.  2002 ). Such modulations of bone formation/loss 
are not restricted to young people but also hold true for the elderly population. Both 
elderly males and females who performed regular physical exercise demonstrated 
improvements in bone mineral density (Bemben and Bemben  2010 ; Kemmler et al. 
 2010 ). There is increasing evidence that the type of exercise facilitates bone 
response. Relevant factors would be magnitude of load, number of repetitions/load-
ing cycles, and the rate of strain (for review, see Rubin et al.  2006 ). 

 Bone remodelling is a balanced process that is mainly determined by its mechan-
ical demands. It is estimated that approximately one quarter of cancellous bone and 
3–4 % of cortical bone are renewed every year. People who lead a sedentary life 
deprive their bones from suffi cient mechanical stimulation. Because of an uncou-
pling of bone resorption and bone formation, their bone mass and structure will 
loose towards an osteopenic/osteoporotic fragile bone. In contrast, an active life-
style that regularly overloads bone increases bone mass and structure and results in 
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  Fig. 5.1    The mechanostat model pictures of bone loading-induced mechanoinduction leading to 
adaptations in strain-dependent bone mass and bone structure. Note that mechanoinduction is 
composed of three phases, mechanosensation, mechanotransduction, and mechanotransmission. 
Regarding mechano-responsiveness, systemic and local factors have a modulatory effect       
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strong fracture-resistant bones. Bone strength needs to clearly exceed the mechani-
cal strains to which the bone is exposed in everyday life (Currey  1979 ). In humans, 
the limb bones can usually withstand loads that deform them by three to four times 
the amount they are deformed by peak physiological activity before they fracture 
(Biewener et al.  1993 ). 

5.1.1     Mechanotransduction 

 Bone remodelling is sensitive to the magnitude of physical strain, the distribution of 
the load, and the number of loading cycles (see Rubin et al.  2006 ). During vigorous 
activities, for instance, peak strain magnitudes were shown to range from 2000 to 
3500 microstrain in animal experiments (Rubin and Lanyon  1984 ) and to reach up 
to 2000 microstrain in humans (Burr et al.  1996 ). In everyday life, very low strains 
less than 10 microstrain seem to prevail, whereas large strains above 1000 
microstrain occur only occasionally (Fritton et al.  2000 ). Peak strains of about 2000 
microstrain may be induced in vigorous locomotion and seem to be strong enough 
to cause microdamage to bone tissues, thereby stimulating osteoclasts and osteo-
blasts to remove and replace damaged material (Burr et al.  1985 ). Microcracking 
induces pro-apoptotic molecules in osteocytes that are located in close vicinity to 
the cracks, whereas those osteocytes located slightly more distant from the cracks 
produce anti- apoptotic molecules. This suggests that bone tissue adjacent to a crack 
is at risk of apoptotic degeneration, whereas the surrounding tissue induces regen-
eration (Rochefort et al.  2010 ). Interestingly, even bone loading as low as 5 
microstrain administered at high frequencies of 30 Hz and 20 min daily revealed a 
signifi cant increase in bone mineral density in sheep hindlimbs (Rubin et al.  2001 ). 
Thus, not only high but also low strains seem to be crucial to the maintenance of 
bone structure and strength. 

 There is evidence that most cells in the body are able to sense their mechanical 
environment. Mechanical forces are detected by osteoprogenitor cells which are 
present not only in the bone marrow but also in the soft mesenchymal tissues 
exposed to mechanical strain. Dependent on the magnitude of mechanical stress, 
osteoprogenitors differentiate or transdifferentiate into osteoblast-like cells that 
express characteristic proteins and form bone matrix (Aubin  1998 ). However, the 
most important targets of skeletal loading seem to be the osteocytes (Cowin et al. 
 1991 ; Bacabac et al.  2004 ). They are distributed three-dimensionally throughout the 
bone and connected to each other via their cytoplasmatic processes within canalic-
uli in the trabecular and cortical bone. The mechanisms involved in cell activation 
as a result of mechanical loading are not completely understood yet. 

 Physical activity loads the musculoskeletal system, thereby causing the pro-
cesses intended to convert mechanical forces into biochemical signals. Such pro-
cesses are named  mechanotransduction  (Rubin et al.  2006 ). Bone loading 
generates shifts of interstitial fl uid out of regions with high compressive strains 
and shifts back when the load is removed (Burger and Klein-Nulend  1999 ). 
Mechanic transduction mediates the release of various pathways that mediate the 
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bone remodelling process via mutually interacting osteoblasts and osteoclasts 
( mechanosensing ). Different mechanisms of mechanotransduction have been 
described: (1) deformation of the hard tissue with strain across the cell substrate, 
(2) pressure within the intramedullary cavity and within the cortices with transient 
pressure waves, (3) shear forces through canaliculi which cause drag over cells, 
and (4) dynamic electric fi elds as interstitial fl uid fl ows past charged bone crystals 
(Fig.  5.2 ).

   The mechanosensitivity of osteocytes and, thus, the activation of osteoblasts 
were supposed to depend on the strain-energy density (SED) rate (Huiskes et al. 
 2000 ; Webster et al.  2015 ). The shear stress induced by interstitial fl uid shifts is 
supposed to be in the order of 0.8–3 Pa and may reach peak pressures up to 3 MPa 
(Weinbaum et al.  1994 ; Zhang et al.  1998 ). Additionally, high-frequency (>30 Hz) 
low-magnitude loads (<1 MPa) were effi cient to elicit cellular response in the bone 
(Xie et al.  2006 ). Only intermittent compressive forces but not continuous hydro-
static pressures applied to the bone were shown to increase bone formation (Klein- 
Nulend et al.  1987 ). In most of the everyday life activities like walking and 
performing sports, bone loading is cyclic rather than static.  

5.1.2     Sensing Mechanisms and Signalling Pathways Activated 
by Bone Loading 

 During bone loading, different pathways are known to be activated by mechanical 
signals (Fig.  5.3 ). Cells that convert the mechanical stimulus into a biomechanical 
signal include osteoblasts, osteoclasts, lining cells on the bone surfaces, osteocytes 
within the calcifi ed matrix, and mesenchymal precursors within the bone marrow 
(Judex and Rubin  2010 ).

   In response to mechanical forces, a total of four different osteocyte-mediated 
sensing and  signalling mechanisms have been identifi ed . These are (1) the activation 
of ion channels, (2) the production of integrins, (3) the activation of gap junctions 
and hemichannels, and (4) an unclear role of primary cilia (Fig.  5.4 ). For review, 
also see Klein-Nulend and co-workers ( 2015 ).

    Ad 1) Three different  ion channels , the gadolinium-sensitive cation channels (Rawlinson 
et al.  1996 ), the L-type voltage-dependent channels (Miyauchi et al.  2000 ), and the 

  Fig. 5.2    Skeletal loading 
generates strain across the 
cell, pressure in the 
intramedullary cavity and 
within the cortices, shear 
forces through canaliculi, 
and dynamic electric fi elds 
(Modifi ed from Rubin 
et al.  2006 )       
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α, ß, and γ units of epithelium sodium channels (ENaC; Mikuni- Takagaki  1999 ), 
have been described to be strain responsive. Additionally, three potassium channels 
were identifi ed in MLO-Y4 cells, an osteocyte-like cell line (Gu et al.  2001 ). Their 
role in mechanotransduction is not yet defi ned.  

  Ad 2) A variety of intracellular signalling pathways are activated in osteocytes in an 
 integrin -dependent manner. Integrins are membrane-spanning proteins that cou-
ple the cell to its extracellular environment. Functional integrins are heteroge-
nous dimers made of α and ß subunits. Ligation of α and ß3 integrin enhances 
calcium infl ux in mechanically stretched osteocytes (Miyauchi et al.  2006 ). 
Osteocyte apoptosis is prevented by integrin engagement leading to focal adhe-
sion kinase (FAK) activation, Src kinase activity, and phosphorylation of the 
adaptor protein Shc and, thus, ERK 1/2 activation as well as an interplay with 
actin fi laments and microtubules (Plotkin et al.  2005 ). Cytoskeleton-mediated 
signalling in response to fl uid fl ow could occur due to drag forces on the pericel-
lular matrix (You et al.  2008 ) as tethering elements, presumably composed of 
integrins connected to the canalicular wall and pericellular matrix to the osteo-
cyte cytoskeleton. Expression of E11, an osteocyte-selective protein, is increased 
by mechanical load in regions of potential bone remodelling, suggesting dendrite 
elongation (Zhang et al.  2006 ).  

  Fig. 5.3    Three different 
pathways by which 
mechanical signals may be 
sensed by cells within a 
bone (Modifi ed from Judex 
and Rubin  2010 )       

  Fig. 5.4    Intracellular signals are activated by different mechanosensors       
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  Ad 3) Osteocytes are connected to one another and to surface osteoblasts via  gap 
junctions  (Yellowley et al.  2000 ). Gap junctions are formed when connexins 
(Cx), especially protein Cx43, join to form an intercellular channel allowing the 
direct exchange of small molecules; Cx also form  hemichannels  that function 
independent of gap junctions. Studies are confl icting, but fl uid fl ow-induced 
release of ATP and PGE 2  may be mediated in part by hemichannels.  

  Ad 4) Independent of any channels,  primary cilia  may also play a role in the anabolic 
signalling processes in bone cells (Malone et al.  2007 ). They are supposed to defl ect 
during fl uid fl ow and possibly interact with extracellular matrix proteins, and thus, 
integrins on the primary cilium could translate deformations of the extracellular 
matrix into intracellular signals, thereby amplifying the mechanical stimuli.     

5.1.3     Cytokine Response as a Signalling Pathway Activated 
by Bone Loading 

 These multiple intracellular signalling pathways are activated after force applica-
tion. Under physiological mechanical stimuli, osteocytes prevent bone resorption 
by changing the receptor activator of nuclear factor kappa-B ligand/osteoprotegerin 
(RANKL/OPG) ratio (You et al.  2008 ). Wnt (“wingless in Drosophila”) gene 
expression is increased in osteocytes subjected to fl uid fl ow (Santos et al.  2009 ). 
This regulatory pathway mediated by load-induced bone adaptation seems to 
depend on the low-density lipoprotein receptor-related protein (LRP 5/6) and friz-
zled transmembrane proteins and the gene ß-catenin and the protein sclerostin, 
which inhibits bone formation by blocking Wnt signalling (Robinson et al.  2006 ). 

 Osteocytes exposed to fl uid fl ow also express osteopontin and PGE 2  – both of 
them are important in the process of bone remodelling (Mc Garry et al.  2005 ). The 
activity-induced inhibition of osteoclast formation is at least partially dependent on 
the activation of the nitric oxide (NO) pathway in the osteocyte (Tan et al.  2007 ; 
Vezeridis et al.  2006 ). It is noteworthy that the intracellular signalling pathways 
activated after force application effecting on osteoprogenitor differentiation and 
osteocyte functions still remain limited. 

 Whereas direct loading of the bone produces cytokines involved in bone remodel-
ling, systemic factors may further contribute to this process. Muscle activity directly 
stimulates mechanically induced bone remodelling through traction and bending 
forces. The muscle has been identifi ed as a major source of cytokine production 
(myokines) that may, via systemic effects, facilitate anabolic bone metabolism.   

5.2     Muscular Exercise and Bone Integrity 

5.2.1     Activity, Inflammation, and Bone Loss 

 A relationship between physical activity per se and bone formation has been sug-
gested several centuries ago. Muscle activity seems to be especially benefi cial on 
bone integrity in patients who have a risk of increased bone loss due to sterile, 
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low-grade chronic systemic infl ammations. Systemic low-grade infl ammation is 
defi ned as a two- to fourfold elevation of circulating pro- and anti-infl ammatory 
cytokines, naturally occurring cytokine antagonists, and acute-phase proteins, as 
well as minor increases in counts of neutrophiles and natural killer cells (Brüünsgaard 
and Pedersen  2003 ). Both the lack of physical activity and low-grade infl ammation 
were linked to various chronic diseases like adiposity, type 2 diabetes, and cardio-
vascular diseases (Booth et al.  2002 ; Hu et al.  2004 ; Orsini et al.  2008 ). For exam-
ple, the development of type 2 diabetes and insulin resistance is closely correlated 
with immune cell infi ltration and infl ammation in white adipose tissue (Hotamisligil 
 2006 ). Moreover, regular moderate exercise may reduce systemic infl ammation 
(Gleeson  2007 ). 

 The impact of infl ammatory diseases on bone metabolism is described elsewhere 
in detail. In brief, the coupling of osteoclasts and osteoblasts is severely disturbed. 
Both local and systemic infl ammation release cytokines like TNF-α that may 
directly activate osteoclast differentiation and activity and thereby leading to bone 
destruction. Interleukin-6 has a special role; it positively infl uences osteoclast dif-
ferentiation by inducing the expression of RANKL on osteoblasts and also directly 
suppresses osteoclast differentiation via an inhibition of the RANK/RANKL path-
way (Yoshitake et al.  2008 ). 

 Although the systemic mediators of these benefi cial exercise effects are unclear, 
several candidate mechanisms have been identifi ed. Regular muscular activity 
increases epinephrine, cortisol, growth hormone, and other factors that have immune 
modulatory effects; all these may infl uence bone metabolism (Goodman et al.  2015 ; 
Brotto and Bonewald  2015 ). The detailed interactions are not subject of the chapter 
and will be described elsewhere. However, cytokine secretion intended to reduce 
infl ammation seems also likely to directly improve the coupling of osteoclasts and 
osteoblasts in a way that bone integrity will be improved.  

5.2.2     Anti-inflammatory Effect of Exercise 

 Recent fi ndings have demonstrated that muscle training induces or increases the 
systemic level of a number of cytokines with anti-infl ammatory properties which 
differ signifi cantly from that in relation to an acute infl ammation. Following an 
acute infl ammation the cytokine cascade consists of the following candidates: TNF- 
α, IL-1β, IL-6, IL-1 receptor antagonist (IL-1ra), soluble TNF-α receptors (sTNF-
 R), and IL-10. IL-1ra inhibits IL-1 signal transduction, and sTNF-R represents the 
naturally occurring inhibitors of TNF-α (Pedersen and Febbraio  2008 ). As opposed 
to an acute infl ammation, acute bouts of exercise that are not as highly strenuous as 
marathon running do not increase TNF- α and IL-1 β levels, and IL-6 is usually the 
fi rst cytokine present in the circulation (Pedersen  2013 ) (Fig.  5.5 ). The basal plasma 
IL-6 concentrations may increase up to 100-fold and depend on the duration and 
intensity of exercise (Fischer  2006 ). Exercise-induced IL-6 does seem to be not only 
released from contracting muscles but also from sources outside the muscle that 
were stressed during exercise (Fischer et al.  2004 ). Using the microdialysis method, 
the Achilles tendons revealed high concentrations of IL-6 following running 
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exercise (Langberg et al.  2002 ). Furthermore, chronic effects of exercise may differ 
from those of acute exercise as plasma levels of IL-6 remained unchanged during 1 
year of training intervention (Rokling-Andersen et al.  2007 ). During and following 
exercise, the high circulating levels of IL-6 are followed by an increase in IL-1ra 
and IL-10 and sTNF-R. It was further shown that IL-1ra and IL-10 can be induced 
by IL-6 (Steensberg et al.  2003 ).

   Until now several proteins secreted by skeletal muscle cells have been identifi ed, 
with the potential to act as hormones, either locally within the muscle tissue or by 
targeting other distant organs, as reviewed by Pedersen ( 2013 ). Such proteins have 
been termed myokines within the context of skeletal muscle physiology, although 
they are not exclusively secreted by muscle cells. Muscle contraction may induce 
acute release of myokines like calprotectin (Mortensen et al.  2008 ), IL-15, IL-6, and 
IL-7 which may pertain to homeostatic control under various physiological conditions 

  Fig. 5.5    In sepsis, the 
cytokine cascade within 
the fi rst few hours consists 
of TNF-α, IL-1ß, IL-6, 
IL-1ra, TNF-R, and IL-10. 
Exercise leads to a 
different cytokine 
response: It does not 
include TNF-α and IL-1ß 
but shows a marked 
increase in IL-6, followed 
by an increase in IL-1ra, 
TNF-R, and IL-10 
(Modifi ed from Petersen 
and Pedersen  2005 )       
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(Haugen et al.  2010 ). Furthermore, several further interleukins have been identi-
fi ed that may be released by exercising muscles and have been reviewed recently 
(Peake et al.  2015 ). 

 Both type 1 and 2 muscle fi bres seem to express myokine IL-6, with some studies 
suggesting that IL-6 expression was more prominent in type 1 fi bres (Plomgaard et al. 
 2005 ), whereas others demonstrated a higher IL-6 expression in type 2 fi bres (Hiscock 
et al.  2004 ). IL-6 from the muscle was suggested to be a signal indicating that muscle 
glycogen stores are reaching critically low levels and that the active muscles’ reliance 
on blood glucose as a source of energy is on the increase (Pedersen  2013 ). As the 
increase of IL-6 is followed by an increased level of the anti- infl ammatory IL-10 and 
IL-1ra, it has repeatedly been suggested that IL-6 produced by muscles could be criti-
cally involved in mediating the anti-infl ammatory environment (Benatti and Pedersen 
 2015 ) which subsequently acts both locally and systemically. 

 During non-strenuous exercise, IL-8 seems to play a role in exercise-induced 
angiogenesis. One study that measured the arteriovenous concentration difference 
across nonexhausting concentric bicycle and knee extension exercises observed a 
transient net release of IL-8 with its peak being between 6 and 9 h after exercise that 
did not lead to increased plasma IL-8 levels (Akerstrom et al.  2005 ). These fi ndings 
seem to contrast those of a more recent study that observed a 32 % increase of IL-8 
30 min after treadmill running in both endurance-trained and sedentary men 
(Landers-Ramos et al.  2014 ). In another study, healthy male subjects performed 
45 min of downhill running. At a total of 3 and 24 h after exercise, up-regulation of 
IL-6, IL-8, and COX-2 mRNA was signifi cantly increased as compared to baseline, 
whereas pro-infl ammatory cytokines like TNF-α or IL-1 β remained more or less 
unchanged (Buford et al.  2009 ). As muscle soreness was signifi cantly correlated 
with IL-8 at 24 h after exercise, the authors suggested that IL-8 transcription would 
play a role in inhibiting postexercise muscle soreness through the regulation of 
angiogenesis (Buford et al.  2009 ). 

 IL-15 has recently been discovered as a growth factor that acts independently from 
IGF-1 and induces an accumulation of myosin heavy-chain proteins in differentiated 
myotubes (Furmanczyk and Quinn  2003 ). In contrast to IGF-1, the muscle hypertro-
phic effect of IL-15 is independent from proliferation or differentiation of skeletal myo-
blasts (Quinn et al.  2005 ). The regulatory role of muscle contraction in regard to IL-15 
remains unclear. Whereas in human-training studies, IL-15 levels were unchanged after 
several hours of running (Nieman et al.  2003 ; Ostrowski et al.  1998 ), others found 
clearly increased IL-15 levels after acute resistance exercise (Riechman et al.  2004 ) and 
mainly in skeletal muscles dominated by type 2 fi bres (Nielsen et al.  2007 ).   

5.3     Therapeutic Exercise: Possible Nonmechanical 
Effects on Bone 

 Whereas the mechanical stimulation of the bone is probably the main source for 
stimulating bone metabolism, several pathways are known to modulate bone metab-
olism. Among these, several pro-infl ammatory cytokines such as IL-1ß, IL-6, and 
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TNF-α promote osteoclastogenesis and bone resorption in synergy with receptor 
activator nuclear factor kappa B (RANK) (for review, see Iizuka et al.  2014 ). TNF-α 
is the key infl ammatory cytokine that directly and indirectly promotes infl amma-
tion-associated osteoporosis (Teitelbaum  2007 ); it may activate the fully differenti-
ated osteoclast independent of RANK signalling (Fuller et al.  2002 ). IL-1, for 
instance, may enhance osteoclastogenesis only in the presence of permissive levels 
of RANKL and mediates a substantial component of TNF-α’s osteoclastogenic 
effect in the bone marrow stromal cells and osteoclast precursors (Wei et al.  2005 ; 
Jurado et al.  2010 ). IL-6 may exhibit positive and negative effects on osteoblast and 
osteoclast differentiation. IL-6 knock-out mice were signifi cantly protected from 
joint infl ammation and destruction in a mouse model of arthritis (Cuzzocrea et al. 
 2003 ). They further were protected from bone loss caused by oestrogen depletion as 
observed in postmenopausal osteoporosis (Cuzzocrea et al.  2003 ). Thus, the sys-
temic effects of myokines could be likely candidates to facilitate bone integrity both 
in healthy and osteoporotic bones. 

 Pure increases of IL-6 without increases in TNF-α or IL-1 and others in activated 
muscles would induce a coupling between osteoblasts and osteoclasts that is 
intended to the apposite bone. Thereby, exercise-induced IL-6 would directly sup-
press the differentiation of osteoclast progenitors. In the presence of IL-6rx, IL-6 
evokes discordant responses for bone homeostasis by both inducing bone formation 
and increasing the osteoclast-supporting activity in osteoblasts. It was demonstrated 
that IL-6 and IL-11 exerted a direct inhibition of osteoclast formation (Duplomb 
et al.  2008 ; Yoshitake et al.  2008 ). Thereby the gp-130 signalling pathway up- 
regulates RANK expression on osteoblasts but downregulates this pathway in pro-
genitor osteoclasts. Likewise, IL-6 would be able to directly induce anti-infl ammatory 
cytokines like IL-1ra and IL-10 that would diminish the osteoclast-stimulating 
effects of TNF-α and IL-1 (Steensberg et al.  2003 ) (Fig.  5.6 ). Evidence from a study 
that examined the effects of exercises with low mechanic impact on bone turnover 
seems to support the theory of a relationship between immune and skeletal responses 
in exercise (Mezil et al.  2014 ). Myokine-induced pathways on osteoblast 

  Fig. 5.6    Schematic 
diagram: effects of IL-6 on 
osteoclast precursors. IL-6 
directly suppresses the 
differentiation of osteoclast 
progenitors; in the 
presence of IL-6Rα, Il-6 
both induces bone 
formation and increases 
osteoclast-supporting 
activity of osteoblasts 
(Modifi ed from Yoshitake 
et al.  2008 )       

 

K. Kerschan-Schindl and G. Ebenbichler



119

stimulation by exercise would set off myostatin-induced pathways on osteoclast 
activation observed in infl ammation (Dankbar et al.  2015 ).

   The impact of nonmechanical effects in addition to the mechanical effects of exer-
cises on bone integrity has been examined in several studies. Premenopausal women, 
for instance, who were engaged in 8 months of running versus weightlifting exercise, 
revealed similar increases in spine bone mineral density (BMD), whereas only the 
strength-training group experienced relevant increases in muscle mass (Snow-Harter 
et al.  1992 ). Similarly in postmenopausal women, a 9-month impact versus non-
impact exercise programme led to similar increases in lumbar spine BMD, but mus-
cle mass increases differed signifi cantly between groups (Kohrt et al.  1997 ). Such 
data do not support the notion that only strength training but not endurance training 
would increase muscle mass (Evans  2004 ). Furthermore, these studies indirectly 
support the hypothesis that in addition to the mechanical effects of exercise, the non-
mechanical effects seem to contribute to bone integrity in a relevant way. 

 These nonmechanical effects may be dose dependent. For instance, 1 h of tread-
mill running at 75 % VO 2  max resulted in large increases in IL-6 and IL-1ra, but not 
in TNF-α concentrations, compared with those at 55 or 65 % (Scott et al.  2011 ). 
Athletes who participate in highly exhausting sports like cycling, long-distance run-
ning, and swimming have usually a low BMD (Kohrt et al.  2009 ), which may be 
explained by low-grade infl ammation and partial defi ciency of the immune system 
associated with over-strenuous exercise performance. Negative effects of excessive 
running on bone metabolism and respective increases in pro-infl ammatory status 
have been demonstrated in rats (Sipos et al.  2008 ). In humans, marathon running 
(Hikida et al.  1983 ) and especially ultra-endurance running (Spartathlon, 246 km) 
demonstrated increases in systemic infl ammation. Spartathlon runners did fre-
quently suffer not only from catabolic muscle processes (Skenderi et al.  2006 ; 
Kerschan-Schindl et al.  2015 ) but also from a catabolic bone metabolism. Thereby, 
an uncoupling of bone metabolism with increased bone resorption and suppressed 
bone formation took place (Kerschan-Schindl et al.  2009 ). However, it is notewor-
thy to mention that solely exposing the skeleton to muscle loads generated during 
daily activities and exercises (astronaut exercises on average approximately 2 h per 
day) is minimally capable or incapable of suppressing bone loss associated with 
removal of gravitational loading (Judex and Carlson  2009 ).  

5.4     Summary 

 Osteoporosis is a systemic disease that is associated with increased morbidity, mortal-
ity, and healthcare costs. Osteoclasts and osteoblasts are the main regulators of bone 
homeostasis; however, the key role of the immune system has received little attention. 
Both mechanical and nonmechanical factors activate bone cells via immunological 
pathways. The mechanical effects of bone loading are mediated by mechanotransduc-
tion. Although the exact mechanosensory mechanisms involved in osteoprogenitor 
differentiation and osteocyte function remain partly undiscovered, several sensing and 
signalling pathways have been identifi ed: (1) the activation of ion channels, (2) the 
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production of integrins, (3) the activation of gap junctions and hemichannels, and (4) 
an unclear role of primary cilia. Under physiological mechanical stimuli, osteocytes 
prevent bone resorption by changing the RANKL/OPG ratio. Nonmechanical sources 
of bone remodelling may be, among others, circulating cytokines that are produced by 
activated muscles (myokines). They may modulate osteoclast differentiation by 
inducing the expression of RANKL on osteoblasts and/or by directly suppressing 
osteoclast differentiation via an inhibition of the RANK/RANKL pathway.     
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  6      Utility of the Determination 
of Biomarkers of Bone Metabolism                     

     Barbara     Obermayer-Pietsch      and     Verena     Schwetz    

6.1          Introduction 

 Biochemical serum markers of bone metabolism are substances involved in all 
 processes of bone activity. Systemic dispersion is the basis for their biochemical 
measurements. Both serum/plasma and urine measurements are widely used for 
clinical parameters of bone turnover, but accurateness and usability have favoured 
blood analyses over the years. This review will therefore focus on serum/plasma 
parameters of bone metabolism and their clinical applications and give hints on 
further applications within biological material. 

 Targets of biochemical analysis of bone metabolism are enzymes and proteins or 
their respective metabolites produced during bone formation and degradation. 
However, direct regulators of osteoblast and/or osteoclast cell function and activity 
might represent additional parameters of interest, since they may very well refl ect 
dynamic processes in the bone and adjacent tissue. 

 The usefulness of serum markers of bone metabolism has been widely  recognized 
during the past decades but increased signifi cantly with the technical improvement 
of biochemical methods and the knowledge of new compounds in bone metabolism. 
Many of these markers have been tested for practical use, and some of them have 
entered daily clinical routine applications. The reason for this increasing interest is 
the option of characterization and diagnosis of metabolic bone diseases but also the 
improvement of therapy decisions and therapy monitoring by biomarkers. 
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 Regarding their potential, why did it take a long time to incorporate these 
 biomarkers in international diagnostic and therapeutic recommendations?

   First, technical measurements of the bone, e.g. by dual energy x-ray (DXA) absorp-
tiometry, have lead to believe in a precise golden standard measurement method 
for osteoporosis diagnosis and follow-up. A long-term standardizing process for 
equipment, interpretation and reference measurements as well as a low number 
of technical types and a high number of international publications on the technol-
ogy have guaranteed its place in clinical routine. The World Health Organization 
(WHO) defi nition of osteoporosis is based on DXA criteria, but this clearly over-
estimates the importance of bone density measurements in view of newer more 
holistic criteria.  

  Second, a broad spectrum of biomarkers of bone metabolism has been established, 
but the standardization of laboratory methods has only been done in recent years. 
Biomarker studies in the past have therefore not been comparable with others 
and were not suitable to appear in general recommendations. This picture has 
changed in recent years.  

  Third, the technical feasibility of laboratory methods for bone biomarkers has 
increased during the past decade. Not only specialized institutions like academic 
laboratories, but a number of laboratories have now the experience, equipment 
and standardized methods, as well as specialists, interpretation tools and a sig-
nifi cant economic interest in these markers.  

  Fourth, preclinical conditions have been crucial for many of these tests. Therefore, 
long transportation times for biological material or special patient conditions 
(e.g. time of the day or nutritional requirements) are not feasible or diffi cult to 
achieve in general settings. The general implementation of biomarkers of bone 
metabolism was therefore delayed with regard to its importance. However, the 
implementation is now accomplished more easily not only in central facilities, 
and biomarkers of bone metabolism are increasingly used.  

  Fifth, economical problems in recent years have forced communities to stabilize or 
even reduce their healthcare costs. Nowadays, bone biomarker measurement 
tends to be cheaper and more accurate. They are on the way of their establish-
ment together with traditional imaging methods.    

 This review aims to describe current types of bone biomarkers and the pros and 
cons of their use in bone diseases. Interpretation, standardization and future aspects 
will be discussed.  

6.2     Overview of Bone Biomarkers 

6.2.1     Calciotropic Hormones 

 Bone biomarkers cannot be interpreted without a view on the individual calciotropic 
hormones. Given the fact that more than 70 % of the general population tend to have 
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decreased vitamin D levels (Holick  2007 ), bone metabolism has to be seen in the 
light of a neglected problem of possible osteomalacia, with wide-ranging 
consequences. 

6.2.1.1     Parathyroid Hormone (PTH) 
 A long history of analytical attempts for parathyroid hormone exists, starting in 
1909, when MacCallum and Voegtlin (MacCallum and Voegtlin  1909 ) noted that 
removal of the parathyroid glands quickly resulted in rapidly falling blood calcium 
levels. Subsequent work in the 1920s to purify the hormone established its central 
role in calcium homeostasis. 

 Parathyroid hormone (PTH) or parathyrin is secreted by the parathyroid glands 
as a polypeptide containing 84 amino acids. It increases the concentration of cal-
cium in the blood by acting upon parathyroid hormone receptors in many parts of 
the body. PTH half-life is approximately 4 min. It has a molecular mass of 9.4 kDa. 
PTH is stocked in secretory granules that fuse with the cellular membrane and 
release PTH in response to a decrease in the extracellular ionized calcium concen-
tration. Most of the PTH is secreted in its intact form, 1-84; however, it can also be 
secreted as N-terminal truncated fragments or C-terminal fragments after intracel-
lular degradation. 

 However, identifi cation of different types of PTH fragments and several 
 generations of PTH assays may be responsible for the great variability of PTH 
values and the diffi culties of implementing international recommendations such 
as those of the National Kidney Foundation/Kidney Disease Outcomes Quality 
Initiative (Ureña Torres  2006 ). Calibration attempts are currently on the way, as 
the generalized use of a unique, true, and accurate intact 1-84 PTH assay is not 
available yet. 

  Usability/Utility     The measurement of PTH plays an important role in daily clini-
cal routine not only for endocrinologists and nephrologists but also for a variety of 
other disciplines. Technical development and standardization should be set up with 
the executive laboratory. Second- and third-generation PTH assays can be aligned 
by specifi c factors depending on the assays used (Souberbielle et al.  2010a ,  b ). This 
will minimize the problem of inter-method variability of PTH measurements, but – 
depending on the type of disease – problems with standardization and reference 
populations remain to be resolved.  

   Parathyroid Hormone-Related Protein (PTH-rP) 
 The parathyroid hormone-related protein (PTH-rP) is structurally related to PTH 
and seems to play a physiological role in lactation, possibly as a hormone for the 
mobilization and/or transfer of calcium to the milk. PTH and PTH-rP bind to the 
same G-protein coupled receptor. It is occasionally secreted by cancer cells (breast 
cancer, certain types of lung cancer). Cancer-derived PTH-rP appears to play a criti-
cal role in bone invasion by tumour cells, mediated by osteoclasts. In the bone, 
PTH-rP regulates enchondral bone development by maintaining the endochondral 
growth plate at a constant width (Fritchie et al.  2009 ). 
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  Usability/Utility     PTH-rP testing is more appropriately performed after assessment 
of PTH. If PTH is not low or low normal, testing for PTH-rP is usually uninforma-
tive. The clinical use of PTH-rP is restricted to validated assays and might be a 
diagnostic challenge for experienced laboratories.    

6.2.1.2     Vitamin D 

   25(OH) Vitamin D 
 Vitamin D, a secosteroid, is structurally similar to steroids such as testosterone, 
cholesterol, and cortisol. The molecular weight of vitamin D2 (calciferol) is 396.6 
and of vitamin D3 (cholecalciferol) is 384.6. Vitamin D2 originates from irradiation 
at about 260 nm of ergosterol, while vitamin D3 is formed by irradiation of a provi-
tamin molecule (7-dehydrocholesterol) present in the skin and gut lining cells. 

 The role of vitamin D in maintaining bone health has been known for decades. 
Recently, however, the fact that many tissues express vitamin D receptors and are 
regulated by vitamin D has accentuated the need for valuable vitamin D serum mea-
surements. In addition, 25(OH) vitamin D levels rather than the more locally acting 
1,25(OH) 2  vitamin D have been associated with an important role in many diseases, 
including the development of cancer, autoimmune diseases, cardiovascular dis-
eases, diabetes, and infections. Vitamin D defi ciency, defi ned as serum 25(OH) vita-
min D levels <30 ng/mL, is very common in our population (Holick  2007 ). 

 Measurement of 25(OH) vitamin D is widely used for assessing vitamin D status. 
For higher analytical throughput, traditional solvent extraction of samples has been 
replaced by immunological methods. The Vitamin  D E xternal  Q uality  A ssessment 
 S cheme (DEQAS) has revealed method-related differences in 25(OH) vitamin D 
results, raising concerns about the comparability and accuracy of different assays 
Dachverband Osteologie  2014 . However, there is an ongoing debate in view of total/
free assays and the potential cross-reactivity of metabolites (Lee et al.  2015 ). Large 
standardization programmes are on the way (e.g. the  V itamin  D S tandardization 
 P rogramme (VDSP), available at ods.od.nih.gov/Research/vdsp.aspx). 

  Usability/Utility     The analytical evaluation of 25(OH) vitamin D assays between 
different methods (e.g. radioimmunoassays (RIAs), enzyme-immunoassays 
(ELISAs) or mass spectrometry (MS)) has designated MS as the gold standard. 
However, most of the existing assays are able to produce suffi ciently reliable results 
for a clinical estimation of 25(OH) vitamin D levels and may therefore monitor not 
only the initial but also the follow-up values during vitamin D supplementation.   

   1,25(OH) 2  Vitamin D 
 Calcitriol, also called 1,25-dihydroxycholecalciferol or 1,25(OH) 2  vitamin D3, is a 
hormonally highly active form of vitamin D with three hydroxyl groups. It increases 
the level of calcium in the blood by increasing the uptake of calcium from the gut 
into the blood, by decreasing the transfer of calcium from the blood to the urine by 
the kidneys, and by increasing the release of calcium into the blood from the bone. 
In turn, 1,25(OH) 2  vitamin D declines very late in vitamin D defi ciency. Therefore, 
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the measurement of 25(OH) vitamin D better refl ects body vitamin D storage. 
Decreases in 1,25(OH) 2  vitamin D are associated with kidney impairment, already 
with slightly decreased renal function or very rarely with 1α-hydroxylase defects. 
High levels of 1,25(OH) 2  vitamin D have been found in sarcoidosis or idiopathic 
hypercalciuria. Both of them can lead to hypercalcemia as well as other causes like 
paraneoplastic syndromes. 

 Assays often involve partial purifi cation and extraction, e.g. by using coated sil-
ica cartridges, to remove other vitamin D metabolites followed by high-performance 
liquid chromatography, radioimmunoassay, ELISA or MS technologies. Therefore, 
the routine measurement is often limited to central lab facilities. 

  Utility     The action of 1,25(OH) 2  vitamin D on a cellular level depends on local 
production which has paracrine and autocrine effects in many tissues. Serum mea-
surements of 1,25(OH) 2  vitamin D may therefore not refl ect this local production 
and may not be a representative of the cellular levels of the hormone. However, in 
some patients, e.g. with chronic kidney disease and impairment of 1α-hydroxylase 
activity, sarcoidosis or hypercalciuria syndromes, 1,25(OH) 2  vitamin D determina-
tion can help to characterize the actual vitamin D status and needs.     

6.2.2     Collagen and Collagen Products 

 Collagen is a ubiquitous element of human tissue. More than 90 % of the organic 
matrix of the bone is constituted by collagen type I. Its biochemical composition of 
small, non-steric amino acids (e.g. glycin) facilitates the development of long 
chains, named helices, which are linked by lysine and hydroxylysine to form the 
well-known triple structures. Both renal and hepatic functions are crucial in the 
interpretation of serum collagen product levels, because both interfere with forma-
tion, storage and degradation of collagens and their metabolites. 

6.2.2.1     CTX and NTX 
 Crosslaps (carboxy-terminal collagen crosslinks, CTX or ß-(beta)-CTX, 8.5 kDa) 
are cleavage products of type I C- or N-terminal type 1 collagens (NTX). The assays 
are based on monoclonal antibodies against the cross-linked site (e.g. Glu-Lys-Ala- 
His-beta-Asp-Gly-Gly-Arg) connecting collagen I fragments or other parts of the 
molecules. While NTX have been used in the past in urine and serum, CTX is the 
currently widely used bone biomarker in a large number of studies and in most clini-
cal labs for the analysis of bone metabolism. 

 Elevated levels of CTX indicate increased bone resorption and, vice-versa, a 
decrease is a feature of therapy response in antiresorptive medication. However, 
changes in bone markers are not entirely disease specifi c and may refl ect alterations 
in skeletal metabolism independent of the underlying cause, but this has to be inter-
preted in each individual case as known for all systemic biomarkers. A circadian 
rhythm is well known, which requires standardized collection as well as age- and 
sex-defi ned reference ranges (see below). 
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 The “response” of bone turnover markers to osteotropic therapies has been 
 investigated recently to identify conditions of non-responders and non-compliants 
for different oral bisphosphonate therapies. The TRIO study (Naylor et al.  2016 ) 
showed that reaching the target response for bone markers is associated with respec-
tive change in bone mineral density. This concept used both least signifi cant change 
(LSC) concepts as well as reference interval (RI) responses (Michelsen et al.  2013 , 
see Sect.  6.3.2.5 ). 

  Usability/Utility     The importance of CTX has even increased since standardization 
programmes and new reference values as well as least signifi cant change (LSC) 
intervals have been generated in therapy studies. Serum material is easy to access, 
and both transport and analysis have been optimized in terms of costs and feasibil-
ity. CTX are therefore one of the promising candidates for a routine care parameter 
in bone diseases and therapy.   

6.2.2.2     PICP and PINP 
 PICP (100 kDa) and PINP (53 kDa) are both propeptides of the C- or N-terminal 
ends of procollagen type I, respectively. Both peptides are produced in equimolar 
amounts during collagen synthesis and refl ect therefore the process of collagen 
 formation. PINP has found its way in routine labs, mostly due to the excellent repro-
ducibility and international standardization efforts, e.g. in the TRIO study, where 
reductions in vertebral fractures were paralleled by reductions in PINP and antire-
sorptive markers (Naylor et al.  2016 ). 

 The diagnostic and therapeutic relevance of collagen bone biomarkers is defi ned 
only by its origin from mature collagen I. This specifi city can be documented by a 
combination of their primary structure and the modifi cations during formation, mat-
uration and ageing of the bone matrix. 

 During bone resorption, collagen markers will normally be elevated but sup-
pressed during and sometime after antiresorptive therapy. This can widely be used 
as therapy monitoring, e.g. during bisphosphonate therapy. Bone formation or 
osteoanabolic therapy will produce higher levels of collagen serum products. 

 Due to the scattering of collagen serum markers, all changes in individual serum 
levels should refer to a “least signifi cant change” of about 50 % of the initial values 
(Bieglmayer and Kudlacek  2009 ). 

 The involvement of a disintegrin and metalloproteinase with a thrombospondin 
motifs 2 (ADAMTS2), an extracellular matrix metalloproteinase that cleaves PINP, 
is of increasing interest in collagen metabolism. Its activity is blocked by tissue 
inhibitor of matrix metalloproteinase 3 (TIMP3) (Wang et al.  2006 ). During degra-
dation, collagen products are bound by a scavenger receptor and incorporated into 
liver cells. Serum levels are therefore dependent on liver function. 

  Usability/Utility     The clinical use of collagen markers ranges from diagnosis of 
high bone turnover to therapy monitoring of antiresorptive drugs. PINP is now used 
in a number of routine labs due to standardization efforts and comparative studies in 
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recent years, which have supported the use of collagen markers in a more 
 differentiated interpretation of bone metabolism.   

6.2.2.3     Pyridinoline and Deoxypyridinoline 
 Pyridinoline (PYD) and deoxypyridinoline (DPD) are covalent pyridinium  cross- links 
also produced from the breakdown of collagen during bone resorption. They are 
released into circulation and excreted into the urine. Both can be detected by RIA 
and ELISA, methods that afford clinical application and have a better  sensitivity 
compared to the earlier high-performance liquid chromatography (HPLC) methods. 
However, their clinical relevance has declined during recent years. 

 The degradation of more mature collagen I material results in a variety of frag-
ments. As specifi c proteinases cleave collagen I in a specifi c way, these fragments 
can be attributed to different degradation processes. Cathepsin K from osteoclast 
bone cleavage produces crosslaps; matrix metalloproteinases from mononuclear 
cells tend to produce other fragments, like ICTP (Garnero et al.  2003 ). Further pro-
teolysis results in smaller fragments with characteristic cross-links such as pyridi-
nolines and deoxypyridinolines. Final fragments are amino acids like hydroxyproline, 
hydroxylysine and glycosylated molecules. 

  Usability/Utility     PYD and DPD were important during the establishment of bone 
biomarker analyses in the past. Based on their heterogeneity and lacking standard-
ization, they are not widely used for clinical and scientifi c purposes.    

6.2.3     TRAP 5b 

 Tartrate resistant acid phosphatase type 5b (TRAP 5b) is a monomeric metalloenzyme 
protein present in osteoclasts, activating  macrophages   and dendritic cells. It has a 
molecular weight of approximately 35 kDa, a basic isoelectric point (7.6–9.5), and 
optimal activity in acidic conditions. This enzyme is specifi c for osteoclasts and is 
activated by RANKL (Liu et al.  2003 ). Tartrate resistant acid phosphatase (TRAP) is 
synthesized as a proenzyme and activated by proteolytic cleavage and reduction. The 
enzyme has two subunits linked by disulphide bonds. It is distinguished from other 
mammalian acid phosphatases by its resistance to inhibition by tartrate, its molecular 
weight and its characteristic purple colour. Two closely related isoforms of type 5 
TRAP (5a and 5b) can be distinguished. Serum TRAP 5a has an activity tenfold less 
specifi c compared to TRAP 5b. The difference in specifi c activity and pH optima allow 
immunoassays to be constructed to provide a high degree of selectivity for TRAP 5b. 

 In osteoclasts, TRAP is localized within the ruffl ed border area, the lysosomes, 
the Golgi cisternae and the vesicles. Since the enzyme is not infl uenced by kidney 
function, serum levels refl ect bone turnover also in renal osteodystrophy (Fahrleitner- 
Pammer et al.  2008 ). 

 Proposed functions of TRAP include osteopontin/bone sialoprotein dephosphor-
ylation, generation of reactive oxygen species, iron transport, cell growth and 
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differentiation. There is some evidence that its activation is induced by cathepsin K 
by cleaving a small peptide in a side chain (Ljusberg et al.  2005 ). Its physiological 
role is not fully understood, but the high phosphatase activity could be related to 
collagen turnover (Roberts et al.  2007 ). TRAP 5b is inactivated by the loss of the 
iron ion in the active centre of the molecule and it is then proteolyzed. This is impor-
tant, because up to 90 % of the circulating molecule might be inactivated fragments 
secreted through the liver and kidneys. It is of importance that laboratory-measured 
TRAP 5b activity does not always correspond to the biological activity of osteo-
clasts but that it refl ects the total number of osteoclasts. Serum also contains TRAP 
5a activity, primarily derived from infl ammatory macrophages (Chao et al.  2010 ). 

  Usability/Utility     In the management of patients with severe kidney disease and prob-
ably of patients with bone metastases, the determination of serum TRAP 5b will over-
come the problems of other biomarkers by providing reliable results. However, substrate 
stability and the need for frozen transportation may limit its use to central facilities.   

6.2.4     ALP and Bone ALP 

 Alkaline phosphatase (ALP) and bone alkaline phosphatase (bone ALP or bALP) 
belong to the membrane-associated alkaline phosphate enzymes present in all tis-
sues throughout the entire body with a molecular weight of about 140 kDa. The 
isoforms are generated by the same gene locus, but differ due to their extent of 
glycosylation. There are about 15 related isoforms of alkaline phosphatases, mainly 
occurring in the liver, bile duct, kidney, placenta, and bone, the latter being gener-
ated by osteoblasts during bone formation. Normally, ALP activity in the circulation 
is contributed to by bone and liver isoforms in approximately equal amounts. 

 A proposed function of this form of the enzyme is matrix mineralization during 
osteoblast growth; however, mice that lack a functional form of this enzyme show 
relatively normal skeletal development. This enzyme has been linked directly to 
hypophosphatasia, a disorder characterized by hypercalcaemia including skeletal 
defects (Whyte  2010 ). The character of this disorder varies depending on specifi c 
AP mutations determining the age of onset and severity of symptoms. 

 ALP is linked to the cell membrane by inositol phosphate – the circulating form 
is therefore a cleaved part of the original molecule. However, ALP can be secreted 
by exocytosis directly from osteoblasts. Inorganic pyrophosphate is known to inhibit 
mineralization and might also be able to preserve vessels from calcifi cation. A 
direct link to vascular calcifi cation has been seen in osteoporotic patients, where 
ALP levels directly correlated with aortic calcifi cation (Iba et al.  2004 ). 

  Usability/Utility     In general, total ALP assays are suitable for the assessment of 
bone turnover in patients with normal liver function, but bone ALP refl ects greater 
specifi city for osteoblast function. Assay techniques are widely used and refl ect 
bone formation. Its increase in osteomalacia requires a suffi cient knowledge of vita-
min D/PTH status of the patient.   
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6.2.5     Osteocalcin 

 Osteocalcin, also known as bone gamma-carboxyglutamic acid-containing protein 
(BGLAP), is the most frequent noncollagenous protein found in the bone and dentin 
and comprises 49 amino acids. Osteocalcin synthesis has been shown to be regulated 
by vitamins D and K (Iwamoto et al.  2009 ). For instance, carboxylation of the three 
glutamine residues is dependent on vitamin K and crucial for its affi nity to hydroxy-
apatite. Vitamin K defi ciency may thus cause higher amounts of uncarboxylated 
osteocalcin, as it is the case in normal individuals (Rennenberg et al.  2010 ). Osteocalcin 
is mainly bound in bone matrix, but 20–30 % may be released systemically. During 
osteoblast development, osteocalcin is a late marker after ALP and collagen type I. 

 The function of osteocalcin is not entirely understood, but it is of central impor-
tance for bone remodelling as has been shown from knockout experiments and other 
in vivo tests, both in osteoclasts and osteoblasts. 

 Osteocalcin has been one of the fi rst important biomarkers of bone metabolism. 
Circulating osteocalcin is heterogeneous and partly fragmented. Many of these 
fragments, mainly released during bone resorption, are not detected by current com-
mercial assays. 

 Based on two decades of research, recent new discoveries have linked osteocal-
cin and glucose metabolism as well as leptin and testosterone (Schwetz et al.  2012 ). 
Crosstalk between the bone and adipose tissue is a new window of importance for 
osteocalcin and might be intensifi ed in the near future (Kanazawa et al.  2010 ). 

  Usability/Utility     Even though its assignment to bone formation or bone resorption 
is either-or, the analysis has been part of many of the diagnostic and therapeutic 
osteoporosis studies. It has been routinely observed that higher serum osteocalcin 
levels are relatively well correlated with increases in bone mineral density during 
treatment with anabolic bone formation drugs for osteoporosis.   

6.2.6     RANKL/OPG 

 The receptor activator for nuclear factor k B ligand/osteoprotegerin (RANKL/OPG) 
system has been described in several chapters of this book. In brief, osteoprotegerin 
(OPG) is a member of the tumour necrosis factor (TNF) receptor superfamily. It is 
a basic glycoprotein comprising 401 amino acid residues arranged into 7 structural 
domains. It is found as either a 60 kDa monomer or as a 120 kDa dimer linked by 
disulphide bonds. Osteoprotegerin inhibits the differentiation of osteoclast precur-
sors, related to monocyte/macrophage cells and derived from granulocyte/
macrophage- forming colony units and also regulates the resorption of osteoclasts 
in vitro and in vivo (Terpos  2006 ). Osteoprotegerin is a receptor activator for nuclear 
factor k B (RANK) homolog and works by binding to RANKL on osteoblast/stro-
mal cells, thus blocking the RANKL-RANK ligand interaction between these cells 
and osteoclast precursors. This has the effect of inhibiting the differentiation of the 
osteoclast precursor into a mature osteoclast. 
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 Receptor Activator for Nuclear Factor k B (RANK) is a type I membrane protein 
that is expressed on the surface of osteoclasts and is involved in their activation 
upon ligand binding. RANK is also expressed on dendritic cells and facilitates 
immune signalling. 

 Receptor Activator for Nuclear Factor k B Ligand (RANKL) is found on the 
surface of osteoblasts, but also stromal cells, and T cells. 

 The potential of the OPG/RANKL determinations have been investigated in sev-
eral studies. A large prospective population study on fracture risk and OPG/RANKL 
quotients in 2004 showed an association with higher risk for low trauma fractures 
and low RANKL levels independent of age, sex, menopausal status and OPG levels 
(Schett et al.  2004 ). This was attributed to suppressed bone turnover with accumula-
tion of microdamage and reduced bone quality. However, these results have not 
been confi rmed by further studies. By contrast, low OPG levels have been associ-
ated with prevalent vertebral fractures in postmenopausal osteoporosis patients and 
transplant recipients. However, there are also studies with no differences of OPG 
levels between patients with or without fractures and recent studies showing an 
association between high fracture risk and high OPG levels (Li et al.  2009 ), possibly 
related to immunological diseases. 

  Usability/Utility     During the past decade, there was no clear answer whether OPG 
or RANKL determinations might be of further help in the diagnosis and risk deter-
mination of osteoporosis. This could be related to the major role of OPG/RANKL 
not only in bone metabolism but also in immune regulation. However, OPG/RANKL 
determinations might be useful in special clinical conditions.   

6.2.7     New Markers 

 With the discovery of several new pathways in bone metabolism, a number of inter-
esting substances were identifi ed as promising new candidates for bone serum 
biomarkers. 

 In addition to serum proteins, other molecules, such as small single-stranded, 
non-coding RNAs (ribonucleic acid), named microRNAs are potential new bio-
markers with specifi c profi les in several bone diseases (Hassan et al.  2015 ; Ulbing 
and Obermayer-Pietsch  2015 ). 

6.2.7.1     Cathepsin K 
 Cathepsin K is a lysosomal cysteine protease, a member of the peptidase C1 protein 
family, which has an optimal enzymatic activity in acidic conditions. It is synthe-
sized as a proenzyme with a molecular weight of 37 kDa and transformed into the 
mature, active form with a molecular weight of ~27 kDa. Its origin is osteoclasts, 
but it may also be found in bone giant cell tumours. The enzyme’s ability to catabo-
lize elastin, collagen, and gelatin allow it to break down the bone and cartilage. 
Cathepsin K expression is stimulated by infl ammatory cytokines and is associated 
with the initiation of the osteoclastic brush border, earlier than the appearance of 
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TRAP during the bone resorption process. Its catabolic activity is regulated by 
 cystatin D, an endogenous inhibitor of cysteine proteases (Holzer et al.  2005 ). 

  Usability/Utility     Cathepsin K inhibitors, such as odanacatib, show great potential 
in the treatment of osteoporosis. The use of cathepsin K in clinical routine measure-
ments will depend on the outcome of current studies and on a possible relationship 
to indication and monitoring in osteoporosis patients as well as in patients with 
other forms of metabolic bone disease.   

6.2.7.2     Matrix Metalloproteinases: MMPs 
 Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases belonging to 
a family of at least 28 secreted or transmembrane proteases. They are collectively 
capable of processing and degrading various proteins, but also a number of bioactive 
molecules (Egeblad and Werb  2002 ). In addition, they are known to be involved in 
the cleavage of cell surface receptors, the release of apoptotic ligands, and chemo-
kine/cytokine in/activation. MMPs also play a major role in cell proliferation, migra-
tion (adhesion/dispersion), differentiation, angiogenesis, apoptosis and host defence. 

 The major difference to other endopeptidases is their dependence on metal ions 
as cofactors, their ability to degrade extracellular matrix, and their specifi c evolu-
tionary highly conserved DNA sequence. The role of MMPs in bone metabolism is 
far from being entirely understood but will probably play an important role in rheu-
matic diseases and therapy assignment (Pelletier et al.  2010 ). 

  Usability/Utility     MMPs have potential effects on the expansion of metastasis but 
are also considered important in rheumatoid and degenerative arthritis. The usabil-
ity of these parameters in clinical routine has to be evaluated further in the future.   

6.2.7.3     Bone Sialoprotein 
 Bone sialoprotein (BSP), a glycopeptide with high sialic acid content, is a compo-
nent of mineralized tissues formed by osteoblasts and osteoclasts. Native BSP has a 
molecular weight varying between 33 and 80 kDa. It is a signifi cant component of 
the bone extracellular matrix and has been suggested to constitute approximately 
8 % of all noncollagenous proteins in the bone. BSP-1, also called osteopontin, is a 
cell-binding sialoprotein or integrin-binding sialoprotein and belongs to the “ s mall 
 i ntegrin  b inding  li gand  N -linked  g lycoprotein” (SIBLINGs) family. It has been 
demonstrated that BSP is extensively modifi ed post-translationally, which makes 
the protein highly heterogeneous. 

 The amount of BSP in the bone and dentin is roughly equal; however, the  function 
of BSP in these mineralized tissues is not known. One possibility is that BSP acts as 
a nucleus for the formation of the fi rst apatite crystals. As the apatite forms along 
the collagen fi bres within the extracellular matrix, BSP could then help direct, redi-
rect or inhibit the crystal growth. However, BSP also supports osteoclast formation 
by RANKL and inhibits their apoptosis. Therefore, circulating levels of BSP might 
correlate to bone metastasis formation. Additional roles of BSP are MMP-2 activa-
tion, angiogenesis and protection from complement-mediated cell lysis. 
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  Usability/Utility     Bone sialoprotein has been found of value in assessing bone 
metastases in cancer as well as in some special conditions in metabolic bone dis-
ease. These promising results must still be confi rmed in large trials. However, com-
binations of markers have at times helped in assessing cancer stages and lytic bone 
disease and in monitoring specifi c treatment modalities.   

6.2.7.4     Osteonectin (SPARC) 
 Osteonectin (also referred to as secreted acidic cysteine-rich protein, SPARC) is an 
acidic glycoprotein in the bone with a molecular weight of 43 kDa that binds cal-
cium protein at the N-terminal acidic region. It is secreted by osteoblasts during 
bone formation, initiating mineralization and promoting mineral crystal formation. 
Osteonectin also shows affi nity for collagen in addition to bone mineral calcium. It 
is a secreted extracellular matrix glycoprotein that plays a vital role in bone miner-
alization, cell-matrix interactions, and collagen binding. 

 Osteonectin shows context-specifi c effects, but generally inhibits adhesion, 
spreading and proliferation, and promotes collagen matrix formation. It increases the 
production and activity of matrix metalloproteinases, a function important to cancer 
cells invading the bone. For endothelial cells, osteonectin disrupts focal adhesions 
and binds and sequesters platelet-derived growth factor (PDGF) and vascular 
 endothelial growth factor (VEGF). Osteonectin is abundantly expressed in the bone, 
where it promotes osteoblast differentiation and inhibits adipogenesis. Additional 
functions of osteonectin have been described as benefi cial to tumour cells including 
angiogenesis, proliferation and migration. A really new topic is osteonectin derived 
from adipose tissue associated with insulin resistance and diabetic retinopathy, 
nephropathy as well as adipose tissue fi brosis (Kos and Wilding  2010 ). 

  Usability/Utility     Overexpression of osteonectin is reported in many human can-
cers such as breast, prostate and colon cancer and might therefore be of increasing 
interest for the searching of bone metastases, but also for osteoclast function in 
metabolic bone disease and for insulin regulation in obesity.   

6.2.7.5     Phosphatonins: FGF23 
 Fibroblast growth factor 23 (FGF23), encoded by the FGF23 gene, is a member of the 
fi broblast growth factor family which is responsible for phosphate metabolism. The 
FGF23 gene is located on chromosome 12 and is composed of three exons. Mutations 
in FGF23 render the protein resistant to proteolytic cleavage. They lead to increased 
activity of FGF23 and to renal phosphate loss as found in the human disease autoso-
mal dominant hypophosphataemic rickets (Ramon et al.  2010 ). Some types of tumours 
also overproduce FGF23, causing tumour-induced osteomalacia. Loss of FGF23 
activity has been shown to increase phosphate levels and develop tumour calcinosis. 

 The study of several renal phosphate wasting disorders resulted in the identifi ca-
tion of four factors with the predicted characteristics of phosphatonins, namely, fi bro-
blast growth factor 23 (FGF23), secreted Frizzled related protein-4 (sFRP-4), matrix 
extracellular phosphoglycoprotein (MEPE), and FGF7. Increased serum phosphate, 
vitamin D, and probably PTH levels stimulate FGF23 production by the bone (Ramon 
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et al.  2010 ). During vitamin D replacement therapy, decreased FGF23 concentrations 
decline further and may again have a favourable impact on bone mineralization by 
counterregulatory effects on phosphate homeostasis (Uzum et al.  2010 ). 

  Usability/Utility     The usefulness of FGF23 in clinical settings is not only restricted 
to the differential diagnosis of tumours and hereditary forms of hypo- and hyper-
phosphataemia. Several studies on phosphate therapy showed a tight reaction of 
FGF23 levels on phosphate interventions. The determination of this phosphatonin 
has therefore been shown to be useful in the follow-up of patients with renal dis-
eases as well as for oncological patients with newly diagnosed disturbances of elec-
trolyte balance.   

6.2.7.6     Wnt Associated Proteins and Receptors 
 The Wnt signalling pathway includes many receptors, agonists and antagonists and 
has been elucidated during the past years. This signalling system contributes to 
bone formation and mechanoreception. 

   Secreted Frizzled-Related Proteins 
 Secreted frizzled-related proteins (SFRP1 SFRP2, SFRP3, SFRP4, SFRP5) with a 
molecular weight of about 35 kDa are members of the secreted frizzled-related 
proteins (SFRP) family that contains a cysteine-rich domain homologous to the 
putative Wnt-binding site of frizzled proteins. SFRPs act as soluble modulators of 
Wnt signalling. Each SFRP is ~300 amino acids in length and contains a cysteine- 
rich domain that shares 30–50 % of sequence homology with frizzled (Fz) recep-
tors. SFRPs are able to bind Wnt proteins and Fz receptors in the extracellular 
compartment. The interaction between SFRPs and Wnt proteins prevents the latter 
from binding the Fz receptors. SFRPs are also able to downregulate Wnt signalling 
by the formation of an inhibitory complex with the frizzled receptors. The Wnt 
pathway plays a key role in embryonic development, cell differentiation and cell 
proliferation. It has been shown that the deregulation of this critical developmental 
pathway occurs in several human tumour entities. 

  Usability/Utility     Due to their frequent involvement in breast cancer, SFRPs have 
been investigated as bone markers in bone metastasis and metabolic bone disease. 
However, the clinical use of SFRP determination might increase with some more 
specifi c knowledge on its importance in diagnosis of metabolic changes or during 
therapy regimens.   

   Dickkopf-1 
 Dickkopf-1 (DKK1) is another analyte of the Wnt signalling cascade that has been 
developed to characterize bone metabolism and is encoded by the DKK1 gene. It is 
a secreted protein with two cysteine-rich regions involved in embryonic develop-
ment through its inhibition of the Wnt signalling pathway. 

 Besides a negative correlation to bone mass (Macdonald et al.  2007 ), elevated 
levels of DKK1 in bone marrow, plasma and peripheral blood have been shown to 
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be associated with the presence of osteolytic bone lesions in patients with multiple 
myeloma. The regulation of canonical Wnt signalling by DKK1 may act as a molec-
ular switch mediating the transition from an osteolytic to an osteoblastic response. 
Therefore, blocking DKK1 activity may prove to be a relevant therapeutic target in 
the prevention of bone metastasis (Hall and Keller  2006 ). 

  Usability/Utility     DKK1 determination is based on several available kits and might 
be of help for bone metastasis detection. Further research and clinical studies will 
increase the potential of this biomarker.    

6.2.7.7     Sclerostin 
 Sclerostin, the product of the SOST gene, was originally believed to be a non- 
classical inhibitor of bone morphogenetic protein (BMP) but has fi nally been identi-
fi ed as binding to LRP5/6 receptors and inhibiting the Wnt signalling pathway. It is 
produced by osteocytes. Wnt activation under these circumstances is antagonistic to 
bone formation. Sclerostin may be of increasing importance as a marker of osteo-
cytes, accounting for most of the mature bone cells, however neglected over the past 
years. Mature osteocytes are sensors for mechanical loading of bone that inhibit 
osteoclasts and stimulate osteoblasts (Bonewald  2007 ). Many new results link 
osteocytes with osteoblastic cell contacts and microfractures (Taylor et al.  2007 ). 

 The currently investigated anti-sclerostin antibody for the treatment of osteopo-
rosis codeveloped by Amgen and UCB introduces a new focus of therapy for the 
future and may require some sclerostin determination. The reaction of sclerostin 
levels has been recently investigated in several trials. Whereas bisphosphonates had 
no substantial effects due to a general non-activation of osteocytes, oestrogen 
replacement therapy (Mirza et al.  2010 ) and PTH osteoanabolic therapy (Drake 
et al.  2010 ) induced signifi cant changes in sclerostin levels. 

  Usability/Utility     Sclerostin inhibitors have been developed as a new generation of 
medication for osteoporosis. The clinical usefulness of sclerostin measurements 
will depend on further investigations on diagnostic and monitoring applications for 
metabolic and oncologic bone diseases.     

6.3     Analytics 

6.3.1     Preanalytics 

 The analytical process starts with the selection and preparation of the patients and 
comprises blood drawing, the performance and validation of the analytical measure-
ment as well as the presentation and interpretation of the gained data. 

 Many of the recent tests have required extensive work for the specifi city and 
reproducibility of the results under controlled conditions. However, the main prob-
lem might lie far before the controlling of laboratory techniques. 
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 A main source of variability is the preanalytical phase, where patient conditions 
are very diffi cult to standardize. It is therefore strictly recommended to use bio-
markers known to have a robust performance on their way from the patient to analy-
sis and validation. 

 Some clinical conditions are crucial for the choice of bone biomarkers: renal 
elimination has been shown for collagen products, crosslaps and osteocalcin. They 
had been characterized in urine and tests had been routinely used, mainly before 
serum measurements were made available. Although many publications have used 
urinary assays, these determinations have been replaced by serum analyses. First, 
the provision of material was sometimes diffi cult or not scheduled at the right time. 
Second, 24 h sampling or even more spot urine measurements were prone to mis-
takes by patients or staff. Third, interfering admixture by nutrition or medication 
may have raised problems. 

6.3.1.1     Circadian Rhythms 
 A clear circadian rhythm has been documented both for PTH and biomarkers of 
bone formation and degradation. Amplitudes of these undulations are different for 
each marker. The maximum level of most of these biomarkers is reached during 
sleep. Blood drawing should therefore always be restricted to the same hours in the 
morning after an at least overnight fast.  

6.3.1.2     Nutrition 
 The dependence of biomarkers of bone metabolism on dietary infl uences has been 
known for some years. In an initial study, serum crosslaps levels varied during the 
day with a maximum at about 05:00 in the morning and a minimum at about 14:00 in 
the afternoon. The variation had a magnitude of about 40 % around the 24 h mean 
and was independent of menopause, bone mass, and bed rest (Qvist et al.  2002 ). In a 
cross-over study, bone resorption was reduced by intake of glucose, fat, and protein 
and counteracted by fasting, independent of age and gender. Both exogenous and 
endogenous insulin stimulation tests induced a decrease in bone resorption by 50 %, 
but this was only modest when compared with the reduction observed during food 
intake (Bjarnason et al.  2002 ). Blood drawing should therefore always be carried out 
under the same conditions, preferentially in the morning after an overnight fast. 

 There is an additional role of dietary protein in bone health, which has been con-
troversially discussed. A very recent publication shows an additional modest benefi -
cial long-term effect of protein-rich nutrition on bone markers and bone density 
(Jesudason and Clifton  2011 ).  

6.3.1.3     Stability 
 Stability of bone biomarkers has been reported controversially and general state-
ments are diffi cult. Most of the analytes – except for small well-defi ned molecules – 
are very heterogeneous substances and may even differ interindividually. Epitope 
specifi city is therefore often rare and might be subject of change due to sample 
taking, transportation, and storage. 
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 Cross-reactions between epitopes and antibodies might further infl uence the sta-
bility of the results. 

 For longer storage, some specifi c publications describe collagen products such as 
PINP and serum crosslaps as stable in serum for at least 48 h at room temperature, 
7 days at 2–8 °C, and frozen for at least 6 months at −20 to −80 °C (Lomeo and 
Bolner  2000 ). In summary, storage of serum and urine samples for bone metabolism 
markers at 2–8 °C can be delayed for at least 1 week; for long-term storage, (deep) 
freezing of the sample provides molecular stability for several months for most 
analytes.   

6.3.2     Interpretation 

 Problems with the analysis per se and problems with the interpretation due to envi-
ronmental factors are inherent issues not only of bone biomarkers. 

6.3.2.1     Disturbances During Analysis 
 Many of the presented bone biomarkers can be measured by commercially available 
assays. Most of them use common technologies like RIAs or ELISAs. However, 
problems with divergent epitope structure such as in collagen metabolites, interfer-
ence of other molecules or haemolysis, degradation prior to measurement as in 
enzymes like TRAP 5b and many other infl uences may contribute to results that 
may not be reproducible or scatter a lot. Experienced labs have therefore introduced 
validation and standardization steps during implementation and routine assay per-
formance. Special standard operating procedures and a clear documentation for all 
analytical steps should therefore be obligatory in all labs performing bone marker 
analyses.  

6.3.2.2     Therapeutic Influences 
 As stated in the sections on changes during bone therapy, bone biomarkers are very 
much infl uenced by all kinds of osteotropic therapies. Whereas bone resorption 
markers decrease signifi cantly during antiresorptive medication, biomarkers of 
bone formation and resorption may greatly increase during osteoanabolic therapy, 
even after prior antiresorptive treatment. Interpretation of lab values has therefore to 
take into account both therapy regimens and the interval between medication intake 
and blood drawing.  

6.3.2.3     Increasing Standardization 
 In 2011, the International Osteoporosis Foundation (IOF) and the International 
Federation of Clinical Chemistry and Laboratory Medicine Working Group 
(IFCC-WG) (Vasikaran et al.  2011 ) suggested serum concentrations of PINP and 
CTX as bone biomarker reference analytes, which should be used in clinical trials and 
observational studies related to osteoporosis. Many of the biomarker tests currently 
used have been validated by their customers and should again be optimized in the 
respective user lab. Standardization of bone biomarkers were done in large sample 
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collection procedures in the USA and Germany, where reference range for one bone 
formation (PINP) and one bone resorption (CTX) markers and assays used in clinical 
laboratories have been performed (Bauer et al.  2012 ; Michelsen et al.  2013 ). The 
projects build on the recommendations of the IOF/IFCC Bone Marker Standards 
Working Group for the most promising markers identifi ed. 

 Issues of diverging standardization are currently conducted by a number of inter-
national consortia. Different marker units used in different countries are well known. 
25(OH) vitamin D is an example with the use of ng/ml in Europe and the use of 
nmol/ml in the USA (conversion: ng/ml × 2,496 = nmol/l). In addition, more com-
plex phenomena have been targeted in terms of bioavailability and technical detec-
tion between total vitamin D immunoassays due to various cross-reactivities of their 
metabolites (Lee et al.  2015 ). These problems have been recognized, and many 
institutions are currently working on more general recommendations and standard-
izations for the most frequently used biomarkers, e.g. again 25(OH) vitamin D for 
assay and normal value standardization as by the Vitamin D Standardization 
Programme (VDSP), available at ods.od.nih.gov/Research/vdsp.aspx.  

6.3.2.4     Age and Gender 
 Biomarkers are prone to change, especially during age. As the skeleton evolves and 
reacts to the age-specifi c requirements, bone biomarkers may be elevated during 
phases of growth and more decreased during phases of “rest”. The differences in 
female and male skeletons and disease incidences have been known for decades or 
a priori and should be characterized separately, except for several regulators such as 
PTH and 25(OH) vitamin D. 

 The problem of confi ning “normal” serum biomarker values includes the avail-
ability of higher numbers of disease-free, medication-free, gender-equated and age- 
distributed persons who have to be phenotyped for as many bone characteristics and 
concomitant variables as possible. Based on these conditions, recent advances have 
been made in the interpretation of method-specifi c reference interval in large, gen-
der- or age-controlled groups (Michelsen et al.  2013 ). Further efforts using complex 
biobanking systems as well as international consortia are on the way to optimize 
these issues.  

6.3.2.5      Reference Ranges and Least Significant Change 
 The most intensively studied group of persons using bone biomarkers are post-
menopausal women, being the fi rst group of interest for the diagnosis and treatment 
of osteoporosis. Premenopausal and male subjects have been identifi ed as diagnos-
tic and therapeutic targets more recently. Recent studies have standardized biomark-
ers of interest, such as a report of Michelsen et al. on an intensively characterized, 
large reference population (1107 men, 832 pre- and postmenopausal women) free of 
bone-related diseases to determine robust reference intervals for serum concentra-
tions of PINP, BAP and CTX in adult men and pre- and postmenopausal women 
(Michelsen et al.  2013 ). 

 Normal values for these age and gender groups have now been established for 
most of the current parameters, but not for the new generation of more specifi c bone 
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assays. Children and their normal values are of special interest to researchers and 
paediatricians, but studies on healthy children are diffi cult to conduct (Rauchenzauner 
et al.  2007 ). However, normal values should be evaluated in the given population 
and environment wherever possible to be used for routine applications. 

 Two ways of interpretation of bone marker changes have been established: First, 
the least signifi cant change (LSC) identifying the minimum change that can be 
attributed to treatment effect rather than random variation of the marker. The LSC 
is expressed as % change or absolute units and serves as target for treatment being 
to reduce the bone marker by at LSC. Alternatively, a second approach is the use of 
reference intervals (RI). These intervals may also be targets for treatment to decrease 
bone turnover markers to the lower half of the respective healthy range. However, 
while this approach would be easily applied in clinical practise, not all patients are 
above the RI mean before starting treatment and individual changes might better be 
described by the LSC model (Naylor et al.  2016 ). 

 Using these new interpretation tools of bone turnover markers, the International 
Osteoporosis Foundation (IOF) has proposed that failure to respond to treatment 
might be defi ned as:

•    Two or more incident fragility fractures  
•   Lack of a response of bone turnover markers and a signifi cant decrease in BMD    

 These points indicate a new role of bone turnover markers in the treatment of 
osteoporosis and other potential diseases of bone metabolism.  

6.3.2.6     Representation of Bone Marker Dynamics 
 Biochemical markers of bone turnover refl ect resorptive and reconstructive effects on 
the skeleton. Although elevated markers are commonly interpreted as a sign of an 
increased turnover rate, the balance between bone resorption and formation is mostly 
neglected. Two methods of standardization have been invented: fi rst, the uncoupling 
index (the difference of z-scores from resorption and formation markers in urine and 
serum), which estimates balance and not turnover rate (Eastell et al.  1993 ), and sec-
ond, more recently, a bone marker plot (Bieglmayer and Kudlacek  2009 ) based on 
the combined analysis of serum formation and resorption markers was established, 
assuming a skewed distribution of the biomarkers. The graphic method is designed 
to report both on individual- and on group-specifi c changes in bone metabolism 
refl ected by bone markers.    

6.4     Utility of the Determination of Serum Markers of Bone 
Metabolism 

6.4.1     Fracture Prediction 

 High bone remodelling rates have been associated with an increased risk of frac-
tures (Johansson et al.  2014 ). Large epidemiologic studies have demonstrated that 
bone turnover is an independent contributor to fracture risk. Combining a bone 
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biomarker with bone density showed an additive effect on fracture risk, e.g. in the 
Os des Femmes de Lyon (OFELY) and the Epidemiologie de l’Ostéoporose 
(EPIDOS) studies (Garnero et al.  2000 ). In the OFELY study, women in the highest 
quartile of bone biomarkers had a twofold higher risk of fractures compared with 
women with low markers of bone turnover. 

 Recent studies (Vasikaran et al.  2011 ; Dachverband Osteologie  2014 ) suggested 
that bone biomarkers may help to identify individual patients at increased risk of 
bone fractures. The recently published German guideline for prevention, diagnosis 
and therapy of osteoporosis (Dachverband Osteologie  2014 ) recommends the mea-
surement of biomarkers of bone turnover in individual cases.  

6.4.2     Therapy Monitoring and Response to Therapy 

 By using and interpreting bone turnover rates, the biologic action of therapies can be 
assessed, e.g. the therapeutic effi cacy of antiresorptive agents. Bone biomarkers rap-
idly decrease during bisphosphonate therapy in postmenopausal women, and these 
changes are associated with increased bone mass and/or fracture rate reduction. 

 Nonetheless, the notion that fracture risk reduction is associated with a decrease in 
bone biomarkers during therapy is supported by all studies on oral or intravenous 
bisphosphonates. Similar results exist for alendronate, risedronate and ibandronate, 
and more recent data also demonstrate that zoledronic acid, administered once annu-
ally for 3 years, resulted in a reduction in vertebral fractures accompanied by a reduc-
tion in CTX, bone ALP, and PINP levels (Black et al.  2007 ). Likewise, similar 
correlations have been reported for other antiresorptive agents. Biochemical responses 
to three oral bisphosphonates were assessed in the TRIO study. This open controlled 
trial randomized 172 patients to alendronate, ibandronate or risedronate, plus calcium 
and vitamin D supplementation for 2 years (Naylor et al.  2016 ). Over 70 % of women 
achieved a target response for serum CTX and PINP, irrespective of the approach used 
and the same proportion responded by BMD with signifi cant differences to nonre-
sponders, which had smaller increases in BMD and decreases bone turnover markers. 
Both approaches to response identifi ed similar proportions of women as responders. 
It was therefore suggested that biochemical assessment of response is a useful tool for 
the management of women with postmenopausal osteoporosis. 

 An opposite reaction is seen during osteoanabolic therapy by the increase of 
bone formation markers, like PINP and bALP, but also by the increase of bone 
resorption biomarkers, e.g. teriparatide (Obermayer-Pietsch et al.  2008 ). The 
changes in bone biomarkers are seen as early as during the fi rst days till the fi rst 
month after the initiation of therapy (Blumsohn et al.  2011 ) and are not dependent 
on prior antiresorptive therapy.  

6.4.3     Compliance and Adherence to Therapy 

 Patients may not always be compliant to therapy regimens, especially over longer 
periods of treatment as requested in bone therapy. Compliance and adherence to 
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treatment is a potentially useful application of bone biomarkers, particularly in the 
case of bone resorption inhibitors. Adherence to oral medications is notoriously 
poor and represents one of the major challenges of reducing the incidence of frac-
tures in the elderly. Bisphosphonates, which must be taken following a strict dosing 
procedure and the introduction of weekly and monthly oral formulations, have only 
slightly improved adherence or persistence. Thus, bone biomarkers could be useful 
in identifying a less than expected suppression of bone turnover, which may suggest 
either persistence failure (i.e. the patient has discontinued treatment), or that the 
patient has not been fully compliant with the dosing regimen (Seibel  2006 ). Such 
fi ndings could then be discussed with the patient and corrective measures be 
implemented. 

 Alternatively, inadequate suppression of bone biomarkers might indicate poor 
intestinal absorption of oral bisphosphonates. Unfortunately, these highly polar 
compounds are poorly absorbed by the intestine (Clowes et al.  2004 ), and low bio-
availability may be more frequent than generally thought, especially in elderly 
patients. This problem might well be a frequent cause of “treatment failure” of oral 
bisphosphonates. In such cases, a change in treatment modality, e.g., switching 
from oral to parenteral delivery or changing to a different agent or class of medica-
tion, should be considered. A new aspect involves least signifi cant changes (LSC) 
that can be attributed to treatment effect rather than random variation of the mark-
ers. Expressed as % change or absolute units, they may be targets for treatment, e.g. 
with bisphosphonates, in reducing the bone marker by at LSC (Neylar  2016 ).  

6.4.4     Selection of Pharmacologic Therapy 

 Based on a profi le of bone biomarkers, therapy decisions may be facilitated: patients 
with accelerated bone turnover tend to lose bone at a faster rate than those with 
normal turnover; therefore, they should be the best candidates for antiresorptive 
therapy. For instance, greater reduction in non-vertebral fractures was observed in 
subjects with high PINP levels after alendronate treatment (Bauer et al.  2006 ). In 
turn, low turnover bone disease has to be excluded from antiresorptive treatments 
and might profi t more from osteoanabolic therapy.   

6.5     Future Aspects 

 Bone biomarkers open a big spectrum of disease research in the bone fi eld. New 
pathways and a challenging number of new biomarkers have been developed 
recently. Together with new therapeutic applications, a more precise and personal-
ized diagnosis and therapy are therefore possible. Quartiles of bone biomarker val-
ues and least signifi cant changes for therapy success will help to use the specifi c 
information in everyday practise. 

 At present, bone biomarkers are more and more used in the clinical setting. 
Methodological improvements make their use more common beyond the clinical 
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trial environment and combine them with currently used morphological methods. 
Comparison of least signifi cant change and reference interval approaches for iden-
tifying women that reach the target response to oral bisphosphonate therapy and 
identifi cation of determinants of response are the most promising approaches in 
recent bone biomarker use. 

 As discussed in this chapter, bone biomarkers have a variety of potential clinical 
applications based on their rapid response to treatment, their value in monitoring 
compliance to medications, and in guiding precise and reliable therapeutic 
decisions. 

 The burden of an ageing society will per se increase the need and knowledge for 
diseases of the skeletal system. Cheap and reliable techniques of individual bone 
characterization will therefore help to ensure public health. 

 In summary, bone biomarkers represent a tool to further intensify the implemen-
tation of personalized medicine with the focus of medical diagnostics and therapy 
on individual persons, as we would all want to claim for ourselves.     

   References 

   Bauer D, Garnero P, Hochberg MC, for the Fracture Intervention Research Group (2006) 
Pretreatment levels of bone turnover and the antifracture effi cacy of alendronate: the fracture 
intervention trial. J Bone Miner Res 21:292–299  

    Bauer D, Krege J, Lane N, Leary E, Libanati C, Miller P, Myers G, Silverman S, Vesper HW, Lee 
D, Payette M, Randall S (2012) National Bone Health Alliance Bone Turnover Marker Project: 
current practices and the need for US harmonization, standardization, and common reference 
ranges. Osteoporos Int 23(10):2425–2433  

     Bieglmayer C, Kudlacek S (2009) The bone marker plot: an innovative method to assess bone 
turnover in women. Eur J Clin Invest 39(3):230–238  

    Bjarnason NH, Henriksen EE, Alexandersen P, Christgau S, Henriksen DB, Christiansen C (2002) 
Mechanism of circadian variation in bone resorption. Bone 30(1):307–313  

    Black DM, Delmas PD, Eastell R (2007) Once-yearly zoledronic acid for treatment of postmeno-
pausal osteoporosis. N Engl J Med 356:1809–1822  

   Blumsohn A, Marin F, Nickelsen T, Brixen K, Sigurdsson G, González de la Vera J, Boonen S, 
Liu-Léage S, Barker C, Eastell R; EUROFORS Study Group (2011) Early changes in bio-
chemical markers of bone turnover and their relationship with bone mineral density changes 
after 24 months of treatment with teriparatide. Osteoporos Int 22(6):1935–1946  

    Bonewald LF (2007) Osteocyte messages from a bony tomb. Cell Metab 5:410–411  
    Chao T-Y, Yi-Ying W, Janckila AJ (2010) Tartrate-resistant acid phosphatase isoform 5b (TRACP 

5b) as a serum maker for cancer with bone metastasis. Clin Chim Acta 411:1553–1564  
    Clowes JA, Peel NF, Eastell R (2004) The impact of monitoring on adherence and persistence with 

antiresorptive treatment for postmenopausal osteoporosis: a randomized controlled trial. J Clin 
Endocrinol Metab 89:1117–1123  

     Dachverband Osteologie e.V (2014) Prophylaxe, Diagnostik und Therapie der OSTEOPOROSE 
bei Männern ab dem 60. Lebensjahr und bei postmenopausalen Frauen. S3-Leitlinie des 
Dachverbands der Deutschsprachigen Wissenschaftlichen Osteologischen Gesellschaften. 
Available at:   http://www.dv-osteologie.org/dvo_leitlinien/osteoporose-leitlinie-2014      

    Drake MT, Srinivasan B, Moedder U, Peterson J, McCready L, Riggs BL, Dwyer D, Stolina M, 
Kostenuik PJ, Khosla S (2010) Intermittent PTH treatment decreases circulating sclerostin 
levels in postmenopausal women. J Clin Endocrinol Metab 95(11):5056–5062  

6 Utility of the Determination of Biomarkers of Bone Metabolism

http://www.dv-osteologie.org/dvo_leitlinien/osteoporose-leitlinie-2014


146

    Eastell R, Robins SP, Colwell T, Assiri AM, Riggs BL, Russell RG (1993) Evaluation of bone 
turnover in type I osteoporosis using biochemical markers specifi c for both bone formation and 
bone resorption. Osteoporos Int 3(5):255–260  

    Egeblad M, Werb Z (2002) New functions for the matrix metalloproteinases in cancer progression. 
Nat Rev Cancer 2(3):161–174  

    Fahrleitner-Pammer A, Herberth J, Browning SR, Obermayer-Pietsch B, Wirnsberger G, Holzer 
H, Dobnig H, Malluche HH (2008) Bone markers predict cardiovascular events in chronic 
kidney disease. J Bone Miner Res 23(11):1850–1858  

    Fritchie K, Zedek D, Grenache DG (2009) The clinical utility of parathyroid hormone-related 
peptide in the assessment of hypercalcemia. Clin Chim Acta 402(1-2):146–149  

    Garnero P, Sornay-Rendu E, Claustrat B, Delmas PD (2000) Biochemical markers of bone turn-
over, endogenous hormones and the risk of fractures in postmenopausal women: the OFELY 
Study. J Bone Miner Res 15:1526–1536  

    Garnero P, Ferreras M, Karsdal MA, Nicamhlaoibh R, Risteli J, Borel O, Qvist P, Delmas PD, 
Foged NT, Delaissé JM (2003) The type I collagen fragments ICTP and CTX reveal distinct 
enzymatic pathways of bone collagen degradation. J Bone Miner Res 18(5):859–867  

    Hall CL, Keller ET (2006) The role of Wnts in bone metastases. Cancer Metastasis Rev 25:551–558  
    Hassan MQ, Tye CE, Stein GS, Lian JB (2015) Non-coding RNAs: epigenetic regulators of bone 

development and homeostasis. Bone 81:746–756  
     Holick MF (2007) Vitamin D defi ciency. N Engl J Med 357(3):266–281  
    Holzer G, Noske H, Lang T, Holzer L, Willinger U (2005) Soluble cathepsin K: a novel marker for 

the prediction of nontraumatic fractures? J Lab Clin Med 146(1):13–17  
    Iba K, Takada J, Yamashita T (2004) The serum level of bone-specifi c alkaline phosphatase activ-

ity is associated with aortic calcifi cation in osteoporosis patients. J Bone Miner Metab 22(6):
594–596  

    Iwamoto J, Sato Y, Takeda T, Matsumoto H (2009) High-dose vitamin K supplementation reduces 
fracture incidence in postmenopausal women: a review of the literature. Nutr Res 29(4):221–228  

    Jesudason D, Clifton P (2011) The interaction between dietary protein and bone health. J Bone 
Miner Metab 29(1):1–14  

    Johansson H, Oden A, Kanis JA, McCloskey EV, Morris HA, Cooper C (2014) A meta-analysis of 
reference markers of bone turnover for prediction of fracture. Calcif Tissue Int 94:560–567  

    Kanazawa I, Yano S, Yamaguchi T, Notsu Y, Nabika T, Sugimoto T (2010) Relationships between 
dimethylarginine and the presence of vertebral fractures in type 2 diabetes mellitus. Clin 
Endocrinol (Oxf) 73(4):463–468  

    Kos K, Wilding JP (2010) SPARC: a key player in the pathologies associated with obesity and 
diabetes. Nat Rev Endocrinol 6(4):225–235  

     Lee JH, Choi JH, Kweon OJ, Park AJ (2015) Discrepancy between vitamin D total immunoassays 
due to various cross-reactivities. J Bone Metab 22(3):107–112  

    Li EK, Tam LS, Griffi th JF, Zhu TY, Li TK, Li M, Wong KC, Chan M, Lam CW, Chu FS, Wong 
KK, Leung PC, Kwok A (2009) High prevalence of asymptomatic vertebral fractures in 
Chinese women with systemic lupus erythematosus. J Rheumatol 36(8):1646–1652  

    Liu Y, Shi Z, Silveira A, Liu J, Sawadogo M, Yang H, Feng X (2003) Involvement of upstream 
stimulatory factors 1 and 2 in RANKL-induced transcription of tartrate-resistant acid phospha-
tase gene during osteoclast differentiation. J Biol Chem 278(23):20603–20611  

    Ljusberg J, Wang Y, Lång P, Norgård M, Dodds R, Hultenby K, Ek-Rylander B, Andersson G 
(2005) Proteolytic excision of a repressive loop domain in tartrate-resistant acid phosphatase 
by cathepsin K in osteoclasts. J Biol Chem 280(31):28370–28381  

    Lomeo A, Bolner A (2000) Stability of several biochemical markers of bone metabolism. Clin 
Chem 46:1200–1202  

    MacCallum SG, Voegtlin C (1909) On the relation of tetany to the parathyroid glands and to cal-
cium metabolism. J Exp Med 11:118–151  

    Macdonald BT, Joiner DM, Yserman SM, Sharma P, Goldstein SA, He X, Hauschka PV (2007) 
Bone mass is inversely proportional to Dkk1 levels in mice. Bone 41:331–339  

B. Obermayer-Pietsch and V. Schwetz



147

      Michelsen J, Wallaschofski H, Friedrich N, Spielhagen C, Rettig R, Ittermann T, Nauck M, 
Hannemann A (2013) Reference intervals for serum concentrations of three bone turnover 
markers for men and women. Bone 57(2):399–404  

    Mirza FS, Padhi ID, Raisz LG, Lorenzo JA (2010) Serum sclerostin levels negatively correlate 
with parathyroid hormone levels and free estrogen index in postmenopausal women. J Clin 
Endocrinol Metab 95(4):1991–1997  

        Naylor KE, Jacques RM, Paggiosi M, Gossiel F, Peel NF, McCloskey EV, Walsh JS, Eastell R 
(2016) Response of bone turnover markers to three oral bisphosphonate therapies in postmeno-
pausal osteoporosis: the TRIO study. Osteoporos Int 27(1):21–31  

    Obermayer-Pietsch BM, Marin F, McCloskey EV, Hadji P, Farrerons J, Boonen S, Audran M, Barker 
C, Anastasilakis AD, Fraser WD, Nickelsen T, EUROFORS Investigators (2008) Effects of two 
years of daily teriparatide treatment on BMD in postmenopausal women with severe osteoporosis 
with and without prior antiresorptive treatment. J Bone Miner Res 23(10):1591–1600  

    Pelletier JP, Raynauld JP, Caron J, Mineau F, Abram F, Dorais M, Haraoui B, Choquette D, Martel- 
Pelletier J (2010) Decrease in serum level of matrix metalloproteinases is predictive of the 
disease-modifying effect of osteoarthritis drugs assessed by quantitative MRI in patients with 
knee osteoarthritis. Ann Rheum Dis 69(12):2095–2101  

    Qvist P, Christgau S, Pedersen BJ, Schlemmer A, Christiansen C (2002) Circadian variation in the 
serum concentration of C-terminal telopeptide of type I collagen (serum CTx): effects of gen-
der, age, menopausal status, posture, daylight, serum cortisol, and fasting. Bone 31(1):57–61  

     Ramon I, Kleynen P, Body JJ, Karmali R (2010) Fibroblast growth factor 23 and its role in phos-
phate homeostasis. Eur J Endocrinol 162(1):1–10  

    Rauchenzauner M, Schmid A, Heinz-Erian P, Kapelari K, Falkensammer G, Griesmacher A, 
Finkenstedt G, Högler W (2007) Sex- and age-specifi c reference curves for serum markers of 
bone turnover in healthy children from 2 months to 18 years. J Clin Endocrinol Metab 
92(2):443–449  

    Rennenberg RJ, de Leeuw PW, Kessels AG, Schurgers LJ, Vermeer C, van Engelshoven JM, 
Kemerink GJ, Kroon AA (2010) Calcium scores and matrix Gla protein levels: association 
with vitamin K status. Eur J Clin Invest 40(4):344–349  

    Roberts HC, Knott L, Avery NC, Cox TM, Evans MJ, Hayman AR (2007) Altered collagen in 
tartrate-resistant acid phosphatase (TRAP)-defi cient mice: a role for TRAP in bone collagen 
metabolism. Calcif Tissue Int 80(6):400–410  

    Schett G, Kiechl S, Redlich K, Oberhollenzer F, Weger S, Egger G, Mayr A, Jocher J, Xu bQ, 
Pietschmann P, Teitelbaum S, Smolen J, Willeit J (2004) Soluble RANKL and risk of nontrau-
matic fracture. JAMA 291(9):1108–1113  

    Schwetz V, Pieber T, Obermayer-Pietsch B (2012) The endocrine role of the skeleton: background 
and clinical evidence. Eur J Endocrinol 166(6):959–967  

    Seibel MJ (2006) Biochemical markers of bone turnover part II: clinical applications in the man-
agement of osteoporosis. Clin Biochem Rev 27:123–138  

    Souberbielle JC, Cavalier E, Jean G (2010a) Interpretation of serum parathyroid hormone concen-
trations in dialysis patients: what do the KDIGO guidelines change for the clinical laboratory? 
Clin Chem Lab Med 48(6):769–774  

    Souberbielle JC, Roth H, Fouque DP (2010b) Parathyroid hormone measurement in CKD. Kidney 
Int 77(2):93–100  

    Taylor AF, Saunders MM, Shingle DL, Cimbala JM, Zhou Z, Donahue HJ (2007) Mechanically 
stimulated osteocytes regulate osteoblastic activity via gap junctions. Am J Physiol 
292:C545–C552  

    Terpos E (2006) Biochemical markers of bone metabolism in multiple myeloma. Cancer Treat Rev 
32:15–19  

    Ulbing M, Obermayer-Pietsch B (2015) MicroRNAs in bone, overview and clinical signifi cance. 
Osteologie 24:219–224  

    Ureña Torres P (2006) The need for reliable serum parathyroid hormone measurements. Kidney Int 
70(2):240–243  

6 Utility of the Determination of Biomarkers of Bone Metabolism



148

    Uzum AK, Salman S, Telci A, Boztepe H, Tanakol R, Alagol F, Ozbey NC (2010) Effects of vita-
min D replacement therapy on serum FGF23 concentrations in vitamin D-defi cient women in 
short term. Eur J Endocrinol 163(5):825–831  

    Vasikaran SR, Eastell O, Bruyere AJ, Foldes P, Garnero A, Griesmacher A, McClung M, Morris 
HA, Silverman S, Trenti T, Wahl DA, Cooper C, Kanis JA; IOF-IFCC Bone Marker Standards 
Working Group (2011) Markers of bone turnover for the prediction of fracture risk and moni-
toring of osteoporosis treatment: a need for international reference standards. Osteoporos Int 
22(2):391–420  

    Wang WM, Ge GX, Lim NH, Nagase H, Greenspan DS (2006) TIMP-3 inhibits the procollagen 
N-proteinase ADAMTS-2. Biochem J 398(3):515–519  

    Whyte MP (2010) Physiological role of alkaline phosphatase explored in hypophosphatasia. Ann 
N Y Acad Sci 1192:190–200    

B. Obermayer-Pietsch and V. Schwetz



149© Springer International Publishing Switzerland 2016
P. Pietschmann (ed.), Principles of Osteoimmunology, 
DOI 10.1007/978-3-319-34238-2_7

        P.   Mikosch , M D      
  Department of Internal Medicine ,  State Hospital Oberpullendorf , 
  Spitalgasse 23 ,  Oberpullendorf   7350 ,  Austria   
 e-mail: peter.mikosch@krages.at  

  7      Osteoporosis: Pathophysiology 
and Clinical Aspects                     

     Peter     Mikosch    

7.1          Osteoporosis, a Worldwide Disease with High 
Economic Burden 

 Osteoporosis has become a major health issue over the last years due to the steadily 
increasing life expectancy. Osteoporosis is estimated to affect 75 million people in 
the United States, Europe, and Japan and about 200 million women worldwide – 
approximately one-tenth of women aged 60, one-fi fth of women aged 70, two-fi fths 
of women aged 80, and two-thirds of women aged 90. Worldwide, one in three 
women over age 50 will experience osteoporotic fractures and one in fi ve men aged 
over 50. Overall, 61 % of osteoporotic fractures occur in women, with a female-to- 
male ratio of 1.6 (Johnell and Kanis  2006 ). 

 For the year 2000, there were an estimated nine million new osteoporotic 
fractures, of which 1.6 million were at the hip, 1.7 million were at the forearm, 
and 1.4 million were clinical vertebral fractures. Europe and the Americas 
accounted for 51 % of all these fractures, while most of the remainder occurred 
in the Western Pacifi c region and Southeast Asia (Johnell and Kanis  2006 ). Based 
on these fracture data, an osteoporotic fracture occurs every 3 s (Johnell and 
Kanis  2006 ). In line with the demographic development, fractures of the humerus, 
wrist, or hip will occur noticeably more often during the next four decades 
(Lohmann et al.  2007 ). The number of patients with hip fractures will increase to 
170 % of present-day numbers and in the age group over 80 years to 250 % 
(Lohmann et al.  2007 ). 
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 In the United States, over ten million have been diagnosed with osteoporosis 
causing direct medical costs of 17 billion dollars (Tosteson et al.  2005 ). In 
Germany, 7.8 million (6.5 million women) were affected by osteoporosis in 2003 
(Häussler et al.  2007 ). At least one clinical fracture was present in 4.3 % of these 
patients leading to direct costs of 5.4 billion euro, although only 21.7 % of the 
patients were treated with anti- osteoporotic drugs as shown in a recent study from 
Germany (Häussler et al.  2007 ). Considering only osteoporosis-attributable hip 
fractures, 108,341 occurred in Germany in 2002 resulting in costs of almost three 
billion euro, which will more than double according to estimations in 2050 
(Konnopka et al.  2009 ). These already tremendous costs of health care linked to 
osteoporosis are further alarming, as a care gap with underdiagnosis and under-
treatment of the entity has been stressed in several studies (Pietschmann et al. 
 2010 ; Wright  2007 ; Haaland et al.  2009 ; Metge et al.  2008 ; Papaioannou et al. 
 2008 ; Giangregorio et al.  2009 ; Kamal  2005 ). Improvements in diagnostic strate-
gies, the diagnostic workup in the context of interdisciplinary settings, are war-
ranted in order to optimize the management and care of patients with osteoporosis. 
The basis of such an aim has to be set up with a better and broader understanding 
of the pathophysiology, clinical presentation, interactions with other disorders, 
and the currently available therapeutic possibilities. 

 Before discussing the pathophysiological mechanisms on the cellular and intra-
cellular level, a short description of the clinical presentation of patients with osteo-
porosis and the development of bone mass during lifetime will be presented in order 
to show the connection between clinical appearance of osteoporosis and its underly-
ing cellular mechanisms.  

7.2     Balance of Bone Remodeling During Lifetime 
and the Development of Bone Fragility 

 Bones and the skeleton resemble a static organ giving shape to the human body and 
protection to certain organs such as the brain, heart, and lungs. It is also a niche for 
mesenchymal and hematopoietic progenitors with the bone marrow being the place 
of blood production. However, bone is a highly vivid and dynamic organ being 
constantly molded, shaped, and repaired in order to meet the changing demands 
throughout life. This process of constant restructuring is termed remodeling, which 
is a coupled process involving bone resorption by osteoclasts and new bone forma-
tion by osteoblasts (Teitelbaum  2007 ). The action of osteoblasts and osteoclasts in 
bone remodeling resembles a delicately balanced process that ensures the continual 
replacement of old bone, weakened by microfractures, with new bone. Failure to 
reach peak bone mass or the uncoupling of remodeling can result in bone fragility. 
Bone formation exceeds bone resorption during the years of the growing skeleton in 
childhood and early adolescence, fi nally reaching peak bone mass at the age of 
30–40 years. In the following years, the balance between bone formation and bone 
resorption changes toward dominance of bone resorption over bone formation, lead-
ing to continuous loss of bone tissue. This loss of bone tissue and also its decline in 
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means of quality and structural integrity with increasing age lead to a state of 
increased bone fragility.  

7.3     Clinical Presentation of Patients with Osteoporosis 

 In its current defi nition, osteoporosis is characterized as a disorder of the skeleton 
with a decrease in bone mass and structural deterioration of bone tissue, leading to 
bone fragility and increased susceptibility to fractures of the hip, spine, and wrist 
(NIH Consensus Development Panel on Osteoporosis Prevention, Diagnosis, and 
Therapy  2001 ). After achieving peak bone mass at the age of 30–40 years, patients 
start to steadily loose bone due to the imbalance of bone formation and bone resorp-
tion in favor of bone resorption. This process of bone loss is accelerated in women 
with the onset of menopause. Initially patients will not face any symptoms as long 
as loss of bone mass, deterioration of microarchitecture, and the decline of quality 
in bone material will be limited. With ongoing age, however, the stability of bone 
will deteriorate to such a level that even without severe traumatic events, micro-
cracks within bone will not be fully repaired anymore. The morphological changes 
associated with osteoporosis start within the central skeleton. The consequences are 
a slow but steady deformity and loss of height of the vertebrae, which are part of the 
weight bearing skeleton. The fi rst regions of the vertebral column affected by these 
changes are the lower parts of the thoracic spine and the upper part of the lumbar 
spine. The kyphosis of the thoracic vertebral column increases, leading to a forward 
curving of the body and in severe cases to a clearly visible hump (“Dowager’s 
hump”). In addition, patients are facing a progressive loss of height. The increased 
kyphosis of the thoracic spine and the loss of height are the fi rst clinical signs of 
osteoporosis. At this stage, patients may develop back pain which may be due to the 
changed static situation. Besides a slow and steady loss of vertebral height, the fi rst 
vertebral fractures may also emerge, followed by severe local back pain. In progres-
sive stages, patients have lost several centimeters of height and usually present 
severe kyphosis of the thoracic spine. In addition, secondary to these changes, the 
arms of the patients seem to be elongated in relation to the patient’s height and the 
abdomen, and lungs are compressed, leading to a protruding abdomen and eventu-
ally to shortness of breath and pulmonary symptoms of restrictive lung disease. 
With ongoing age, the progressive loss of bone mass and bone quality will make the 
bone so fragile that simple falls during daily life will lead to fractures, most com-
monly hip fractures but also to fractures of the shoulders and the upper- or the fore-
arms. In the elderly, hip fractures are most common and will cause increased 
morbidity and mortality. Elderly people who have sustained a hip fracture will fully 
recover only in a small percentage, most face smaller or larger impairments and 
losses of abilities after a hip fracture. About 20% will die within 1 year after a hip 
fracture. Very severe cases may even face spontaneous fracture without a fall or any 
trauma. The deformity of the vertebral column and chronic back pain severely 
impairs the quality of life of the patients. Patients will often become dependent on 
assistance in order to perform the daily life activities. Furthermore, anxiety to fall 
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often leads to possible social retraction and isolation, as patients will not be able or 
willing to leave their homes anymore. Thus, in this respect, osteoporosis then 
becomes not only a disease affecting the bone but actually affects the life of the 
patient by severely impairing his mobility, independence, and mental state (Fig.  7.1 ).

7.4        An Approach to the Mechanisms Leading 
to Osteoporosis 

 The quantitative loss of bone mass and the qualitative structural changes of bone 
leading to osteoporosis are based on complex metabolic changes during life. Estrogen 
defi ciency is the major cause of osteoporosis. However, also other hormonal or 
infl ammatory processes may cause bone loss. Bone tissue and bone cells on the one 
hand and also cells of the bone marrow on the other hand are closely linked with each 
other, not only in space but also by physiological and pathophysiological interaction. 
Hormones, cytokines, and a range of infl ammatory mediators all interfere with each 
other and exert a range of effects in the various organs. Osteoimmunology investi-
gates the complex connections and interactions between immune cells and immune 
system cytokines and chemokines on the one hand, and bone cells involved in the 
bone remodeling process on the other hand (Walsh et al.  2006 ). The common origin 
of bone and immune stem cells is the key to understand this system and the physiol-
ogy of bone loss. Knowledge in this rapidly growing fi eld may also facilitate the 
translation from basic scientifi c knowledge on bone biology to an improved under-
standing of different bone disorders, including osteoporosis, periodontal disease, and 
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  Fig. 7.1    Osteoporosis as a cascade of events affecting not only the skeleton but also activity, 
social contacts, independence, and the mental status of the patient       
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rheumatoid arthritis. Furthermore, it also provides the basis for the development and 
application of targeted therapies of the future (Rothe et al.  2008 ; Sipos et al.  2008 ). 

7.4.1     Osteoblasts and Osteoclasts: Cellular Promoters of Bone 
Formation and Degradation 

 Bone-resorbing cells (osteoclasts) and cells of the immune system both originate in 
the bone marrow from hematopoietic cells (Fig.  7.2 ). Bone-forming cells (osteo-
blasts) are of mesenchymal origin derived from pluripotent mesenchymal stem cells 
(MSC), which can also give rise to chondrocytes, myoblasts, tenocytes, neurons, 
and adipocytes (Walsh et al.  2006 ). During osteoblast differentiation, MSC express 
increased amounts of phenotypic markers (e.g., alkaline phosphatase, osteocalcin), 
receptors for bone morphogenetic proteins (BMP), and the Wnt receptor low- 
density lipoprotein receptor-related proteins (LRP) 5 and 6. Through the activation 
of these receptors, the progenitor cells are differentiated into osteoblasts with the 
capacity of bone formation (Yamaguchi et al.  2000 ).

   The counterparts of the bone-forming osteoblasts are the osteoclasts, which ori-
gin and develop from precursors of the mononuclear monocyte-macrophage cell 
line (Fig.  7.2 ). Osteoclasts resemble highly specialized multinucleated cells being 
exclusively enabled to resorb bone. Osteoclasts precursors at or close to the bone 
surface are induced to differentiate into mature osteoclasts after stimulation by mac-
rophage colony-stimulating factor (M-CSF) and receptor for activated nuclear 
kappa B (RANK) ligand (RANKL). Osteoclasts then attach to bone surface, medi-
ated by integrins. A sealing zone, which is formed by rearrangement of the actin 
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  Fig. 7.2    Lineage of osteoclast and osteoblast development       
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cytoskeleton, occludes the bone surface and the outer rim of the attaching osteo-
clast, forming a separated resorption pit with the underlying bone surface afterward. 
During this process, the osteoclasts undergo a structural change into a polarized cell 
shape. The basal area of the osteoclast enlarges by forming a “ruffl ed border.” The 
osteoclast can release hydrogen ions through the H+ ATPase into the resorption pit. 
Proteases, like tartrate-resistant acid phosphatase (TRAP), are then excreted via 
endocytoplasmatic transport into the resorption pit where they mobilize the hydroxy-
apatite crystals. In a next step, cathepsin K is secreted by the osteoclast to degrade 
the organic bone matrix within the acidifi ed fl uid. Cathepsin K plays a major role in 
the proteolytic process of matrix degeneration. The products resorbed from the 
bone, mainly calcium, phosphate, and fragments of the organic matrix, are taken up 
by the osteoclast and released into the circulation via its apical surface. Osteoclasts 
are of essential importance for the homeostasis of calcium and phosphate, and their 
activity is tightly controlled via different modes including activation by parathyroid 
hormones (Teitelbaum  2007 ; Boyle et al.  2003 ).  

7.4.2     Osteoblasts and Stromal Cells: The Connection 
with the Hematopoietic System 

 The vast majority of hematopoiesis is located in the bone marrow. Proliferation and 
differentiation of hematopoietic stem cells (HSC) are controlled by “stromal” cells. 
The nature of these mesenchymal cells and their mode of action still lack explana-
tion. However, recently it has been pointed out that the stromal cells responsible for 
HSC regulation in the bone marrow are most likely osteoblasts (Calvi et al.  2003 ). 
It could be shown that osteoblastic cells produced high levels of Notch ligand jag-
ged 1 and supported an increase in HSC under the infl uence of parathyroid hormone 
(PTH) (Calvi et al.  2001 ). This regulatory component of osteoblastic cells on the 
hematopoietic stem cell niche through Notch activation may be the background for 
the positive action of recombinant PTH in osteoporosis therapy. Furthermore, 
through this interaction of PTH with the HSC niche, possible therapeutic options for 
anemia and immunosuppression are now under investigation.  

7.4.3     Osteoblasts and Adipocytes 

 Both adipocytes and osteoblasts originate from pluripotent MSC. In the process of 
aging, negative effects on osteoblast production and activity evolve, whereas the 
development and production of adipocytes are enhanced. Adipocytes are rare in the 
hematopoietic bone marrow of neonatal mammals, but with increasing age, adipo-
cyte number and size increase constantly, transforming the initially red bone mar-
row into yellow fatty marrow. Intra- and extracellular signals infl uence the 
development of the undifferentiated MSC. Runx2 (runt-related transcriptional fac-
tor) is essential for the development into the osteoblast linage, whereas PPARγ2 
(peroxisome proliferator-activated receptor gamma 2) induces differentiation into 
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adipocytes. PPARγ2 concomitantly induces the differentiation of adipocytes and 
inhibits the differentiation of osteoblasts (Lecka-Cernik et al.  2002 ). This makes 
PPARγ2 a key regulator of the differentiation of osteoblasts. Ectopic expression of 
recombinant PPARγ2 on osteoblasts suppressed irreversibly runx2 expression and 
the osteoblast phenotype, transforming the osteoblasts in terminally differentiated 
adipocytes (Kim et al.  2005 ).  

7.4.4     Osteoclastogenesis and Monocyte 
Macrophage Interaction 

 Osteoclasts are derived from the mononuclear monocyte-macrophage cell line, 
which also generate immune cells, including dendritic cells. Osteoclasts derive 
from the myeloid-monocyte branch of hematopoietic cells, thus sharing the same 
precursors as macrophages and myeloid dendritic cells. Depending on the microen-
vironment to which the precursor cells are exposed, a further development specifi c 
to the different cell lines will emerge. The multipotential myeloid progenitor cell 
population is defi ned by the surface marker C-Kit and it also expresses the panmy-
eloid marker CD11b, whereas c-Fms, which is the tyrosine kinase receptor for 
M-CSF necessary for cell differentiation into osteoclasts, is not expressed. Through 
interaction of the CD11b + monocytic precursor cells with stem cell factor (SCF), 
the cells become c-Fms positive (Ziegler-Heitbrock  2007 ). C-Fms is a key determi-
nant in the development of cells in the monocyte-macrophage lineage (Teitelbaum 
 2007 ). The presence of M-CSF transforms the early-stage precursor cells to late- 
stage precursors by increased CD11b expression and upregulation of the expression 
of receptor activator of NFkB (RANK). RANK ligand (RANKL) will then bind to 
RANK, inducing a cascade of signaling events which leads to osteoclast formation 
(Ziegler-Heitbrock  2007 ). RANK signaling is mediated via TRAF6 (TNF receptor- 
associated factor 6) in osteoclast precursors. TRAF6 is by itself essential in the 
regulation of further downstream factors regulating the expression of specifi c genes 
necessary for osteoclast differentiation and activation (NFkB, alkaline phosphate-1 
mediated by JNK pathway, TGF-β-inducable kinase TAK1, p38 stress kinase) 
(Wong et al.  1999 ). NFkB and c-Fos activation induce the transcriptional factor 
NFATc1, leading to the expression of genes such as TRAP, cathepsin K, and den-
dritic cell-specifi c transmembrane protein (DC-STAMP), which are essential for 
osteoclast formation and function. DC-STAMP is able to induce IL-4 and has been 
found in osteoclasts, myeloid dendritic cells, and macrophages (Yagi et al.  2006 ).  

7.4.5     The RANK/RANKL/OPG System: Key Regulator 
of Bone Homeostasis 

 Bone homeostasis is regulated by a delicate balance between osteoblastic bone for-
mation and osteoclastic bone resorption. Although estrogen is the key sex hormone 
governing bone homeostasis, the primary regulator of bone remodeling is now being 
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recognized as the RANK/RANKL/OPG system. Osteoclastogenesis is controlled by 
the ratio of receptor activator of NF-kappaB ligand (RANKL) relative to its decoy 
receptor, osteoprotegerin (OPG). During normal bone remodeling, marrow stromal 
cells and osteoblasts produce RANKL, which binds to the transmembrane receptor 
RANK on osteoclast precursors and induces differentiation and activation as pointed 
out above (Fig.  7.2 ). This occurs through the transcription factor, nuclear factor 
kappa B (NFkB), which is responsible not only for activating osteoclastogenesis but 
also the body’s infl ammatory response. Both osteoclast differentiation and the 
infl ammatory process occur via regulation of interleukin-6 (IL-6). 

 The major role that cytokines play in bone remodeling is demonstrated by the 
fact that receptors for the proinfl ammatory cytokines IL-1, IL-6, and tumor necrosis 
factor-alpha (TNF-α) are present on both osteoclast precursor cells and mature 
osteoclasts. Estrogen exhibits its nuclear regulatory effects by inhibiting IL-6 acti-
vation of NFkB during bone remodeling. Osteoblasts also produce OPG, a soluble 
decoy receptor that blocks RANKL and maintains control of the remodeling pro-
cess. OPG is vital to the success of the RANK/RANKL/OPG system of bone 
homeostasis. 

 This system determines the success or failure of bone homeostasis. The different 
infl ammatory cytokines, which act in the development of osteoporosis, are in fact 
essential for adequate bone remodeling. For example, TNF-α-mediated cartilage 
and bone degradation was IL-1 dependent in a murine arthritis model (Zwerina 
et al.  2007 ), and systemic infl ammatory bone resorption is fully dependent on IL-1 
(Polzer et al.  2010 ). 

 At this point, the important interplays between osteoblasts and osteoclasts, and 
hormones also need to be highlighted with the RANK/RANKL/OPG system being 
the connecting link between these players. RANKL, which is essential for osteo-
clast differentiation and activation, is produced by osteoblasts under the infl uence of 
vitamin D, parathyroid hormone, and estrogen (Boyle et al.  2003 ; Rho et al.  2004 ). 
Detailed information on the RANK/RANKL/OPG system will be given in a sepa-
rate chapter (see Chap.   1    ).  

7.4.6     Dendritic Cell Interaction with Bone Cells 

 Dendritic cells are derived like osteoclasts from the monocyte/macrophage lineage. 
Dendritic cells develop after exposure to macrophage colony-stimulating factor 
(M-CSF) and IL-4 (Miyamoto et al.  2001 ). Dendritic cells are responsible for anti-
gen presentation with selective stimulation of T cells and B cell, thereafter leading 
to a specifi c immune response. A direct involvement of dendritic cells in osteoclas-
togenesis is suspected, as dendritic cells can transdifferentiate into osteoclasts 
in vitro (Rivollier et al.  2004 ). Dendritic cells may also be involved in bone loss due 
to infl ammation (Alnaeeli et al.  2007 ) where they interact with T cells. This is 
thought to be based on the fact that dendritic cells express RANK and that they 
mediate an osteoimmunological interaction indirectly by activating T cells to pro-
duce RANKL, which then induces osteoclastogenesis (Jones et al.  2002 ).  
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7.4.7     T Cells and Osteoporosis 

 Activated T cells can either stimulate or suppress the formation of bone-resorbing 
osteoclasts. T-helper cells 1 (Th1) produce IFN-γ and Th2 IL-4, which are cytokines 
suppressing osteoclastogenesis. Imbalance in the Th1/Th2 adaptive immune 
response initiated by antigenic stress may play a role in specifi c cases of osteoporo-
sis. With T cell activation now known to have a major role in RANKL-induced 
osteoclastogenesis, more research is needed to determine whether early matura-
tional and/or chronic immunological stressing agents contribute to excessive bone 
loss in later years. In order to resolve this discrepancy, further research was pro-
moted in order to fi nd T-helper cell populations, which may only exert proinfl am-
matory stimuli toward osteoclastogenesis. This means that these T-helper cells 
should express low levels of IL-4 and IFN-γ but should express TNF-α and 
RANKL. These criteria were met by a subpopulation of T-helper cells expressing 
IL-17 (Takayanagi  2009 ; Sato et al.  2006 ). 

 In a study (Won et al.  2011 ) on TallyHo/JngJ (TH) mice, a polygenic model of 
type II diabetes, the spontaneous development of osteoporotic features, possibly 
mediated by IL-17, was observed. Bone mineral density (BMD) was decreased in 
male TH mice, which displayed hyperglycemia. The bone formation markers osteo-
calcin (OC) and OPG were decreased, whereas bone resorption markers such as 
IL-6 and RANKL were signifi cantly elevated in the bone marrow and blood. 
Furthermore, RANKL expression was increased in CD4+ T cells of TH mice upon 
T cell receptor stimulation due to enhanced IL-17 production. IL-17 production in 
CD4+ T cells was directly promoted by treatment with leptin, while IFN-γ produc-
tion was not. Blockade of IFN-γ further increased RANKL expression and IL-17 
production in TH-CD4+ T cells. These results indicate that increased leptin in TH 
mice may act in conjunction with IL-6 to stimulate IL-17 production in CD4+ T 
cells and induce RANKL-mediated osteoclastogenesis (Won et al.  2011 ). 
Meanwhile, infi ltrating Th17 cells have been identifi ed also in rheumatoid arthritis 
(RA) and periodontitis, highlighting the pathological role of the immune system in 
these infl ammatory disorders (Pene et al.  2008 ; Gaffen and Hajishengallis  2008 ). 
An interesting connection with 1,25-dihydroxyvitamin D (1,25(OH)2D3) on the 
immunological processes mediated via Th17 cells was shown in patients with RA, 
thus highlighting the immunomodulating capacity of vitamin D (Colin et al.  2010 ). 

 Mononuclear cells and CD4 + CD45RO+ (memory) and CD4 + CD45RO– 
(naive) T cells from treatment-naive patients with early RA were stimulated with 
anti-CD3/anti-CD28 in the absence or presence of various concentrations of 
1,25(OH)2D3, dexamethasone, and a combination of both. The presence of 
1,25(OH)2D3 reduced IL-17A and IFN-γ levels and increased IL-4 levels. In addi-
tion, 1,25(OH)2D3 had favorable effects on TNF-α/IL-4 and IL-17A/IL-4 ratios 
and prevented the unfavorable effects of dexamethasone on these ratios. Enhanced 
percentages of IL-17A- and IL-22-expressing CD4+ T cells and IL-17A-expressing 
memory T cells were observed in mononuclear cells from treatment-naive patients 
with early RA, as compared with healthy controls. 1,25(OH)2D3, in contrast to 
dexamethasone, directly modulated human Th17 polarization, accompanied by 
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suppression of IL-17A, IL17F, TNF-α, and IL-22 production by memory T cells 
(Colin et al.  2010 ). 

 Infl ammatory bowel diseases alter bone metabolism and are frequently associ-
ated with osteopenia, osteoporosis, and increased risk of fractures. Although several 
mechanisms may contribute to skeletal abnormalities in patients with infl ammatory 
bowel diseases, infl ammation and infl ammatory mediators such as TNF, IL-1β, and 
IL-6 may be the most critical (Ghishan and Kiela  2011 ). In addition to limited nutri-
ent absorption, high antigen load from food allergies or intestinal microbial over-
growth may also contribute to bone loss. Mature osteoclasts gain access to bone 
surfaces only after mononucleated preosteoclasts have traveled from the circulatory 
system to the bone, possibly through mechanisms involving transendothelial migra-
tion (Saltel et al.  2006 ). The gut-associated lymphoid tissue normally provides an 
immunological barrier against disease. When this barrier becomes compromised by 
endothelial hyperpermeability secondary to chronic infl ammation, food allergy, or 
bacterial overgrowth, nutrient absorption is reduced, and a loss of oral tolerance can 
initiate a gastrointestinalimmunological stress factor to the bone remodeling pro-
cess (Saltel et al.  2006 ). 

 RANKL not only regulates the function of osteoclasts but also dendritic cells 
(professional antigen-presenting cells). In chronic infl ammation, RANKL promotes 
dendritic cell survival and the expression of proinfl ammatory cytokines (Josien 
et al.  1999 ). As the gut is overrun by pathogens, professional antigen-presenting 
cells, through the activation of Toll-like receptors and C-type lectin receptors, are no 
longer able to silence immune activation (Geijtenbeek et al.  2004 ) and release pro-
infl ammatory cytokines that activate T cells and reduce Tregs. This antigenic stress 
leads to a Th1-dominant, cell-mediated immune system with increased RANKL, 
reduced IFN-γ, and a possible uncoupling of bone remodeling (Vojdani and Erde 
 2006a ,  b ).  

7.4.8     Toll-Like Receptors 

 A healthy gut fl ora maintains a reduced production of gut-related proinfl ammatory 
cytokines. Toll-like receptors are transmembrane receptors found on macrophages, 
dendritic cells, and some epithelial cells. These receptors exhibit an integral role in 
the maintenance of oral tolerance. They recognize the molecular patterns of bacteria 
and cause an infl ammatory, destructive response to pathologic microbes and a 
tolerogenic response to commensal bacteria. An example of how a disease-related 
genetic polymorphism can be infl uenced through the reduction of metabolic stress- 
inducing factors can be seen in the case of Toll-like receptors and IL-1 receptors. In 
theory, as the cytoplasmic portion of the Toll-like receptor is similar to that of the 
IL-1 receptor antagonist gene, it could be susceptible to an increased diversion or 
“switch” of cells from the monocyte-macrophage cell line to form osteoclasts. A 
reduction of antigen load and oxidative stress independent of the cause (e.g., insu-
lin/glucose imbalance, toxicity, or gut pathogenic microfl ora) could reduce proin-
fl ammatory cytokine-induced chronic infl ammation and T cell activation.  
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7.4.9     Involution of the Thymus Gland and the Start of Bone Loss 

 Reduced oral tolerance may be a factor in the coincidence between thymus gland 
involution (and subsequent reduction of naive T cells) and the beginning of bone 
loss in humans in their mid-30s. Although BMD does not usually decrease signifi -
cantly until menopause, accelerated bone loss can commence at an earlier age for 
some individuals. Reduced numbers of naive T cells from chronic systemic infl am-
mation or antigen overload from the gut lead to oligoclonal T cell expansion and 
increased T cell senescence (Vojdani and Erde  2006c ). Senescence reduces a T 
cell’s ability to produce IFN-γ and is a sign of immune aging (Clowes et al.  2005 ). 

 The primordial thymus developed as a bud on the immature digestive tract, pro-
viding embryological evidence of the uniquely co-dependent and interrelated func-
tions of the thymus gland and the gastrointestinal tract (Cheroutre  2004 ). As an 
infant grows, the function of the thymus is to relieve the gut of its primordial func-
tion of lymphopoiesis (Cheroutre  2004 ). With involution of the thymus, the adult 
gastrointestinal tract remains the source of the least 75% of the body’s immune cells 
(Bengmark  2004 ). Therefore, it is in the gut that an adult’s immune health is main-
tained or lost. As an individual ages, antigen load often increases and oral tolerance 
decreases, leading to reduced levels of IL-2 (necessary for the T cell proliferation 
and differentiation into activated effector cells) and IFN-γ and ultimately to the 
greater cache of RANKL-expressing (and thus osteoclast-activating) memory cells 
harbored in the bone marrow.  

7.4.10     B Cells and Their Influence on Bone Cells 

 In comparison to T cells, the link between B cells and osteology has been sparsely 
investigated so far, but B cells also seem to play a crucial role in the regulation of 
bone turnover. The source of OPG has in general been attributed to osteoblasts, but 
it could be demonstrated that B-lymphoid lineage cells are also a major source of 
endogenous RANKL in bone marrow and support osteoclast differentiation in vitro 
(Li et al.  2007 ; Manabe et al.  2001 ). In addition, B-lymphoid lineage cells in earlier 
developmental stages may hold a potential to differentiate into osteoclasts when 
stimulated with M-CSF and soluble RANKL in vitro. Thus, B-lymphoid lineage 
cells may participate in osteoclastogenesis in two ways: they (1) express RANKL to 
support osteoclast differentiation and (2) function themselves as osteoclast progeni-
tors (Manabe et al.  2001 ). Li et al. evaluated in their study the extent of B cell 
involvement on OPG production. With the use of immunomagnetic isolation of 
bone marrow B cells and B cell precursor populations, and quantifi cation of their 
OPG production by enzyme-linked immunosorbent assay (ELISA) and real-time 
reverse transcriptase-polymerase chain reaction (RT-PCR), cells of the B lineage 
were found to be responsible for 64 % of total bone marrow OPG production, with 
45 % derived from mature B cells (Li et al.  2007 ). B cell knockout mice were found 
to be consistently osteoporotic and defi cient in bone marrow OPG, phenomena res-
cued by B cell reconstitution (Li et al.  2007 ). In another study by Breuil et al. (Breuil 
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et al.  2010 ), changes of different B-lymphocyte populations, related to bone mineral 
density (BMD) and fractures, were evaluated in postmenopausal osteoporosis. 
Postmenopausal women with osteoporosis had lower numbers of CD19+, CD19+/
CD27+, CD19+/CD27+/CD5–/CD38+ and CD19+/CD27+/RANK+, CD4+/
CD27+/CD45RA–/RANK+, and CD4+/CD27+/CD45RA–/CD28+ as compared to 
healthy controls and were positively correlated to BMD. In addition, in postmeno-
pausal women with osteoporosis CD4+ secreted less IFN-γ and B lymphocytes but 
more GM-CSF under basal conditions. GM-CSF was positively correlated to frac-
ture rate and negatively to BMD. These results suggest a possible role of IFN-γ in 
the pathophysiology of osteoporosis based on changes in B-lymphocyte popula-
tions (Breuil et al.  2010 ). 

 At the gene expression level, an in vivo genome-wide expression study on human 
B cells in relation to osteoporosis seems to confi rm the signifi cant role of B cells in 
the etiology of osteoporosis (Xiao et al.  2008 ). Real-time RT-PCR showed differen-
tial expression of eight genes, including estrogen receptor 1 (ESR1) and mitogen- 
activated protein kinase 3 (MAPK3). It was assumed that downregulation of ESR1 
and MAPK3 in B cells regulates cytokine expression, causing increased osteoclas-
togenesis or decreased osteoblastogenesis. These results highlight the signifi cance 
of B cells in the etiology of osteoporosis (Xiao et al.  2008 ).   

7.5     Hormonal Influences on Bone Remodeling 

 The RANK/RANKL/OPG system is essential for the bone remodeling process and 
bone homeostasis and is regulated by different factors, which will be presented in 
the following section. Relevant hormone infl uences include estrogen, testosterone, 
parathyroid hormone, and thyroid hormone. 

7.5.1     Estrogen 

 Estrogen has a critical role in the skeletal preservation of both women (Christiansen 
et al.  1981 ) and men (Smith et al.  1994 ). In women, estrogen defi ciency appears 
to be the major determinant in the development of osteoporosis, whereas in men, 
it has to be regarded as one factor besides others (e.g., level of testosterone, sex 
hormone- binding globulin). During 3–4 years after the onset of menopause due to 
estrogen defi ciency, a rapid loss of bone can be observed, in particular trabecular 
bone. During this early postmenopausal period, the estrogen-deprived skeleton 
exhibits histological features of accelerated bone remodeling with abundant 
osteoclasts and resorption bays. Markers of bone turnover are frequently elevated 
during this period refl ecting the accelerated remodeling process. The antiresorp-
tive effects of estrogen on osteoclasts are based on the regulatory effects of estro-
gen on the OPG/RANK/RANKL system. Estrogen shows direct and indirect 
effects on the skeleton (Fig.  7.3 ). The direct effects of estrogen on bone are medi-
ated via estrogen receptors on osteoblasts and osteoclasts (Eriksen et al.  1988 ; 

P. Mikosch



161

Komm et al.  1988 ; Oursler et al.  1998 ). Estrogen by itself induces OPG produc-
tion in osteoblasts. Due to the antiresorptive effect of OPG in the RANK/RANKL/
OPG system, estrogen exerts osteoprotective effects, whereas estrogen defi ciency 
leads to decreased OPG with increased formation and activation of osteoclasts 
(Saika et al.  2001 ).

   The indirect effects of estrogen (Fig.  7.3 ) on bone are caused by different cells 
including marrow stromal cells and cells of the immune system. These also have 
estrogen receptors but exert infl uences on bone indirectly by upregulation of OPG 
due to estrogen exposure. Estrogen induces a downregulation of cytokines which 
are involved in osteoclast formation, such as IL-1 and TNF-α produced by mono-
cytes and IL-6 and GM-CSF produced by stromal cells and osteoblasts. Through 
this downregulation of cytokines by estrogen, the expression of RANKL on bone 
marrow cells is suppressed, whereas in estrogen defi ciency, the lack of the suppres-
sive effect on RANKL will lead to accelerated maturation and activation of osteo-
clasts (Eghbali-Fatourechi et al.  2003 ). The upregulation of RANKL in estrogen 
defi ciency is also mediated by T cell activation besides the cytokines IL-1, IL-6, and 
TNF-α. Beyond the downregulation of estrogen on the infl ammatory immune 
response, also the upregulation of immunoglobulin production has to be mentioned. 
Thus, estrogen exerts a dichotomous impact on the immune system, modulating an 
immune response. 

Estrogen deficiency
Activation of

1,25(OH2 D3 ↓)

Intestinal
calcium resorption↓

renal
calcium excretion↑

PTH ↑

Monocytes
T-cells

Marrow
stromal

cells
Osteoblast

IL-6 ↑
GM-CSF ↑
M-CSF ↑
RANKL ↑
OPG ↓

IL-1 ↑
IFN-γ ↑
TNF-α ↑

TGFβ ↓

Osteoclast apoptosis ↓
increased
bone loss

Osteoclast number and activity ↑

RANKL ↑
OPG ↓

IL-7 ↑

  Fig. 7.3    Direct and indirect effects of estrogen defi ciency in modulating bone metabolism       
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 In addition, estrogen acts to maintain the appropriate ratio between bone- forming 
osteoblasts and bone-resorbing osteoclasts, in part through the induction of osteo-
clast apoptosis, which is mediated via increased levels of TGF-β. In addition, a 
direct estrogen effect on the extent of osteoclast apoptosis is also demonstrated. 
Some studies have suggested a role for Fas ligand (FasL) in estrogen-induced osteo-
clast apoptosis by an autocrine mechanism involving only osteoclasts. Krum et al. 
described in their study a paracrine mechanism in which estrogen affects osteoclast 
survival through the upregulation of FasL in osteoblasts (but not osteoclasts), lead-
ing to the apoptosis of preosteoclasts (Krum et al.  2008 ). A cell-type-specifi c 
hormone- inducible enhancer located 86 kb downstream of the FasL gene has been 
characterized as the target of estrogen receptor-alpha induction of FasL expression 
in osteoblasts. In addition, tamoxifen and raloxifene, two selective estrogen recep-
tor modulators that have protective effects in bone, induce apoptosis in preosteo-
clasts by the same osteoblast-dependent mechanism. These results demonstrate that 
estrogen protects bone by inducing a paracrine signal originating in osteoblasts 
leading to the death of preosteoclasts and offer an important new target for the pre-
vention and treatment of osteoporosis (Krum et al.  2008 ). 

 Furthermore, estrogen has extraskeletal effects with infl uence on calcium homeo-
stasis (Fig.  7.3 ). In estrogen defi ciency, an increased renal calcium excretion and 
decreased intestinal calcium absorption can be observed (Heaney et al.  1978 ; 
McKane et al.  1995 ; Gennari et al.  1990 ). This leads to a negative calcium balance 
which needs to be compensated by mobilization of calcium deposited in bone by 
upregulation of PTH. In addition, bone sensitivity to PTH exposure is increased in 
estrogen defi ciency (Cosman et al.  1993 ). Beside the compensatory upregulation of 
PTH in order to maintain calcium homeostasis, estrogen also seems to have a direct 
PTH suppressive effect (Arron and Choi  2000 ). Estrogen also exerts an infl uence on 
vitamin D metabolism, as estrogen therapy could increase not only intestinal cal-
cium absorption but also serum vitamin D levels in postmenopausal women 
(Gallagher et al.  1979 ).  

7.5.2     Testosterone 

 Androgens are C-19 steroids secreted from the testes in men and the adrenals in 
both men and women. Testosterone (T) is the most important androgen in men. 
About 95 % of the amount of testosterone is secreted by the testis. In the adrenal 
cortex, weakly active androgens are produced such as dehydroepiandrosterone 
(DHEA), DHEA-sulfate (DHEA-S), and androstenedione. T acts via the androgen 
receptor (AR) after conversion by the enzyme 5αreductase to the more potent 
5α-dihydrotestosterone (DHT) in peripheral tissues. Furthermore, T can also inter-
act with the estrogen receptor α (ERα) and β (ERβ) after being converted into 
17β-estradiol (E2) by the P450 aromatase enzyme. In relation to the relative expres-
sion of P450 aromatase and 5α-reductase, androgens may preferentially activate the 
AR or the ERs. AR and ERs are both expressed in bone tissue, thus local metabo-
lism of androgens may have a signifi cant relevance in bone metabolism.  
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7.5.3     Parathyroid Hormone 

 Estrogen defi ciency induces elevated IL-6 levels which cause increases of 
PTH. Estrogen defi ciency is also associated with decreased intestinal calcium 
absorption and an increased renal calcium excretion due to reduced levels of 
1,25(OH)2 D3, the most potent vitamin D metabolite. The sensitivity of PTH toward 
bone is also increased with estrogen defi ciency. Finally, with increasing age, vita-
min D defi ciency occurs in most individuals due to impaired skin, gastrointestinal, 
and renal function in connection with the vitamin D metabolism. Vitamin D defi -
ciency gives further rise to increased PTH levels.  

7.5.4     Thyroid Hormone 

 The hypothalamic-pituitary-thyroid axis plays a key role in skeletal development, 
acquisition of peak bone mass, and regulation of adult bone turnover. Euthyroid 
status is essential for maintenance of optimal bone mineralization and strength. In 
population studies, hypothyroidism and hyperthyroidism have both been associated 
with an increased risk of fracture. Furthermore, recent studies in healthy euthyroid 
postmenopausal women indicate that thyroid status in the upper normal range is 
also associated with low bone mineral density and an increased risk of nonvertebral 
fracture. Studies in mutant mice have demonstrated that thyroid hormone receptor α 
is the major mediator of T3 action in bone and that thyroid hormones exert anabolic 
actions during growth but have catabolic effects on the adult skeleton. Nevertheless, 
TSH has also been proposed to be a direct negative regulator of bone turnover, 
although the relative importance of T3 and TSH actions in the skeleton has yet to be 
clarifi ed.   

7.6     Activation of the Immune System in Osteoporosis 

 However, besides the endocrine effects on osteoblasts and osteoclasts, further infl u-
ences on bone were discovered, which led to a broader understanding of the devel-
opment of osteoporosis. In this respect, osteoimmunology could demonstrate that 
activated lymphocytes also contribute to imbalances in bone remodeling leading to 
osteoporosis. This perspective changes the picture of osteoporosis as a solely endo-
crine disorder mainly due to estrogen defi ciency but also to a disease caused by 
infl ammatory processes (Pacifi ci  2008 ). Furthermore, bone cells, infl uenced by 
immune cells themselves, thereafter produce a changed spectrum of cytokines with 
effects on the immune system. Therefore, the exchange between the immune system 
and bone cells is of complex nature and bidirectional (Zaidi  2007 ). The communica-
tion between the immune system and bone has to be divided into interactions 
between immune cells and osteoclasts on the one hand and osteoblasts on the other. 

 With reduced estrogen levels and/or chronic or recurrent immune activation from 
either systemic or gastrointestinal origin, there may be a reduction in the body’s 
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natural ability to limit the production of RANKL. Associated with estrogen defi -
ciency, there is a progressive proinfl ammatory status with increased production of 
IL-1, IL-6, and TNF-α in postmenopausal women. This proinfl ammatory status is 
also seen with aging in general and is thus also entitled as infl ammaging (Franceschi 
et al.  2000 ). Special subsets of T cells seem to be involved in this process (e.g., 
CD8+ CD57+ subsets), which produce TNF-α and increase in women with osteo-
porotic spine fractures (Pietschmann et al.  2001 ). Estrogen defi ciency also causes 
increased IL-7 production, which induces T cell activation. Associated to this T cell 
activation, there is also an increased production of interferon (IFN)-γ and TNF-α by 
T cells (Pacifi ci  2007 ; Robbie-Ryan et al.  2006 ). IFN-γ upregulates major histo-
compatibility complex (MHC) class II molecules on antigen-presenting cells (e.g., 
bone marrow macrophages and dendritic cells), which causes further T cell activa-
tion. Interestingly, although T cell production of IFN-γ is higher in elderly women 
as compared to young women, in elderly men no increase of IFN-γ production 
could be seen (Pietschmann et al.  2003 ). Such gender-specifi c differences may be 
part of the explanation why osteoporosis is more frequent in women than men and 
also exerts rapid bone loss during early postmenopause. These gender differences 
also underline the pathogenic infl uence of proinfl ammatory processes in the patho-
genesis of osteoporosis. 

 Activated T cells produce RANKL, thus being able to target RANK on osteo-
clast progenitors, and TNF-α, resulting in increased osteoclast activation through a 
“switch-like” diversion of osteoprogenitor-cell differentiation away from 
monocyte- macrophage- cell development toward osteoclastogenesis. In this 
respect, osteoclastic activity, induced by proinfl ammatory cytokines and activated 
T cell-induced RANKL, is thought to be modulated by the action of IFN-γ on 
tumor necrosis factor receptor-associated factor 6 (TRAF-6). TRAF-6 is a RANK 
adaptor protein that mediates NFkB activation. However, the role of IFN-γ on bone 
metabolism seems to be variable as the modulating capacity of IFNγ on RANKL 
is infl uenced by both vitamin D and estrogen. Under normal conditions without 
estrogen defi ciency, IFN-γ seems to be anti-osteoclastogenic (Rauner et al.  2007 ), 
whereas in the context of estrogen defi ciency, it has a pro-osteoclastogenic effect 
(Gao et al.  2007 ).  

7.7     Oxidative Stress in Aging 

 Aging leads not only to a reduction in sex-hormone production but also to an 
increase in the general level of proinfl ammatory cytokines and diminution of the 
immune system function. This also seems to be mediated, at least in part, by the 
accumulation of reactive oxygen species (ROS). In ovariectomized mice, estrogen 
defi ciency led to an accumulation of ROS within the bone marrow causing a proin-
fl ammatory status with increased levels of TNF-α produced by activated T cells. 
This upregulation was mediated via the co-stimulatory molecule CD80 on dendritic 
cells (Messalli et al.  2007 ). In vivo, free radicals have been shown to increase bone 
resorption, and oxidative stress reduces BMD in humans. These environmental and/
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or age-related catabolic stress-inducing factors contribute to normal bone loss. But 
when there is a chronic, elevated antigenic load or excessive oxidative stress, which 
increases proinfl ammatory cytokine-induced RANKL, the activation of this 
“switch” in osteoprogenitor-cell differentiation may, independent of age, adversely 
affect the balance of bone remodeling. It is in this abnormal state that chronic 
immune activation may alter IFN-γ modulating capacity. When estrogen is defi -
cient, causing RANKL levels to increase, the body’s natural ability to limit the 
transcription factors TRAF-6 and NFkB may be reduced and IFN-γ may exert a 
pro-osteoclastogenic effect. This uncoupling of the remodeling process results in 
bone loss. In studies using mice, chronic antigenic load with T cell activation and 
production of ROS must be present for the low estrogen levels to cause bone loss. It 
appears that reducing antigenic load and oxidative stress may be equally important 
as estrogen in maintaining bone health.  

7.8     The Gut Microbiota and Oral Tolerance 

 The gut microbiota (GM) is the commensal bacteria populating our intestine. The 
GM represents a densely populated system (approximately 10 13  bacteria) with a 
diversity of functions still only partly known. However, recent research has unveiled 
that the GM seems to modulate immunity and also metabolism (Ohlsson and 
Sjögren  2015 ). The GM densely interplays with the mucosal immune system, and 
in healthy individuals, a stable balance is maintained between these components. 
However, imbalances of the GM may lead to different pathologies including infl am-
matory bowel disease, colorectal cancer, obesity, type I and type II diabetes, and 
infl ammaging particularly immunosenescence in the elderly. In this respect, the GM 
has also been shown to have an effect on bone mass and the development of osteo-
porosis (Ohlsson and Sjögren  2015 ). 

 Oral tolerance, the muted immunological response to harmless gut antigens 
depends on the presence of commensal microorganisms and an intact healthy gut 
wall. Epithelial cell integrity is maintained by the presence of benefi cial organisms 
such as  Lactobacillus and Bifi dobacteria  that do not elicit an infl ammatory response. 
When the normal gastrointestinal fl ora is maintained, immunological self-tolerance 
through the activation of T-regulatory cells (Treg) favors a noninfl ammatory Th2 
dominant response to gut microbes. Also Th17 cytokines such as IL-17, IL-22, and 
IL-23 seem to play an essential role in the regulation of intestinal protection, homeo-
stasis, and intestinally induced proinfl ammatory effects (Shen and Durum  2010 ). 
Pathological bacterial or fungal overgrowth causes infl ammation and increased gut 
permeability that reduces oral tolerance. Focus on the traditional osteo-endocrine 
explanation for bone homeostasis fails to acknowledge the important role of the 
immune system in remodeling and the possible role of oral tolerance in maintaining 
bone health. It is now understood that a high systemic antigen load of bacterial or 
viral origin and/or a loss of oral tolerance due to pathologic microbial overgrowth 
(long suspected as major contributing factors in other chronic degenerative dis-
eases) may also contribute to the pathogenesis of bone loss. 
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 In a study by Sjögren et al. ( 2012 ), it could be shown that germ-free raised mice 
exhibited an increased bone mass, a reduced number of osteoclasts per bone sur-
face, and a decreased frequency of CD4+ T cells and CD11b+⁄GR 1 osteoclast pre-
cursor cells in bone marrow leading to a reduced expression of infl ammatory 
cytokines in bone and bone marrow. These alterations could be normalized by colo-
nization with normal gut microbiota. With this perspective, gut microbiota may 
become even a possible therapeutic option in the future. 

 Estrogen normally helps to preserve bone by enhancing macrophage production 
of transforming growth factor ß (TGF–) and limiting CD4+ T cell activation. 
Reduced levels of estrogen result in an increase in antigen-presenting cells and a 
reduction in TGF-ß and Treg. This leads to T cell activation and production of pro-
infl ammatory cytokines and RANKL, which stimulates osteoclastogenesis. By 
improving gut health and oral tolerance, antigen presentation to T cells is reduced, 
TGF-ß production is maintained, Tregs are enhanced, and RANKL-induced osteo-
clastogenesis is limited, even with reduced levels of estrogen.  

7.9     Diagnosis of Osteoporosis and Aspects 
of Osteoimmunology in Clinical Medicine 

 Diagnosis of osteoporosis is initially based on the evaluation of medical history, 
including assessment of risk factors for osteoporosis and physical presentation of 
the patient. X-rays are the primarily used imaging method to diagnose fractures, 
although in particular within the central skeleton, including the vertebral column, 
chest, and pelvis, fractures may be frequently overseen by X-rays. For occult frac-
tures, other imaging methods such as computed tomography, magnetic resonance 
imaging, or bone scintigraphy may add in as diagnostic tools for optimized fracture 
detection. Imaging methods including X-rays are also of importance in the detec-
tion of other bone pathologies such as malignant bone tumors, metastases, hyperos-
totic bone disorders (e.g., Paget’s disease), or degenerative processes. However, 
osteopenia can be seen by X-ray only after progressive bone loss, thus not allowing 
early diagnosis of osteoporosis with this diagnostic tool. Osteodensitometry (DXA) 
allows a quantifi cation of bone loss, and measurements are classifi ed as normal, 
osteopenia, and osteoporosis based on the amount of bone lost as compared to 
healthy persons with peak bone mass. Laboratory parameters are also used in the 
diagnostic evaluation of osteoporosis. In clinical routine, laboratory parameters pri-
marily aims to evaluate the function of central organs such as the liver or the kid-
neys, which also have a part in metabolic pathways associated with bone. The 
evaluation of endocrine laboratory parameters allows to estimate the function of 
endocrine axes with infl uence on bone. Furthermore, relevant pathological condi-
tions such as malignant myeloma, which can also be the cause of osteoporosis, 
should be clarifi ed by laboratory assessment. In recent years, a range of bone forma-
tion and degradation markers also found their way to clinical practice giving the 
clinician an insight into the activity of bone turnover. Other parameters, although of 
high importance for the regulation of bone metabolism (e.g., OPG, RANKL), 
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specifi c processes (e.g., cathepsin K), or signal transduction (e.g., cytokines), are 
frequently determined only for study purposes and do not play a role in clinical 
practice. In this light of clinical medicine, diagnostic evaluation of the osteoimmu-
nological interplay remains superfi cial. Only major determinants such as hormonal 
defi cits (estrogen or testosterone defi ciency, hypothyroidism) or hormonal excess 
(hyperthyroidism, Cushing syndrome) will be potentially measurable.  

7.10     Causes of Osteoporosis from a Clinical Perspective: 
Postmenopausal Osteoporosis and Secondary 
Osteoporosis 

 As outlined above, the mechanisms and interactions of immune cells, cytokines, 
and hormonal infl uences on bone cells are complex and interact with each other in 
a complex network that leads to a balanced formation and resorption of bone tissue 
under healthy conditions. From a clinical point of view, these interactions on the 
cellular level will neither be diagnosed nor will they have any impact on the clinical 
management on a case by case basis. However, the perception that different endo-
crine disorders or infl ammatory processes have an important impact on the patho-
genesis of bone loss and its clinical management has to be highlighted. It is the 
clinicians aim to evaluate, diagnose, and set them into context with pathological 
processes of the bone. In this respect, the clinician has to see the patient’s problems 
not in an organ-focused perspective but rather in a holistic way in order to percept 
the full range of possible pathological infl uences in bone disease. In this respect, a 
short survey of relevant clinical disorders and its connections to bone pathophysiol-
ogy and connections to osteoimmunology will be given. Other causes such as drugs, 
lifestyle factors, diseases with complex backgrounds of osteoporosis development 
such as anorexia nervosa, or less frequent causes such as organ transplantations are 
listed in Table  7.1 . However, the table does not provide a full range of all known 
causes of osteoporosis; for further detailed information on different disorders caus-
ing osteoporosis, the reader is referred to the literature.

7.10.1       Osteoporosis and Disorders with Chronic Inflammation: 
Osteoimmunology as a Link 

 The assessment of different infl ammatory diseases such as rheumatoid arthritis, sys-
temic lupus erythematosus, infl ammatory bowel disease, celiac disease, cystic fi bro-
sis, and chronic obstructive pulmonary disease is of relevance when diagnosing 
osteoporosis, as these infl ammatory disorders have been associated to pathological 
bone resorption. As mentioned, the link between osteoclast, M-CSF, and proinfl am-
matory cytokines, especially TNF-α and IL-1, explains the association between 
infl ammation and osteoporosis. Other TNF-related cytokines such as RANK, 
RANKL, and OPG are also important mediators in infl ammatory processes and are 
critically involved in the pathophysiology of bone loss. These diseases are therefore 
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related to osteoporosis and high fracture risk, independently of other risk factors com-
mon to infl ammatory diseases such as reduced physical activity, poor nutritional sta-
tus, hypovitaminosis D, decrease in calcium intake, and glucocorticoid treatment.  

7.10.2     Endocrine Disorders 

 Different endocrine axes including the gonads (estrogen, testosterone), thyroid gland 
(L-thyroxine), and parathyroid gland (parathyroid hormone) play a crucial role in 
bone metabolism and were described above in their actions on bone. Hormonal defi -
ciencies, such as estrogen defi ciency due to menopause or ovariectomy, hypothyroid-
ism, or hormonal excesses such as hyperthyroidism, Cushing syndrome, and 
hyperprolactinemia, will infl uence bone homeostasis. Also other endocrine disorders 
such as diabetes mellitus were reported to be associated with osteoporosis.  

7.10.3     Intestinal Disorders and Liver Diseases 

 Pathologies of the intestine and the liver currently represent a still underestimated 
fi eld of causes for osteoporosis (Katz and Weinerman  2010 ). A broad range of 
pathologies including Crohn’s disease, colitis ulcerosa, celiac disease, pancreatitis, 
hepatitis, and postgastrectomy may lead to osteoporosis (Katz and Weinerman  2010 ). 
The pathophysiological mechanisms are diverse and include reduced calcium absorp-
tion, pathologies of the vitamin D metabolism, poor digestion, malabsorption, or 
reduced production of proteins. In infl ammatory bowel disease, infl ammatory cyto-
kines such as serum IL-1b, TNF-α, IL-6, and IL-1 are increased, promoting negative 

   Table 7.1    Overview of clinical disorders causing osteoporosis   

 Endocrine disorders 
 Complex causes of 
osteoporosis  Drugs 

 Hyperthyroidism  Chronic hepatitis  Glucocorticoids 

 Hyperprolactinemia  Chronic exocrine pancreatitis  L-thyroxine 

 Estrogen defi ciency  Malabsorption  Aromatase inhibitors 

 Testosterone defi ciency  Celiac disease  Herparine 

 Hyperparathyroidism  Lactose intolerance  Proton pump inhibitors 

 Growth hormone defi ciency  Postgastrectomy  SSRIs 

 Diabetes mellitus  Anorexia nervosa  Anticonvulsants 

 Renal insuffi ciency  Glitazone 

  Infl ammatory disorders   Mastocytosis  Cytostatics 

 Rheumatoid arthritis  Multiple myeloma 

 Crohn’s disease  AIDS   Lifestyle  

 Colitis ulcerosa  Gaucher disease  Inactivity 

 Alcoholism 

  Rare genetic disorders    Transplantation   Smoking 

   AIDS  acquired immune defi ciency syndrome,  SSRIs  selective serotonin reuptake inhibitors  
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effects on bone turnover (Nielsen et al.  2000 ). In a recent study (Tignor et al.  2010 ), 
fracture risks for different frequent gastrointestinal disorders associated with osteo-
porosis were evaluated: the odds of fracture (odds ratio, 95 % confi dence interval) 
compared with controls, adjusted for age, gender, and race were chronic pancreatitis 
2.4 (2.1, 2.9), Crohn’s disease 1.7 (1.5, 2.0), gastrectomy 2.5 (1.5, 4.1), cirrhosis 2.6 
(2.4, 2.7), and celiac disease 2.7 (2.1, 3.4) (Tignor et al.  2010 ). These gastrointestinal 
disorders thus have to be considered as relevant pathological states regarding the 
development of osteoporosis and should therefore be included into the diagnostic 
evaluation of osteoporosis.  

7.10.4     Renal Disorders 

 Renal disease can lead to complex pathologies of bone known as renal osteodystro-
phy. These pathologies include pathological extraosseous calcifi cations, osteomala-
cia, and fractures due to osteopenia and osteoporosis. Parathyroid hormone is also 
frequently increased thus adding aspects of hyperparathyroid-induced bone disease.   

7.11     Treatment 

 The therapy of osteoporosis is fi rst of all based in risk reduction and change of life-
style as far as necessary. This includes cessation of smoking and alcohol intake, con-
tinued physical activity, calcium-enriched food, and the elimination of other disorders 
with potential deleterious effects on bone (e.g., hyperthyroidism). Furthermore, in 
particular in the elderly, risks or disorders leading to falls have to be also assessed and 
eliminated. This means that therapy of osteoporosis can become a very complex ven-
ture in order to meet all demands of treatment, and in some circumstances, therapeutic 
interventions will be aimed not only at bone but also at other organs (e.g., prescription 
of glasses in case of falls and impaired vision, implantation of a heart pacemaker in 
case of falls due to rhythmological problems), thus not showing a direct connection to 
treatment of osteoporosis. In case of fractures, diverse surgical interventions are now-
adays available including fracture stabilization by osteosynthesis or vertebroplasty 
and kyphoplasty, in order to keep immobilization as short as possible and to allow 
rapid remobilization of the fractured patients. However, specifi c drug therapy also 
plays a key role in the management of osteoporosis. The aim of drug therapy in osteo-
porosis is to reduce fracture risk. This is achieved by infl uencing bone metabolism in 
such a way that bone formation exceeds bone resorption, leading in the long term to a 
net bone gain and greater stability of bone structure. Common to all drug regimens in 
osteoporosis therapy is the consequent application of calcium and vitamin 
D. According to current guidelines, 1000 mg of calcium and at least 800 units of vita-
min D should be applied. Specifi c osteoporosis therapies can be divided into therapies 
infl uencing bone resorption and bone formation. Therapies such as estrogen, selective 
estrogen receptor modulators (SERMs), bisphosphonates, calcitonin, and deno-
sumab infl uence bone metabolism by decreasing osteoclast activity. On the other 
hand, parathyroid hormones are potent osteoanabolic agents which have shown to 
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lead to signifi cant formation of new bone and bone structure, if intermittently applied 
via subcutaneous route. Strontium ranelate shows a dual action on bone by both stimu-
lation of osteoblasts and inhibition of osteoclasts, also leading to formation of new 
bone. All mentioned drugs for osteoporosis have demonstrated fracture reduction for 
vertebral fractures, some for hip fractures, and other skeletal sites in large multicenter 
studies. 

 Considering osteoimmunology, questions arise in which way these drugs may 
infl uence bone metabolism on the level of signaling, cytokine expression, and the 
interplay with the immune system. 

7.11.1     Hormone Replacement Therapy 

 As mentioned above, estrogen limits bone loss through its effects on osteoblast and 
osteoclast activity. Since estrogen defi ciency in menopause is a major cause of osteo-
porosis in women, substitution of the estrogen defi cit may postpone the development 
of osteoporosis. The interactions between the different bone cells and cells of the 
bone marrow, including stromal cells and cells of the immune system, their interac-
tions and cytokine expressions effected by estrogen and also its immunomodulatory 
capacity have been outlined above.  

7.11.2     Selective Estrogen Receptor Modulators (SERMs) 

 The antiresorptive effect of raloxifene might be mediated by changes in several cyto-
kines involved in the bone remodeling process. Serum OPG levels in postmenopausal 
women signifi cantly increased after treatment with raloxifene (Messalli et al.  2007 ). 
On the contrary, in another study, postmenopausal women were treated with 60 mg 
raloxifene, but serum levels of OPG signifi cantly decreased after 3 and 6 months of 
therapy and returned to basal levels after 1 year of treatment (Li et al.  2009 ). There 
was a signifi cant decrease of RANKL levels and OPG/RANKL ratio after 1 year of 
raloxifene treatment. According to the authors of the study, this might be due to a 
reduced number of osteoblasts (Li et al.  2009 ). On the whole, current results support 
the hypothesis that raloxifene may inhibit osteoclast activity, at least by partly modu-
lating the OPG-RANKL system (Fernández-García et al.  2008 ). It could also be dem-
onstrated that raloxifene reduced IL-6 (Ozmen et al.  2007 ; Gianni et al.  2004 ), TNF-α 
(Gianni et al.  2004 ), and TGF-β1 (Ozmen et al.  2007 ) and, as pointed out above, 
SERMs may also induce apoptosis in preosteoclasts (Krum et al.  2008 ). 

 LY117018, a raloxifene analogue, can signifi cantly inhibit the generation of 
osteoclasts in vitro at concentrations between 10 and 12 M and 10–9 M and stimu-
late osteogenic differentiation at concentrations of 10–14 to 10–7 M. No infl uence 
on the proliferation and transcription of RANKL and osteoprotegerin was observed. 
TNF-α production was suppressed by LY117018, which may add to its anti- 
osteoclastogenic effect (Wutzl et al.  2010 ). The effects on estrogen-defi ciency 
osteoporosis of ormeloxifene, another SERM, were studied in retired breeding 
female rats (Narayana Murthy et al.  2006 ). Ormeloxifene like estradiol 
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demonstrated its inhibition of estrogen-defi ciency osteoporosis effects via inhibi-
tion of osteoclastogenesis, apoptosis of osteoclasts, and upregulation of TGF beta-3 
expression. Raloxifene – though effective in inhibiting osteoclastogenesis – induced 
no apoptosis at any concentrations. Thus, raloxifene appears to have a different 
mechanism of action than ormeloxifene and estradiol (Narayana Murthy et al. 
 2006 ).  

7.11.3     Bisphosphonates 

 Bisphosphonates are the drugs most widely used in treating osteoporosis. 
Bisphosphonates act by binding to the hydroxyapatite in bone tissue. This inhibits the 
activity of mature osteoclasts and induces both reduced osteoclastogenesis and 
increased apoptosis of osteoclasts. Aside from these known effects of bisphosphonates, 
the most drug-sensitive steps have not been determined so far. Risedronate inhibited 
osteoclast differentiation in coculture of bone marrow cells (BMCs) and osteoblasts and 
suppressed RANKL-mediated osteoclast differentiation from bone marrow-derived 
macrophages (BMMs) in a dose-dependent manner without toxicity. Risedronate sig-
nifi cantly inhibited expression of c-Fos and nuclear factor of activated T cells (NFAT) c1 
induced by RANKL (Kwak et al.  2009 ). Risedronate signifi cantly reduced the number 
and degree of differentiation of osteoclast precursors, osteoclast formation, and their 
vitality and activity after 3 months (D’Amelio et al.  2008 ). Furthermore, the levels of 
RANKL and TNF were reduced in cultures and of TNF and OPG in serum (D’Amelio 
et al.  2008 ). In a further study on postmenopausal women (Dundar et al.  2009 ), risedro-
nate signifi cantly decreased serum levels of RANKL and IL-1beta, and the level of OPG 
signifi cantly increased after 3 and 6 months, but no signifi cant difference was found in 
TNF-α level (Narayana Murthy et al.  2006 ). With regard to bone turnover, markers of 
bone resorption and formation signifi cantly decreased after 6 months (Dundar et al. 
 2009 ). A signifi cant reduction of bone resorption markers was observed after 3 months 
of alendronate (D’Amelio et al.  2010 ), whereas no signifi cant reduction in the number 
of osteoclast precursors, osteoclast formation and viability, and cytokine levels was 
present at that time (D’Amelio et al.  2010 ). After 1 year of alendronate treatment, 
reduced osteoclast precursors, osteoclast formation, and serum RANKL were present. 
This supports the fact that bisphosphonates mainly act on mature bone-resorbing osteo-
clasts in the short term, whereas its long-term administration diminishes their formation 
by reducing their precursors and serum RANKL (Kwak et al.  2009 ; D’Amelio et al. 
 2008 ,  2010 ; Anastasilakis et al.  2008 ). 

 Interactions with the immune system were outlined in a recent study (Lim et al. 
 2010 ) with a signifi cant increase in mRNA expression and serum levels of IL-6, 
TNF-alpha, and IFN-gamma shortly after pamidronate infusion. Furthermore, a 
notable rise in serum C-reactive protein (CRP) was observed over 3 days. In this 
respect, an intermittent large dose of aminobisphosphonate has an impact on the 
immunological level, causing acute infl ammation. The acute-phase response (APR) 
is the most frequent side effect after the fi rst dose of intravenous nitrogen- containing 
bisphosphonates. It has been demonstrated in vitro that nitrogen-containing bisphos-
phonates stimulate γδ T cell proliferation and production of cytokines and that 
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vitamin D is able to modulate these. Levels of 25(OH)D were negatively correlated 
with postdose body temperature and CRP (D’Amelio et al.  2010 ). An exponential 
increase in fever and CRP has been found with 25(OH)D levels lower than 30 ng/
mL and body temperature less than 37 °C, whereas normal CRP was associated 
with 25(OH)D levels above 40 ng/mL (Bertoldo et al.  2010 ). The association 
between post-N-BPs APR and 25(OH)D suggests an interplay among nitrogen- 
containing bisphosphonates, 25(OH)D, and the immune system. These results (Lim 
et al.  2010 ; Bertoldo et al.  2010 ) may explain the acute-phase response often seen 
in patients after receiving nitrogen-containing bisphosphonates for the fi rst time.  

7.11.4     Denosumab 

 Denosumab (RANKL-specifi c monoclonal antibody) is a specifi c monoclonal anti-
body directed against RANKL. By binding to RANKL, denosumab prevents 
RANKL from binding to its receptor, resulting in a decrease in bone resorption due 
to reduction in the formation, activity, and survival of osteoclasts. The antiresorptive 
effect of a single 60-mg injection of denosumab substantially exceeds the effects of 
alendronate (70 mg weekly) (Tankó  2007 ; Lewiecki et al.  2007 ). Denosumab 
increased BMD at all measured skeletal sites and decreased concentrations of bone 
turnover markers compared with a placebo at 24 months (Lewiecki et al.  2007 ). At 
the lumbar spine, BMD increases with denosumab in the range of 4.13–8.89 %. 
BMD changes with denosumab 30 mg every 3 months and ≥60 mg every 6 months 
that were similar to, or in some cases greater than, the use of alendronate (Lewiecki 
et al.  2007 ). The role of denosumab in the treatment of osteoporosis is described in 
more detail in the chapter “Antibodies for the Treatment of Bone Diseases: Clinical 
Data.”  

7.11.5     Parathyroid Hormone 

 Subcutaneous intermittent therapy with teriparatide (rhPTH 1–34) is an established 
anabolic therapy in osteoporosis. It could be demonstrated that rhPTH 1–34 leads to 
a rapid and signifi cant increase of RANKL within 1 month, with a persistent 
increase during the following time of therapy. On the contrary, OPG was suppressed 
by rhPTH 1–34 after 6 months. OPG normalized to baseline after discontinuation of 
the rhPTH 1–34 treatment. Furthermore, the cytokines IL-6 and IL-6sR are upregu-
lated by rhPTH 1–34. Thus, rhPTH 1–34 controls bone remodeling primarily 
through a modulation of the OPG/RANKL/RANK system. Immature cells of the 
osteoblast lineage are stimulated by rhPTH 1–34, leading to an increase of RANKL, 
which may bind to its receptor RANK. As OPG is also produced by osteoblasts, this 
RANKL-RANK interaction is counteracted by OPG by preventing the binding of 
RANKL to its RANK receptor. It seems that rhPTh initially stimulates osteoblast 
maturation and function, which then induces an osteoclast activation combined with 
a shift in the balance of bone formation and bone resorption in favor of bone 
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formation. Interestingly, when in a small uncontrolled study rhPTH 1–34 was com-
bined with the bisphosphonate risedronate, OPG levels remained unchanged, while 
RANKL decreased gradually after 3 and 6 months of therapy with risedronate and 
rhPTH 1–34 (Anastasilakis et al.  2008 ). Thus, when two bone active drugs are 
given, a further modulation of the OPG/RANKL/RANK system and bone metabo-
lism is induced, which seems to be dissimilar to the effects of the substances when 
applied singly.  

7.11.6     Strontium Ranelate 

 In a study with ovariectomized goats, strontium (Sr) was co-administered with cal-
cium to investigate the effects of Sr on cytokine expression and cell activities (Zaidi 
 2007 ). Serum Sr levels increased six- and tenfold in the Ca + 24 mg/kg/day Sr and 
Ca + 40 mg/kg/day Sr groups, respectively. In bone Sr increased four- and sixfold in 
these two groups, and Sr-Ca co-administration considerably increased bone mineral 
apposition rate. The expression of IGF-1 and runt-related transcription factor 2 
(Runx2) was signifi cantly upregulated within the Ca + 40 mg/kg/day Sr treatment 
group; TNF-α expression was signifi cantly downregulated in the Ca + 40 mg/kg/day 
Sr group. This indicates that Sr-Ca co-administration increases osteogenic gene 
expression and stimulates new bone formation. 

 Strontium (Sr) ranelate reduces fracture risk in postmenopausal women with 
osteoporosis. Sr ranelate has been proposed as an agonist of the calcium-sensing 
receptor (CaSR), thus revealing effects on OPG and RANKL expression and cell 
replication. In postmenopausal women, Sr ranelate increased mRNA and protein 
levels of OPG and suppressed those of RANKL. Sr ranelate also stimulated osteo-
blast replication and differentiation and increased cell survival under stress. 
Knocking down CaSR suppressed the Sr ranelate-induced stimulation of OPG 
mRNA, the reduction of RANKL mRNA, and an increase in replication, indicating 
the involvement of CaSR in these responses (Brennan et al.  2009 ).  

7.11.7     Other Therapies Including Upcoming Therapeutic Options 

 Concerning other therapeutic options, fl uoride and calcitonin have to be briefl y 
mentioned. Both substances were used in the past for the treatment of osteoporosis. 
However, because of questionable treatment effects (calcitonin), a narrow therapeu-
tic window with increased bone mass but not bone strength (fl uoride), and the lack 
of trials showing fracture reduction with these drugs, both were in the meantime 
outpaced by other more potent drugs as presented above. Concerning osteoimmuno-
logical aspects, neither fl uoride nor calcitonin therapy revealed any effects on the 
concentrations of IGF-1, IGF-2, and TGF-β1 in bone matrix extracts from osteopo-
rotic patients (Pepene et al.  2004 ). However, it could be shown that calcitonin pre-
vented apoptosis of osteocytes and osteoblasts, thus being the possible mechanism 
of action for its anti-osteoporotic effects (Plotkin et al.  1999 ). 
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 Today, further new therapies are in the stage of pre- or (already) clinical testing. 
In comparison to the currently available drugs, which either interact at the hormonal 
level via hormone receptors (estrogen, SERMs, parathyroid hormone) or by deposi-
tion of specifi c molecules within bone altering bone metabolism (bisphosphonates, 
Sr ranelate), these new drugs now aim to interact in a specifi c way with the players 
of bone metabolism. One example is the cathepsin K-inhibitor odanacatib, which 
has been shown to interfere specifi cally with the activation of bone-resorbing pro-
cesses in active osteoclasts.   

    Conclusion 

 Bone cells interact at different points with cells of the immune system. The inter-
actions are modulated by hormonal infl uences setting up complex mechanisms 
regulating and infl uencing bone metabolism. Our understanding of this complex 
interplay is constantly increasing. The improved understanding of these modes 
of action already has led to the development of new drugs which specifi cally 
interact at certain points of bone metabolism. In this respect, the fi eld of osteoim-
munology gains a new dimension, as its complex view on all aspects of bone 
metabolism gives us not only better insights into bone and bone metabolism at 
the level of basic research but also becomes a motor in the development of new 
therapeutic strategies (Pietschmann et al.  2016 ). With the translational shift of 
basic research results in osteology and osteoimmunology into clinically appli-
cable treatments, further improvements in the fi ght of osteoporosis seem to 
become available (Pietschmann et al.  2016 ).     

   References 

    Alnaeeli M, Park J, Mahamed D, Penninger JM, Teng YT (2007) Dendritic cells at the osteoim-
mune interface: implications for infl ammation-induced bone loss. J Bone Miner Res 
22:775–780  

     Anastasilakis AD, Goulis DG, Polyzos SA, Gerou S, Koukoulis G, Kita M, Avramidis A (2008) 
Serum osteoprotegerin and RANKL are not specifi cally altered in women with postmeno-
pausal osteoporosis treated with teriparatide or risedronate: a randomized, controlled trial. 
Horm Metab Res 40:281–285  

    Arron JR, Choi Y (2000) Bone versus immune system. Nature 408:535–536  
    Bengmark S (2004) Acute and “chronic” phase reaction-a mother of disease. Clin Nutr 23:1

256–1266  
     Bertoldo F, Pancheri S, Zenari S, Boldini S, Giovanazzi B, Zanatta M, Valenti MT, Dalle Carbonare L, 

Lo Cascio V (2010) Serum 25-hydroxyvitamin D levels modulate the acute-phase response associ-
ated with the fi rst nitrogen-containing bisphosphonate infusion. J Bone Miner Res 25:447–454  

     Boyle WJ, Simonet WS, Lacey DL (2003) Osteoclast differentiation and activation. Nature 
423:337–342  

    Brennan TC, Rybchyn MS, Green W, Atwa S, Conigrave AD, Mason RS (2009) Osteoblasts 
play key roles in the mechanisms of action of strontium ranelate. Br J Pharmacol 
157:1291–1300  

     Breuil V, Ticchioni M, Testa J, Roux CH, Ferrari P, Breittmayer JP, Albert-Sabonnadière C, Durant 
J, De Perreti F, Bernard A, Euller-Ziegler L, Carle GF (2010) Immune changes in postmeno-
pausal osteoporosis: the Immunos study. Osteoporos Int 21:805–814  

P. Mikosch



175

    Calvi LM, Sims NA, Hunzelman JL, Knight MC, Giovannetti A, Saxton JM, Kronenberg HM, 
Baron R, Schipani E (2001) Activated parathyroid hormone/parathyroid hormone-related pro-
tein receptor in osteoblastic cells differentially affects cortical and trabecular bone. J Clin 
Invest 107:277–286  

    Calvi LM, Adams GB, Weibrecht KW et al (2003) Osteoblastic cells regulate the haematopoietic 
stem cell niche. Nature 425:841–846  

     Cheroutre H (2004) Starting at the beginning: new perspectives on the biology of mucosal T cells. 
Annu Rev Immunol 22:217–246  

    Christiansen C, Christiansen MS, Transbol I (1981) Bone mass in postmenopausal women after 
withdrawal of oestrogen/gestagen replacement therapy. Lancet 1:459–461  

    Clowes JA, Riggs BL, Khosla S (2005) The role of the immune system in the pathophysiology of 
osteoporosis. Immunol Rev 208:207–227  

     Colin EM, Asmawidjaja PS, van Hamburg JP, Mus AM, van Driel M, Hazes JM, van Leeuwen JP, 
Lubberts E (2010) 1,25-dihydroxyvitamin D3 modulates Th17 polarization and interleukin-22 
expression by memory T cells from patients with early rheumatoid arthritis. Arthritis Rheum 
62:132–142  

    Cosman F, Shen V, Xie F, Seibel M, Ratcliffe A, Lindsay R (1993) Estrogen protection against 
bone resorbing effects of parathyroid hormone infusion. Ann Intern Med 118:
337–343  

      D’Amelio P, Gnmaldi A, Di Bella S, Tamone C, Brianza SZ, Ravazzoli MG, Bernabei P, Cristo- 
faro MA, Pescmona GP, Isaia G (2008) Risedronate reduces osteoclast precursors and cytokine 
production in postmenopausal osteoporotic women. J Bone Miner Res 23:373–379  

       D’Amelio P, Grimaidi A, Cristofaro MA, Ravazzoli M, Molinatti PA, Pescarmona GP, Isaia GC 
(2010) Alendronate reduces osteoclast precursors in osteoporosis. Osteoporos Int 
21:1741–1750  

     Dundar U, Kavuncu V, Cifi ci IH, Evcik D, Solak O, Cakir T (2009) The effect of risedronate treat-
ment on serum cytokines in postmenopausal osteoporosis: a 6-month randomized and con-
trolled study. J Bone Miner Metab 27:464–470  

    Eghbali-Fatourechi G, Khosla S, Sanyal A, Boyle WJ, Lacey DI, Riggs BL (2003) Role of RANK 
ligand in mediating increased bone resorption in early postmenopausal women. J Clin Invest 
111:1120–1122  

    Eriksen EF, Colvard DS, Berg NJ, Graham ML, Mann KG, Spelsberg TC, Riggs BL (1988) 
Evidence of estrogen receptors in normal human osteoblast like cells. Science 241:84–86  

    Fernández-García D, Muñoz-Torres M, Mezquita-Raya P, de la Higuera M, Alonso G, Reyes- 
García R, Ochoa AS, Ruiz-Requena ME, Luna JD, Escobar-Jiménez F (2008) Effects of raloxi-
fene therapy on circulating osteoprotegerin and RANK ligand levels in post-menopausal 
osteoporosis. J Endocrinol Invest 31:416–421  

    Franceschi C, Bonafè M, Valensin S, Olivieri F, Da Luca M, Ottaviani E, De Benedictitis G (2000) 
Infl ammaging. An evolutionary perspective on immunosenescence. Ann N Y Acad Sci 
908:24–254  

    Gaffen SL, Hajishengallis G (2008) A new infl ammatory cytokine on the block: re-thinking peri-
odontal disease and the Th1/Th2 paradigm in the context of Th17 cells and IL-17. J Dent Res 
87:817–828  

    Gallagher JC, Riggs BL, Eisman J, Hamstra A, Arnaud SB, DeLuca HF (1979) Intestinal calcium 
absorption and serum vitamin D metabolites in normal subjects and osteoporotic patients: 
effects of age and dietary calcium. J Clin Invest 64:729–736  

    Gao Y, Grassi F, Ryan MR, Terauchi M, Page K, Yang X, Weitzmann MN, Pacifi ci R (2007) IFN-γ 
stimulates osteoclast formation and bone loss in vivo via antigen-driven T cell activation. J Clin 
Invest 117:12–132  

    Geijtenbeek TB, van Vliet SJ, Engering A, ‘t Hart BA, van Kooyk Y (2004) Self- and nonself- 
recognition by C-type lectins on dendritic cells. Annu Rev Immunol 22:33–54  

    Gennari C, Agnusdei D, Nardi P, Civitelli R (1990) Estrogen preserves a normal intestinal respon-
siveness to 1,25-dihydroxyvitamin D  3   in oophorectomized women. J Clin Endocrinol Metab 
71:1288–1293  

7 Osteoporosis: Pathophysiology and Clinical Aspects



176

    Ghishan FK, Kiela PR (2011) Advances in the understanding of mineral and bone metabolism in 
infl ammatory bowel diseases. Am J Physiol Gastrointest Liver Physiol 300:G191–G201  

    Giangregorio LM, Jantzi M, Papaioannou A, Hirdes J, Maxwell CJ, Poss JW (2009) Osteoporosis 
management among residents living in long-term care. Osteoporos Int 20:1471–1478  

     Gianni W, Ricci A, Gazzaniga P, Brama M, Pietropaolo M, Votano S, Patanè F, Aglianò AM, Spera 
G, Marigliano V, Ammendola S, Agnusdei D, Migliaccio S, Scandurra R (2004) Raloxifene 
modulates interleukin-6 and tumor necrosis factor-alpha synthesis in vivo: results from a pilot 
clinical study. J Clin Endocrinol Metab 89:6097–6099  

    Haaland DA, Cohen DR, Kennedy CC, Khalidi NA, Adachi JD, Papaioannou A (2009) Closing the 
osteoporosis care gap: increased osteoporosis awareness among geriatrics and rehabilitation 
teams. BMC Geriatr 9:28. doi:  10.1186/1471-2318-9-28      

     Häussler B, Gothe H, Göl D, Glaeske G, Pientka L, Felsenberg D (2007) Epidemiology, treatment 
and costs of osteoporosis in Germany – the Bone EVA Study. Osteoporos Int 18:
77–84  

    Heaney RP, Recker RR, Saville PD (1978) Menopause changes in calcium balance performance. 
J Lab Clin Med 92:953–963  

      Johnell O, Kanis JA (2006) An estimate of the worldwide prevalence and disability associated with 
osteoporotic fractures. Osteoporos Int 17:1726  

    Jones DH, Kong YY, Penninger JM (2002) Role of RANKL and RANK in bone loss and arthritis. 
Ann Rheum Dis 61(Suppl):ii32–ii39  

    Josien R, Wong BR, Li HL, Steinman RM, Choi Y (1999) TRANCE, a TNF family member, is 
differentially expressed on T cell subsets and induces cytokine production in dendritic cells. 
J Immunol 162:2562–2568  

    Kamal HK (2005) Secondary prevention of hip fractures among hospitalized elderly: are we doing 
enough? J Clin Rheumatol 11:68–71  

     Katz S, Weinerman S (2010) Osteoporosis and gastrointestinal disease. Gastroenterol Hepatol (N 
Y) 6:506–517  

    Kim SW, Her SJ, Kim SY, Shin CS (2005) Ectopic overexpression of adipogenic transcription fac-
tors induces transdifferentiation of MC3T3-E1 osteoblasts. Biochem Biophys Res Commun 
327:811–819  

    Komm BS, Terpening CM, Benz DJ, Graeme KA, O’Malley BW, Haussler MR (1988) Estrogen 
binding receptor mRNA, and biologic response in osteoblast-like osteosarcoma cells. Science 
241:81–84  

    Konnopka A, Jerusel N, König HH (2009) The health and economic consequences of osteopenia- 
and osteoporosis-attributable hip fractures in Germany: estimation for 2002 and projection 
until 2050. Osteoporos Int 20:1117–1129  

      Krum SA, Miranda-Carboni GA, Hauschka PV, Carroll JS, Lane TF, Freedman LP, Brown M 
(2008) Estrogen protects bone by inducing Fas ligand in osteoblasts to regulate osteoclast sur-
vival. EMBO J 27:535–545  

     Kwak HB, Kirn JY, Kim KJ, Choi MK, Kim JJ, Kirn KM, Shin YI, Lee MS, Kim HS, Kim JW, 
Chun CH, Cho HJ, Hong GY, Juhng SK, Yoon KH, Park BH, Bae JM, Han JK, Oh J (2009) 
Risedronate directly inhibits osteoclast differentiation and infl ammatory bone loss. Biol Pharm 
Bull 32:1193–1198  

    Lecka-Cernik B, Moerman EJ, Grant DF, Lehmann JM, Manolagas SC, Jilka RL (2002) Divergent 
effects of selective peroxisome proliferator-activated receptor-gamma 2 ligands on adipocyte 
versus osteoblast differentiation. Endocrinology 143:2376–2384  

      Lewiecki EM, Miller PD, McClung MR, Cohen SB, Bolognese MA, Liu Y, Wang A, Siddhanti S, 
Fitzpatrick LA, AMG 162 Bone Loss Study Group (2007) Two-year treatment with deno-
sumab (AMG 162) in a randomized phase 2 study of postmenopausal women with low BMD. J 
Bone Miner Res 22:1832–1841  

      Li Y, Toraldo G, Li A, Yang X, Zhang H, Qian WP, Weitzmann MN (2007) B cells and T cells are 
critical for the preservation of bone homeostasis and attainment of peak bone mass in vivo. 
Blood 109:3839–3848  

P. Mikosch

http://dx.doi.org/10.1186/1471-2318-9-28


177

     Li Z, Lu WW, Chiu PK, Lam RW, Xu B, Cheung KM, Leong JC, Luk KD (2009) Strontium- 
calcium coadministration stimulates bone matrix osteogenic factor expression and new bone 
formation in a large animal model. J Orthop Res 27:758–762  

     Lim MJ, Kwon SR, Park SG, Park W (2010) Acute effects of intravenous administration of pami-
dronate in patients with osteoporosis. J Korean Med Sci 25:1277–1283  

    Lohmann R, Haid K, Stöckle U, Raschke M (2007) Epidemiologie und Perspektiven der Alters 
traumatologie [Epidemiology and perspectives in traumatology of the elderly] Unfallchirurg. 
110:553–560  

     Manabe N, Kawaguchi H, Chikuda H, Miyaura C, Inada M, Nagai R, Nabeshima Y, Nakamura K, 
Sinclair AM, Scheuermann RH, Kuro-o M (2001) Connection between B lymphocyte and 
osteoclast differentiation pathways. J Immunol 167:2625–2631  

    McKane WR, Khosla S, Burritt MF, Kao PC, Wilson DM, Ory SJ, Riggs BL (1995) Mechanism 
of renal calcium conservation with estrogen replacement therapy in women in early meno-
pause – a clinical research center study. J Clin Endocrinol Metab 80:3458–3464  

     Messalli EM, Mainini G, Scaffa C, Cafi ero A, Salzillo PL, Ragucci A, Cobellis L (2007) Raloxifene 
therapy interacts with serum osteoprotegerin in postmenopausal women. Maturitas 56:38–44  

    Metge CJ, Leslie WD, Manness LJ, Yogendran M, Yuen CK, Kvern B, Maximizing Osteoporosis 
Management in Manitoba Steering Committee (2008) Postfracture care for older women: gaps 
between optimal care and actual care. Can Fam Physician 54:1270–1276  

    Miyamoto T, Ohnada O, Arai F, Iwamoto K, Okada S, Tagagi K, Anderson DM, Suda T (2001) 
Bifurcation of osteoclasts and dendritic cells from common progenitors. Blood 98:2544–2554  

      Narayana Murthy PS, Sengupta S, Sharma S, Singh MM (2006) Effect of ormeloxifene on 
ovariectomy- induced bone resorption, osteoclast differentiation and apoptosis and TGF beta-3 
expression. J Steroid Biochem Mol Biol 100:117–128  

    Nielsen OH, Vainer B, Madsen SM, Seidelin JB, Heegaard NH (2000) Established and emerging 
biological activity markers of infl ammatory bowel disease. Am J Gastroenterol 95:359–367  

    NIH Consensus Development Panel on Osteoporosis Prevention, Diagnosis, and Therapy (2001) 
Osteoporosis prevention, diagnosis, and therapy. JAMA 285:785–795  

     Ohlsson C, Sjögren K (2015) Effects of the gut microbiota on bone mass. Trends Endocrinol 
Metab 26:69–74. doi:  10.1016/j.tern2014.11.004      

    Oursler MI, Osdoby P, Pyfferoen J, Riggs BL, Spelsberg TC (1998) Avian osteoclasts as estrogen 
target cells. Proc Natl Acad Sci U S A 88:6613–6617  

     Ozmen B, Kirmaz C, Aydin K, Kafesciler SO, Guclu F, Hekimsoy Z (2007) Infl uence of the selec-
tive oestrogen receptor modulator (raloxifene hydrochloride) on IL-6, TNF-alpha, TGF-beta1 
and bone turnover markers in the treatment of postmenopausal osteoporosis. Eur Cytokine 
Netw 18:148–153  

    Pacifi ci R (2007) T cells and post menopausal osteoporosis in murine models. Arthritis Res Ther 
9:102  

    Pacifi ci R (2008) Estrogen defi ciency, T cells and bone loss. Cell Immunol 252:68–80  
    Papaioannou A, Kennedy CC, Ioannidis G, CaMos Research Group et al (2008) The osteoporosis 

care gap in men with fragility fractures: the Canadian Multicentre Osteoporosis Study. 
Osteoporos Int 19:581–587  

    Pene J, Chevalier S, Preisser L, Venereau E, Guilleux MH, Ghannam S, Moles JP, Danger Y, Ravon 
E, Lesaux S, Yssel H, Gascan H (2008) Chronically infl amed human tissue are infi ltrated by 
highly differentiated Th17 lymphocytes. J Immunol 180:7423–7430  

    Pepene CE, Seck T, Diel I, Minne HW, Ziegler R, Pfeilschifter J (2004) Infl uence of fl uor salts, 
hormone replacement therapy and calcitonin on the concentration of insulin-like growth factor 
(IGF)-I, IGF-II and transforming growth factor-beta 1 in human iliac crest bone matrix from 
patients with primary osteoporosis. Eur J Endocrinol 150:81–91  

    Pietschmann P, Grisar J, Thien R, Willhelm M, Kerschan-Schindl K, Preisinger E, Peter-lik M 
(2001) Immune phenotype and intracellular cytokine production of peripheral blood mononu-
clear cells from postmenopausal patients with osteoporotic fractures. Exp Gerontol 
36:1749–1759  

7 Osteoporosis: Pathophysiology and Clinical Aspects

http://dx.doi.org/10.1016/j.tern2014.11.004


178

    Pietschmann P, Gollob E, Brosch S, Hahn P, Kudlacek S, Willhelm M, Woloszczuk W, Peterlik M, 
Tragl KH (2003) The effect of age and gender on cytokine production by human peripheral 
blood mononuclear cells and markers of bone metabolism. Exp Gerontol 38:1119–1127  

    Pietschmann P, Azizi-Semrad U, Pils K, Fahrleitner-Pammer A, Resch H, Dobnig H (2010) 
Pharmacologic undertreatment of osteoporosis in Austrian nursing homes and senior’s resi-
dences. Wien Klin Wochenschr 160:532–537  

     Pietschmann P, Mechtcheriakova D, Mescheryakova A, Föger-Samwald U, Ellinger I (2016) 
Immunology of osteoporosis: a mini-review. Gerontology 62:128–137. doi:  10.1159/000431091      

    Plotkin LI, Weinstein RS, Parfi tt AM, Roberson PK, Manolagas SC, Bellido T (1999) Prevention 
of osteocyte and osteoblast apoptosis by bisphosphonates and calcitonin. J Clin Invest 
104:1363–1374  

    Polzer K, Joosten L, Gasser J, Distler JH, Ruiz G, Baum W, Redlich K, Bobacz K, Smolen JS, van 
den Berg W, Schett G, Zwerina J (2010) IL-1 is essential for systemic infl ammatory bone loss. 
Ann Rheum Dis 69:284–290  

    Rauner M, Sipos W, Pietschmann P (2007) Osteoimmunology. Int Arch Allergy Immunol 
143:31–48  

    Rho J, Takami M, Choi Y (2004) Osteoimmunology: interactions of the immune and skeletal sys-
tems. Mol Cells 17:1–9  

    Rivollier A, Mazzorana M, Tebib J, Piperno M, Aitsiselmi T, Rabourdin-Combe C, Jurdic P, 
Servet-Delprat C (2004) Immature dendritic cell transdifferentiation into osteoclasts: a novel 
pathway sustained by the rheumatoid arthritis microenvironment. Blood 104:4029–4037  

    Robbie-Ryan M, Pacifi ci R, Weitzmann MN (2006) IL-7 drives T cell-mediated bone loss follow-
ing ovariectomy. Ann N Y Acad Sci 1068:348–351  

    Rothe A, Power BE, Hudson PJ (2008) Therapeutic advances in rheumatology with the use of 
recombinant proteins. Nat Clin Pract Rheumatol 4:605–614  

    Saika M, Inoue D, Kido S, Matsumoto T (2001) 17beta-estradiol stimulates expression of osteo-
protegerin by a mouse stromal cell line, ST-2, via estrogen receptor-alpha. Endocrinology 
142:2205–2212  

     Saltel F, Chabadel A, Zhao Y, Lafage-Proust MH, Clézardin P, Jurdic P, Bonnelye E (2006) 
Transmigration: a new property of mature multinucleated osteoclasts. J Bone Miner Res 
21:1913–1923  

    Sato S, Suematsu A, Okamoto K, Yamaguchi A, Morishita Y, Kadono Y, Tanaka S, Kodama T, 
Akira S, Iwakura Y, Cua DJ, Takayanagi H (2006) Th17 functions as an osteoclastogenic 
helper T cell subset that links T cell activation and bone destruction. J Exp Med 203:
2673–2682  

    Shen W, Durum SK (2010) Synergy of IL-23 and Th17 cytokines: new light on infl ammatory 
bowel disease. Neurochem Res 35:940–946  

    Sipos W, Pieschmann P, Rauner M (2008) Strategies for novel therapeutic approaches targeting 
cytokines and signaling pathways of osteoclasto- and osteoblastogenesis in the fi ght against 
immune-mediated bone and joint diseases. Curr Med Chem 15:127–136  

    Sjögren K, Engdahl C, Henning P, Lerner UH, Tremaroli V, Lagerquist MK, Bäckhed F, 
Ohlsson C (2012) The gut microbiota regulates bone mass in mice. J Bone Miner Res 
27:1357–1367  

    Smith EP, Boyd J, Frank GR, Takahashi H, Cohen RM, Specker B, Williams TC, Lubahn DB, 
Korach KS (1994) Estrogen resistance caused by a mutation in the estrogen-receptor gene in a 
man. N Engl J Med 331:1056–1061  

    Takayanagi H (2009) Osteoimmunology and the effects of the immune system on bone. Nat Rev 
Rheumatol 5:667–676  

    Tankó LB (2007) Effect of RANKL-specifi c denosumab on osteoclast number and function: a 
potential friend or foe? Curr Opin Investig Drugs 8:830–835  

      Teitelbaum SL (2007) Osteoclasts: what do they do and how do they do it? Am J Pathol 
170:427–435  

     Tignor AS, Wu BU, Whitlock TL, Lopez R, Repas K, Banks PA, Conwell D (2010) High preva-
lence of low-trauma fracture in chronic pancreatitis. Am J Gastroenterol 105:2680–2686  

P. Mikosch

http://dx.doi.org/10.1159/000431091


179

    Tosteson A, Solomon D, King AB et al (2005) Projections of osteoporosis fractures and costs by 
skeletal site in the USA. J Bone Miner Res 20:S21  

    Vojdani A, Erde J (2006a) Regulatory T cells, a potent immunoregulatory target for CAM research-
ers: the ultimate antagonist (I). Evid Based Complement Alternat Med 3:25–30  

    Vojdani A, Erde J (2006b) Regulatory T cells, a potent immunoregulatory target for CAM research-
ers: modulating allergic and infectious disease pathology (II). Evid Based Complement 
Alternat Med 3:209–215  

    Vojdani A, Erde J (2006c) Regulatory T cells, a potent immunoregulatory target for CAM research-
ers: modulating tumor immunity, autoimmunity and alloreactive immunity (III). Evid Based 
Complement Alternat Med 3:309–316  

     Walsh MC, Kim N, Kadono Y, Rho J, Lee SY, Lorenzo J, Choi Y (2006) Osteoimmunology: inter-
play between the immune system and bone metabolism. Annu Rev Immunol 24:33–63  

     Won HY, Lee JA, Park ZS, Song JS, Kim HY, Jang SM, Yoo SE, Rhee Y, Hwang ES, Bae MA 
(2011) Prominent bone loss mediated by RANKL and IL-17 produced by CD4+ T Cells in 
TallyHo/JngJ Mice. PLoS One 6:e18168  

    Wong BR, Besser D, Kim N, Arron JR, Vologodskaia M, Hanafusa H, Choi Y (1999) TRANCE, 
a TNF family member, activates Akt/PKB through a signaling complex involving TRAF6 and 
s-src. Mol Cell 4:1041–1049  

    Wright RM (2007) Use of osteoporosis medications in older nursing facility residents. J Am Med 
Dir Assoc 8:453–457  

    Wutzl A, Gruber R, Brozek W, Hofbauer G, Lernbass I, Brosch S, Pietschmann P (2010) 
Mechanisms involved in the inhibition of osteoclast generation by the benzothiophene SERM 
LY117018. Wien Klin Wochenschr 122:626–632  

     Xiao P, Chen Y, Jiang H, Liu YZ, Pan F, Yang TL, Tang ZH, Larsen JA, Lappe JM, Recker RR, 
Deng HW (2008) In vivo genome-wide expression study on human circulating B cells suggests 
a novel ESR1 and MAPK3 network for postmenopausal osteoporosis. J Bone Miner Res 
23:644–654  

    Yagi M, Miyamoto T, Toyama Y, Suda T (2006) Role of DC-STAMP in cellular fusion of osteo-
clasts and macrophage giant cells. J Bone Miner Metab 24:355–358  

    Yamaguchi A, Komori T, Suda T (2000) Regulation of osteoblast differentiation mediated by bone 
morphogenetic proteins, hedgehogs, and Cbfa1. Endocr Rev 21:393–411  

     Zaidi M (2007) Skeletal remodeling in health and disease. Nat Med 13:791–801  
     Ziegler-Heitbrock L (2007) The CD14 + CD16+ blood monocytes: their role in infection and 

infl ammation. J Leukoc Biol 81:584–592  
    Zwerina J, Redlich K, Polzer K, Joosten L, Kronke G, Distler J, Hess A, Pundt N, Pap T, Hoffmann 

O, Gasser J, Scheinecker C, Smolen JS, van den Berg W, Schett G (2007) TNF-induced struc-
tural joint damage is mediated by IL-1. Proc Natl Acad Sci U S A 104:11742–11747    

7 Osteoporosis: Pathophysiology and Clinical Aspects



181© Springer International Publishing Switzerland 2016
P. Pietschmann (ed.), Principles of Osteoimmunology, 
DOI 10.1007/978-3-319-34238-2_8

        D.  H.  N.   White ,  M.D., BSc, MBChB, FRACP      (*) 
  Rheumatology Department ,  Waikato Hospital ,   Pembroke Street ,  Hamilton ,  New Zealand   
 e-mail: douglas.white@waikatodhb.health.nz   

    R.   Kocijan ,  M.D.    
  Medical Department II, St. Vincent Hospital Vienna ,  Academic Teaching Hospital of the 
Medical University Vienna ,   Vienna ,  Austria   
 e-mail: roland.kocijan@bhs.at  

  8      Rheumatoid Arthritis 
and Spondyloarthritis                     

     Douglas     H.  N.     White       and     Roland     Kocijan   

8.1          Introduction 

 Recent years have seen extraordinary growth in our knowledge and understanding 
of the pathogenesis of infl ammatory arthritis as refl ected in the development of new 
therapies and changing clinical practice. This chapter will review the most common 
forms of infl ammatory arthritis, including rheumatoid arthritis, the axial spondylo-
arthritides (radiographic axial spondyloarthritis (r-axSpA) and the non-radiographic 
axial spondyloarthritis (nr-axSpA)) as well as psoriatic arthritis (PsA) to explore 
their epidemiology, pathogenesis, clinical features and treatment.  

8.2     Rheumatoid Arthritis 

8.2.1     Historical Perspective 

 Rheumatoid arthritis (RA) has been recognised in Europe since the seventeenth 
century, with Sydenham publishing the fi rst case report in 1676. The artwork of 
the Dutch painter Peter Paul Rubens (1577–1640) is thought by some to show 
evidence of hand deformities that can occur in RA (Appelboom et al.  1981 ). 
Interestingly, the typical erosive changes of RA have not been found within the 
European fossil record, yet the characteristic joint damage found with gout, 
osteoarthritis and ankylosing spondylitis has been well documented 
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(Aceves-Avila et al.  1998 ). Similar evaluation of skeletal remains from indige-
nous North Americans has shown these characteristic changes. In these areas, 
prevalence of RA remains remarkably high at around 5 % (Rothschild et al. 
 1988 ). This has led to speculation that perhaps RA was brought from the New 
World back to the Old World by returning explorers. Currently, there is no direct 
evidence supporting this.  

8.2.2     Epidemiology 

 Rheumatoid arthritis has a worldwide distribution affecting all ethnic groups, and 
although all ages can be affected, the peak incidence is between the 4th and 6th 
decades with females being affected 2–4 times more commonly than males. The 
gender ratio becomes less pronounced with increasing age. Prevalence varies con-
siderably, but published work suggests that ~0.5–1 % of European and North 
American adults are affected, with rates being lower in Southern Europe than 
Northern Europe and highest in native North Americans (Alamanos et al.  2006 ). 

 Several authors have suggested that RA appears to be becoming less common 
and less severe, and there is evidence that the incidence of extra-articular features is 
declining (Turesson and Matteson  2009 ). The change in incidence appears to have 
begun before the advent of aggressive disease management strategies and remains 
unexplained.  

8.2.3     Pathogenesis 

 Insights into the pathogenesis of RA have been gained through the study of affected 
tissues, genetic studies and modern molecular approaches. Nevertheless, despite the 
growth in our understanding of the mechanisms underlying RA, it is not yet possible 
to unite the different elements into a comprehensive explanation of the heteroge-
neous phenotype. 

 As we shall see, RA has features of both T-cell activation with the formation of 
rheumatoid nodules and also B-cell activation with autoantibody production. 
Indeed, microscopic examination of synovial tissue from infl amed joints shows evi-
dence of a dense but non-specifi c infi ltration of infl ammatory cells including neu-
trophils, B-cells, T-cells, macrophages and mast cells. 

 The infl ammatory response is coordinated by a complex cytokine network with 
macrophages being the key secretors of pro-infl ammatory cytokines in the infl amed 
rheumatoid synovium. It is now known that the cellular basis of the infl ammatory 
response changes as the disease progresses with T-cells playing an important role in 
the early stages of disease (Raza et al.  2005 ). 

 Infl ammation within the synovium results in the formation of a destructive pan-
nus that may lead to the erosion of bone and consequent deformity and functional 
impairment. Recent work has suggested that bone oedema on MRI scan can predict 
future erosion, suggesting that the process of erosion may begin within the bone.  
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8.2.4     Cellular and Molecular Mechanisms 

 The fi rst clues to the autoimmune nature of RA came from the discovery of a 
“rheumatoid factor” in the serum of affected patients by Waaler in 1938. 
Subsequently rediscovered by Rose in 1948, it was to be another 9 years until 
this rheumatoid factor was characterised as an antibody that binds to the Fc por-
tion of immunoglobulin (Franklin et al.  1957 ). Whilst rheumatoid factor is most 
commonly IgM directed against the Fc portion of IgG, it can also exist in IgA and 
IgG subtypes. A proposed mechanism of action of rheumatoid factor was put 
forward in 1973 by Zvaifl er in which immune complexes were formed that sub-
sequently fi xed complement and released chemoattractant factors to recruit neu-
trophils and other infl ammatory cells to the synovium (Zvaifl er  1973 ). Whilst 
there is considerable evidence to support this hypothesis, one of the key argu-
ments against it is that rheumatoid factors are found in up to 15 % of the healthy 
older population and in those with other autoimmune diseases, infection and 
malignancy without joint involvement. 

 Subsequently, numerous other autoantibodies have been detected in the sera of 
patients with rheumatoid arthritis including anti-perinuclear factor and anti-keratin 
antibodies. Characterisation of these antibodies revealed that they were binding to 
citrullinated fi laggrin (Girbal-Neuhauser et al.  1999 ), with citrullinated epitopes on 
fi brinogen and vimentin also acting as targets. Citrullination is a post-translational 
modifi cation of the amino acid arginine, and the process is thought to have a natural 
role in apoptosis. The modifi cation is carried out by the enzyme peptidyl arginine 
deiminase (PAD) in the presence of relatively high calcium concentrations. 
Commercial assays are now available for anti-citrullinated peptide antibodies 
(ACPA) which are found in 60–70 % of people with RA and rarely in other diseases. 
These antibodies can be present for up to two decades before symptoms develop 
(Jørgensen et al.  2008 ). It has been shown that ACPAs can directly initiate the dif-
ferentiation of bone-resorbing osteoclasts, suggesting an independent effect of these 
antibodies in initiating skeletal damage (Harre et al.  2012 ). Moreover, IgG sialylation 
was reported to be a main regulator for the pro-osteoclastogenic potential of immune 
complexes as only non-sialylated immune complexes stimulated osteoclastogenesis 
in patients with RA. Current data indicate that RA patients with low IgG and low 
ACPA sialylation suffer from poorer bone microstructure as compared to those with 
a high-sialylation status (Harre et al.  2015 ). Therefore, bone resorption occurs also 
in the absence of infl ammation, as has also been shown in healthy, ACPA-positive 
individuals with local bone loss (Kleyer et al.  2014 ). Moreover, systemic bone loss 
and secondary osteoporosis in RA seem to be triggered by ACPAs (Kocijan et al. 
 2014b ). In addition, it has been shown that in patients with ACPA positivity, taper-
ing and even stopping of antirheumatic treatment are associated with a higher risk 
for relapse (Haschka et al.  2016 ). 

 The abundance of Th1 cytokines such as IFN-γ and the relative lack of the Th2 
cytokines IL-4, IL-5 and IL-12 support the hypothesis that RA is primarily a Th1 
disease. However, in recent years, our understanding has changed with the discovery 
of a new subclass of regulatory T-cell that produces IL-17, the Th17-cell. Production 
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of IL-17 by these cells is driven by IL-23 which shares a common subunit with 
IL-12. Increased concentrations of IL-17 and IL-23 are found in the sera of patients 
with RA compared to controls with osteoarthritis, thereby supporting their role in the 
disease. In addition, mice defi cient in IL-23 are resistant to developing arthritis in the 
collagen-induced arthritis model. The Th17-cells produce TNF-α, IL-6, IL-17, 
IL-22, and GM-CSF, cytokines known to be important in the infl ammatory 
response. IL-17 is an important stimulator of further cytokine production includ-
ing IL-1β, IL-6, IL-23, IL-8, GM-CSF, G-CSF, VEGF, and COX-2, thereby ampli-
fying the immune response (Furuzawa-Carballeda et al.  2007 ; Lundy et al.  2007 ). 
IL-17 and Th17 cells have therefore become an important area of research and 
offer new therapeutic targets. The role of the activated macrophage in the 
synovium of affected joints is crucial to the maintenance of chronic infl ammation. 
In addition to interaction with T-cells and fi broblasts, the macrophage is a potent 
effector cell that produces pro-infl ammatory cytokines, expresses toll-like recep-
tors (TLRs) and is involved in antigen processing and presentation. They also 
have phagocytic ability and are involved in tissue remodelling. Interestingly, the 
macrophage also responds to oestrogen concentrations, such that a high concen-
tration (as in pregnancy) inhibits IL-1 secretion (Cutolo and Lahita  2005 ). This 
may be responsible in part for the improvement many women experience during 
their pregnancies. 

 The presence of autoantibodies, together with the formation of germinal centre- 
like structures in the synovium of affected joints and the good therapeutic response 
to B-cell depletion, suggests that B-cell dysfunction is also important in pathogen-
esis. B-cells have several roles in both humoral and innate arms of the immune 
system including antigen presentation and antibody and cytokine production. The 
link between humoral and innate responses is evidenced by the expression of TLRs 
on B-cells. These receptors can bind to hypomethylated CpG sequences in bacterial 
or mitochondrial DNA, single-stranded RNA or bacterial cell wall components, and 
it has been shown that mitochondrial DNA from apoptotic synovial cells can stimu-
late potentially autoreactive B-cells through this mechanism (Leadbetter et al. 
 2002 ). 

 Central to the development of autoimmunity is the breakdown of tolerance. 
Given that the majority of patients develop RA at an age when thymic function 
has severely declined or ceased entirely, the defect is more likely to be with 
peripheral tolerance rather than central tolerance. The precipitating event in RA is 
not yet known, but the T-cell repertoire in those with RA is altered in a number of 
respects from those without RA, including evidence of early senescence as evi-
denced by reduced telomere lengths (Colmegna et al.  2008 ). In addition, the T-cell 
repertoire appears to be reduced by a factor of 10 in those with RA compared to 
controls without RA (Wagner et al.  1998 ). Since the proliferation of naive T-cells 
is dependent on antigenic stimulation, over time, this will lead to the development 
of a peripheral T-cell repertoire with an increasing affi nity for self. Thus, it is 
hypothesised that defective thymic selection coupled with peripheral selection 
over time predisposes the susceptible individual to the development of 
autoimmunity.  
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8.2.5     Genetics 

 Concordance rates in monozygotic twins indicate that approximately 50 % of the 
variation in prevalence of RA is genetic and that 30 % of this is attributable to the 
HLA-DR locus. Experiments fi rst performed in 1969 identifi ed a region on chromo-
some 6, now known to code genes within the major histocompatibility complex 
(MHC). Further work has mapped the linked region precisely to the third hypervari-
able region of the HLA-DRβ chain (Nepom  1989 ). The precise amino acid sequence 
between positions 70 and 74 appears to be particularly important as variations in the 
sequence both increase and decrease the risk of ACPA-positive RA. The amino acid 
sequence DERAA appears in ~30 % of healthy controls but in only 15 % of patients 
with RA and tends to be associated with less erosive disease when present, whereas 
the sequence QKRAA, QRAAA or RRRAA appears to increase the risk of ACPA- 
positive RA. Thus, it appears that the amino acids in positions 70 and 71 modulate 
the T-cell response such that the amino acids arginine (R), glutamine (Q) or leucine 
(K) increase the risk and alanine (A) or glutamic acid (E) is protective (van der 
Helm-van Mil et al.  2005 ). Work continues to establish exactly how these differ-
ences confer variable risk. This sequence is common to several HLA-DR alleles 
including DR*0101, DR*0102, DR*0401, DR*0404, DR*0405, DR*0408, 
DR*1001 and DR*1402 and has been termed the “shared epitope” by Gregersen 
et al. ( 1987 ). Individuals who are heterozygous for one of these alleles tend to have 
more severe, erosive disease. The effect is further intensifi ed by homozygosity 
(Weyand et al.  1992 ). 

 Further work on the HLA region has found an association between the HLA- 
DR3 locus and ACPA-negative RA (van der Helm-van Mil et al.  2007 ). The precise 
mechanism by which genes at this locus infl uence disease is not known, although it 
is conceivable that DR3 polymorphisms could be predisposed to production of an as 
yet unidentifi ed antibody. 

 Genetic factors independent of the HLA region have also been identifi ed. The 
C > T single nucleotide polymorphism at position 1858, causing a missense muta-
tion in the protein tyrosine phosphatase (PTPN22) gene, has been linked to ACPA- 
positive RA (Wesoly et al.  2005 ). The polymorphism has been validated in Canadian, 
North American and European populations, but does not appear to exist in Asians. 
Protein tyrosine phosphatase exerts a negative feedback regulation in T-cell receptor 
signalling; it binds to the regulatory kinase, Csk, and this complex is responsible for 
the dephosphorylation of the Lck protein at position 394 and its phosphorylation at 
position 505, thereby terminating the T-cell receptor signal. The C > T 1858 poly-
morphism appears to directly modify the phosphorylase activity or affect the bind-
ing of PTPN22 to Csk (Cloutier and Veillette  1999 ). Interestingly, the polymorphism 
has also been found in a number of other autoimmune diseases including type I 
diabetes, Graves’ disease, SLE, JIA and vitiligo and appears to be a gain-of- function 
mutation that is hypothesised to impair thymic selection of autoreactive T-cells 
(Bottini et al.  2006 ). The genetic factors above are neither necessary nor suffi cient 
for the development of RA; however, they do indicate that these pathways are 
important for disease susceptibility in individual patients.  
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8.2.6     Environment 

 Genetic factors alone are unable to account for the susceptibility to RA, and atten-
tion has focussed on environmental triggers for the disease. Pathogens including 
Epstein-Barr virus, Parvovirus B19 and mycobacteria have been investigated. To 
date, pathogen-derived antigens have not been discovered and evidence for molecu-
lar mimicry is lacking. 

 The most consistent environmental factor is cigarette smoking, wherein there 
appears to be a relationship between the number of pack-years of cigarettes con-
sumed and the risk of developing RA, which can be as much as 21-fold above 
non- smokers (Klareskog et al.  2006 ,  2007 ). Importantly, smoking increases the 
risk for ACPA-positive RA, but not ACPA-negative RA, and the risk is further 
increased in those who possess the shared epitope. There are two hypotheses that 
might explain the link between smoking and ACPA-positive RA. Firstly, the 
detection of citrullinated peptide in the alveolar fl uid of smokers has led to the 
hypothesis that smoking induces apoptosis in the lung, generating citrullinated 
peptides that are then recognised more strongly by those with the shared epitope 
who then develop RA. Secondly, smoking is known to increase the levels of tetra-
chlorodibenzo-P-dioxin (TCDD) which has been shown to upregulate IL1β, IL-6 
and IL-8 production through binding to the aryl hydrocarbon receptor. Recently, 
work on the pharmacokinetics of methotrexate, the drug used most commonly to 
treat RA, has shown that smoking also reduces intracellular methotrexate polyglu-
tamate levels, which may account, in part, for the unfavourable outcome in smok-
ers (Stamp et al.  2009 ). 

 Other environmental factors that have received attention include coffee and alco-
hol consumption, periodontitis, exposure to mineral oils and body mass index; how-
ever, these factors are not as consistent as cigarette smoking and should be interpreted 
with caution. Additionally, pregnancy does appear to be a risk factor in as many as 
12 % of females developing RA do so within 1 year after pregnancy. 

 Besides the risk of development of RA, the presence of autoantibodies, environ-
mental and genetic factors such as smoking, HLA-DRB genotype and low socio-
economic status has been identifi ed as poor prognostic factors in RA (Manfredsdottir 
et al.  2006 ; Kaltenhauser et al.  2007 ; Harrison et al.  2005 ; Hetland et al.  2009 ; 
Sanmartí et al.  2007 ).  

8.2.7     Mechanisms of Bone Erosion 

 In RA there appears to be a coupling between the processes of infl ammation and 
bone erosion. TNF-α is capable of binding to two receptors, designated TNFR1 (or 
p55) and TNFR2 (or p75); the former appears to have greater activity as it is directly 
coupled to a death domain that can induce apoptosis. Both receptors for TNF-α, but 
mostly TNFR1, are found on osteoclast precursors, osteoclasts as well as on osteo-
blasts. These cells are also capable of secreting TNF-α in response to external 
stimulation. 
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 The osteoclast is the key cell type involved in the destruction of bone within the 
infl amed rheumatoid joint. Osteoclast differentiation required the cytokines macro-
phage colony-stimulating factor (M-CSF) and the receptor activator of NF-kB 
(RANKL). M-CSF promotes proliferation and survival of the monocyte lineage 
through activation of a tyrosine kinase (cFms) and RANKL through binding to its 
receptor. RANK leads to activation of the transcriptions factors NFATc1, AP-1 and 
NF-kB required for osteoclast differentiation. Since RANKL is part of the TNF 
superfamily and RANK shares many of the TNF-α signalling properties, it is con-
ceivable that the elevated levels of TNF-α found in infl ammatory arthritis contribute 
to the increased osteoclast differentiation (Abu-Amer et al.  2000 ; Kobayashi et al. 
 2000 ). This is strengthened by the fi nding that the in vitro differentiation of osteo-
clast precursors lacking RANK could be driven by TNF-α and TGF-β (Kim et al. 
 2005 ). It would appear, however, that in vivo osteoclast differentiation required IL-1 
as TNF-α alone is unable to activate the transcription factor TRAF-6, a necessary 
condition for the formation of the actin ring structure required for bone resorption 
(Nakamura et al.  2002 ). The central role of TNF-α in the regulation of bone metabo-
lism is presented in Fig.  8.1 .

   In RA, the source of RANKL is mainly from stromal cells including fi broblasts 
and osteoblasts, stimulated in turn by the action of the infl ammatory cytokines, 
IL-1, IL-6, TNF-α and IL-17. In addition, RANKL is produced by CD4+ regulatory 
T-cells recruited to the infl amed synovium. The effects of these cytokines on osteo-
clast progenitors are amplifi ed by upregulation of RANK through the direct action 
of IL-1β and TNF-α on the progenitor cells. 

 The process of erosion results as a consequence of both increased bone resorp-
tion and reduced bone healing. This suggests alterations in osteoblast function, and 
indeed, TNF-α is a potent inhibitor of osteoblastogenesis through inhibition of the 
transcription factors Runx2 and Osterix (Lu et al.  2006 ). Additionally, TNF-α inhib-
its Wnt signalling, a major pathway regulating osteoblast differentiation (Baron 
et al.  2006 ). Members of the Wnt family of cytokines bind to complex membrane- 
bound receptors incorporating the Frizzled protein and LRP5 and 6. TNF-α is able 
to interfere with this process at multiple levels by inducing  secretable  Frizzled- 
related proteins and by production of Dickkopf-1 and sclerostin that interfere with 
binding of LRP5 and 6 to the Frizzled receptor (Diarra et al.  2007 ). Increased serum 
levels of Dickkopf-1 and an association to bone erosions and osteoporosis were 
reported in patients with RA (Rossini et al.  2015 ). 

 In summary, the effects of systemic infl ammation are to enhance bone resorption 
through osteoclast differentiation and activation and to impair bone healing by inhi-
bition of osteoblast differentiation. Our increased understanding of the molecular 
mechanisms of bone erosion and repair has opened up novel therapeutic targets to 
prevent bone erosion in RA. The results of a 12-month study of denosumab, a 
monoclonal antibody directed against RANKL in RA, have shown reduced evi-
dence of erosive damage on MRI scan as early as 6 months after treatment (Cohen 
et al.  2008 ). Consistent with its mechanism of action, this antibody has no effect on 
measures of disease activity in RA. Similar effects were shown for the sclerostin 
antibody, which did not affect joint swelling or synovitis but blocked and reversed 
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periarticular bone loss in patients with RA. The sclerostin antibody arrested the 
progression of bone erosions and showed positive effects on the articular cartilage 
(Chen et al.  2013 ).  

8.2.8     Diagnosis and Presentation 

 The new criteria set for the classifi cation of RA were introduced in 2010 by the 
American College of Rheumatology (ACR) and the European League Against 
Rheumatism (EULAR). Therefore, the diagnosis of RA can be made in the (i) pres-
ence of synovitis in at least one joint, (ii) the absence of alternative diagnosis and 
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  Fig. 8.1    The central role of TNF-α in bone metabolism (Adapted from David and Schett ( 2010 ))       
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(iii) a score of 6 or more points out of the following items: number and site of 
affected joints, serologic parameters, elevation of acute-phase proteins and duration 
of symptoms (Aletaha et al.  2010 ). The new classifi cation criteria especially focus 
on early diagnosis of disease to prevent longstanding effects related to RA (see 
Table  8.1 ). These replace the 1987 criteria which had poor sensitivity to early 
disease.

   Presentation may be preceded by a period of non-specifi c malaise with wide-
spread aches and pains and fatigue. Symptoms can evolve slowly or start suddenly 
and can affect all joints from the beginning or spread to affect different joints as 
disease progresses. Classically, the patient will describe symptoms with an “infl am-
matory rhythm” where their symptoms are worst early in the mornings or overnight 
and improve during the course of the day. 

 Disease is not confi ned solely to the joints, and there are well-described extra- 
articular features (Table  8.2 ). The incidence of cardiovascular disease and lym-
phoma is increased in RA. Indeed, the major cause of premature mortality in RA is 
cardiovascular disease. The incidence of extra-articular features appears to be fall-
ing, possibly as a consequence of earlier diagnosis and more aggressive initial man-
agement; however, the decline appears to have begun before these management 
changes were well established.

   Table 8.1    The 2010 American College of Rheumatology/European League Against Rheumatism 
classifi cation criteria for RA   

 Criterion  Score 

 A  Joint involvement 

 1 large joint  0 

 2–10 large joints  1 

 1–3 small joints (with or without large joint 
involvement) 

 2 

 4–10 small joints (with or without large joint 
involvement) 

 3 

 >10 joints (including at least 1 small joint)  5 

 B  Serology 

 Negative RF and negative ACPA  0 

 Low-positive RF or low-positive ACPA  2 

 High-positive RF or high-positive ACPA  3 

 C  Acute phase reactants 

 Normal CRP and ESR  0 

 Abnormal CRP or abnormal ESR  1 

 D  Duration of symptoms 

 <6 weeks  0 

 >6 weeks  1 

  The new criteria should not be applied if the symptoms are explained by another disease; joint 
involvement includes either tenderness or swelling and can include imaging assessment. RA is 
defi ned as a score of > 6/10  
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8.2.9        Treatment of RA 

 Based on the treat-to-target (T2T) recommendations, the treatment aim is defi ned as 
remission with low disease activity as an acceptable alternative goal. The long-term 
health-related quality of life, the prevention of structural damage and the normalisa-
tion of function and social participation were defi ned as primary goals in patients 
with rheumatoid arthritis (Smolen et al.  2010 ). Should the patient’s current therapy 
prove insuffi cient, therapeutic adaptation to reach treatment goals is recommended 
after 3–6 months. Follow-up examinations should include assessment of disease 
activity and joint counts (Smolen et al.  2016 ). 

 Pharmacological management of RA can be thought of in terms of agents to 
relieve symptoms and agents to suppress the underlying disease. Many patients ben-
efi t from the use of non-steroidal anti-infl ammatory drugs (NSAIDs) which can be 
helpful for relief of pain and stiffness. They are however associated with potential 
side effects of gastric irritation, nephrotoxicity and increased cardiovascular risk 
making their long-term use undesirable. Similarly, simple pain killers such a 
paracetamol alone or in combination with weak opioids can be useful for some 
patients. However, these medications do not have any effects on the progression of 
erosive disease. Therefore, a conventional disease-modifying antirheumatic drug 
(DMARD) therapy is recommended in treatment of naive patients with early and 
established RA. If disease activity remains high despite conventional DMARD ther-
apy, then combination conventional DMARD therapy or a biological treatment is 
recommended. In case of fl are, short-term glucocorticoid therapy could be added 
(Singh et al.  2015 ). Conventional DMARDs and biological therapy are shown in 
Table  8.3 .

   Intervention with early combination DMARD therapy has been shown to have 
benefi cial effects on disease progression independent of treatment in later years, 
suggesting that there is a “window of opportunity” in which the disease process can 
be altered (Boers et al.  1997 ; Möttönen et al.  1999 ). In addition, it has been calcu-
lated that the risk of undertreatment is 5–6 times the risk of overtreatment if all 
patients are treated aggressively from the outset, providing justifi cation for an 
aggressive approach in early RA (de Vries-Bouwstra et al.  2006 ). Recommendations 
from EULAR have advised that the combined effi cacy of methotrexate (MTX) and 

   Table 8.2    Extra-articular manifestations of RA   

 Organ system  Extra-articular manifestation 

 Eye  Scleritis, episcleritis and scleromalacia perforans, keratoconjunctivits 
sicca 

 Skin  Rheumatoid nodules, vasculitis, pyoderma gangrenosum, panniculitis 

 Lung  Pulmonary fi brosis, rheumatoid nodules, pleural effusion 

 Haematological  Anaemia, Felty syndrome 

 Nervous system  Vasculitis, peripheral neuropathy, atlanto-axial subluxation 

 Kidney  Amyloidosis 

 Cardiovascular  Accelerated atherosclerosis, pericarditis 
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   Table 8.3    Disease-modifying anti-rheumatic drugs currently available for the management of RA   

 Typical dosing 

 Proposed 
mechanism of 
action  Common side effects 

  Conventional DMARDs  

 Methotrexate (MTX)  o, s/c max 30 
mg/week 

 Inhibition of folate 
metabolism 
 Inhibition of 
Adenosine release 

 Myelotoxicity, 
hepatotoxicity 

 Sulphasalazine (SSZ)  o, 2000–
3000 mg daily 

 Uncertain  Myelotoxicity, 
hepatotoxicity 

 Hydroxychloroquine 
(HCQ) 

 o, 200–400 mg 
daily 

 Alteration of 
lysosomal pH 

 Ocular toxicity 

 Azathioprine (AZA)  o, 150–200 mg 
daily 

 Anti-metabolite  Myelotoxicity, 
hepatotoxicity 

 Gold (IMG)  im, 50 mg 3–4 
weeks 

 Uncertain  Myelotoxicity, 
nephrotoxicity 

 Cyclosporine A (CSA)  o, 200–400 mg 
daily 

 Inhibition of IL-2 
signal transduction 

 Nephrotoxicity 

 Lefl unomide (LEF)  o, 10–20 mg 
daily 

 Inhibition of 
pyrimidine 
synthesis 

 Myelotoxicity, 
hepatotoxicity, 
gastrointestinal upset 

  Biological DMARDs  

 Etanercept  s/c, 50 mg 
weekly 

 Soluble TNF 
receptor 

 Adalimumab  s/c, 40 mg 
every 2 weeks 

 Humanised 
anti-TNF antibody 

 Infection TB reactivation, 
drug-induced lupus 

 Infl iximab  iv, 3 mg/kg 0, 
2, 6 then 8 
weekly 

 Chimeric 
anti-TNF antibody 

 Golimumab  s/c, 50 mg 
once monthly 

 Fully human 
anti-TNF antibody 

 Rituximab  iv, 1000 mg on 
day 0 and 14 
then 6 monthly 

 B-cell depletion, 
targets CD-20 

 Infusion reactions 

 Anakinra  s/c, 100 mg 
daily 

 IL-1 receptor 
antagonist 

 Injection site reactions 

 Abatacept  iv, weeks 0,2,4 
then 4 weekly 

 CTLA4-Ig, blocks 
co-stimulation 

 Headache, nausea, 
infection 

 Tocilizumab (TCZ)  iv, 8 mg/kg 
infused 
monthly 

 Monoclonal 
antibody against 
IL-6 

 Heptotoxicity, 
neutropenia, abnormal 
lipid profi les 

  Certolizumab, s/c, week 0/2/4: 400 mg; after 200 mg every other week; PEGylated Fab’ of mono-
clonal antibody 
  o  oral,  s/c  subcutaneous,  im  intramuscular,  iv  intravenous  
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lefl unomide appears superior to other conventional DMARDs, but this combination 
may also be associated with increased hepatotoxicity (Gaujoux-Viala et al.  2010 ). 

 The evolution of biological therapies has provided insight into the pathogenesis 
of RA as well as ushering in a new era in its treatment. Currently, there are fi ve anti- 
TNFs (adalimumab, etanercept, golimumab, infl iximab, certolizumab), one inter-
leukin- 1 receptor antagonist (anakinra), one T-cell selective co-stimulation 
modulator (abatacept), one chimeric monoclonal CD20 antibody (rituximab) and 
one antibody against the IL-6 receptor (tocilizumab) available for the treatment of 
RA (Tvete et al.  2015 ). All biological drugs are effective when compared to placebo 
as well as conventional DMARDs and are generally more effective when given 
together with conventional DMARDs. Higher doses of biological agents are associ-
ated with higher effect compared to lower doses (Tvete et al.  2015 ). 

 Anti-TNFs have positive effects on disease activity, well-being and radiographic 
progression. The effi cacy, onset of action and side effect profi le are comparable for 
all anti-TNFs. Lately, certolizumab pegol, a PEGylated anti-TNF, has shown prom-
ising results in the treatment of RA. The long-term effi cacy over almost 5 years in 
combination with MTX in patients with active RA was recently reported for certoli-
zumab (Smolen et al.  2015 ). 

 The anti-interleukin-6 receptor antibody tocilizumab achieved signifi cantly 
greater improvement in radiographic progression and physical function after 52 
weeks compared to patients treated with conventional DMARDs. Tocilizumab is 
effective in combination with MTX and also as monotherapy for the treatment of 
early RA (Burmester et al.  2015 ). The effectiveness of tocilizumab is similar to anti- 
TNF with respect to treatment response as measured on the ACR20 and ACR50 
(Bergman et al.  2010 ). 

 A new class of orally available small molecules, the Janus kinase (JAK) inhibi-
tors, have recently been introduced. Tofacitinib is an inhibitor of JAK 1 and 3 and 
shows similar effi cacy when compared to the anti-TNF agents (van Vollenhoven 
et al.  2012 ). 

 These new agents are costly but effi cacious. Their effi cacy is usually enhanced 
by using them in combination with MTX or lefl unomide (Nam et al.  2010 ). Recent 
evidence suggests that the addition of a biologic agent to those patients who have 
had an inadequate response to MTX at 3 months is superior to combination conven-
tional DMARD therapy. This may be through synergistic action or because the con-
ventional DMARD prevents formation of neutralising antibodies against the 
biologic agent. Before the initiation of a biological agent, it is mandatory to screen 
for past exposure to  Mycobacterium tuberculosis  as the risk of reactivation of latent 
infection is high. This is usually with a combination of chest radiograph, Mantoux 
and interferon gamma release assay. Rates of infection with other organisms appear 
to be increased, particularly in the fi rst 12 months. Most authorities would suggest 
the use of anti-TNF therapy as initial biological treatment unless contraindicated as 
a consequence of recent malignancy, active sepsis or hypersensitivity. 

 The impact of disease in RA can be assessed by looking at the three domains of 
disease activity, disability and structural damage. There are a number of 
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well- validated tools in routine use to facilitate this process including the DAS, 
DAS28, CDAI, SDAI (Table  8.4 ) and ACR response criteria for disease activity, the 
Health Assessment Questionnaire (HAQ) and SF36 for disability and the Sharp-van 
der Heidje method for assessing joint space narrowing and erosion on plain radio-
graph. Full details of these measures are beyond the scope of this text. However, 
important targets are presented in Table  8.4 .

8.3         Spondyloarthritis (SpA) 

 The spondylarthritides (SpA) are a group of infl ammatory disorders of the spine and 
peripheral joints where the hallmark pathologic feature is enthesitis. The classifi ca-
tion system for SpA has recently been revised highlighting the distinction between 
axial and peripheral disease which includes psoriatic arthritis (PsA), reactive arthri-
tis, enteropathic arthritis, the enthesitis-related subtype of juvenile idiopathic arthri-
tis and undifferentiated spondyloarthritis (Rudwaleit et al.  2011 ). It has been clear 
for many years that like RA, SpA is infl uenced by genetic, environmental and 
immunologic factors. Despite substantial progress into our understanding of these 
areas, it is not yet possible to link them into a unifi ed theory of pathogenesis. In this 
chapter radiographic axial SpA (r-axSpA), non-radiographic axial SpA (nr-axSpA) 
and psoriatic arthritis (PsA) are discussed in detail. 

8.3.1      Axial Spondyloarthritis 

8.3.1.1     Epidemiology 
 The term axial SpA includes radiographic axial SpA (previously known as ankylos-
ing spondylitis (AS) or Bechterew’s disease) and non-radiographic axial spondylo-
arthritis according to the Assessment of Spondyloarthritis International Society 
(ASAS) criteria. The typical clinical feature of axial SpA is the presence of infl am-
matory back pain ≥3 months, age of onset below the age of 45 years, response to 
NSAIDs, a positive family history and HLA-B27 positivity. Associated infl amma-
tory diseases such as infl ammatory bowel disease (IBD) or uveitis are common 
features. 

    Table 8.4    Measures of disease activity in RA   

 Formula 
 Moderate 
activity 

 Low 
activity 

 Re
mission 

 DAS 
  
0 54 0 065 0 33 0 0072. • . • . • ln . •RAI SJC ESR+ + ( ) + VAS

   
 3.7  2.4  1.6 

 DAS28 
  
0 56 0 039 0 72 0 0013. • . • . • ln . •TJC SJC ESR VAS+ + ( ) +

   
 5.1  3.2  2.6 

 SDAI   TJC VAS PhysicianVAS CRP+ + + +SJC     26  11  3.3 

 CDAI   TJC VAS PhysicianVAS+ + +SJC     22  10  2.8 
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 In r-axSpA, typical radiographic changes can be found with sclerosis, erosion 
and fusion of the sacroiliac joints as the most important fi ndings. In contrast, nr-
axSpA is distinguished by the presence of MRI changes in the absence of radio-
graphic disease (Rudwaleit and Sieper  2012 ). See Fig.  8.2 .

   Several studies in different populations have found an annual incidence of 7 
cases per 100,000 population for axial SpA. This appears to have remained constant 
over the last 55 years, with males affected approximately three times more fre-
quently than females (Gabriel and Michaud  2009 ). Although the mean age of onset 
is 24–26 years, approximately 15 % experience disease onset in childhood; onset 
after age 45 is rare. 

 The incidence of axial SpA follows closely that of the HLA-B27 allele around 
the world and, as such, is highest in Native North Americans and lowest in Australian 
Aborigines and Africans (Lau et al.  1998 ). In white European populations, the fre-
quency of the HLA-B27 gene ranges from 26 % in the Lapps of northern Norway to 
4 % in Southern Europeans.  

8.3.1.2     Pathology and Cellular Mechanisms 
 The pathology of SpA differs from RA in two key factors. Firstly, in SpA the enthe-
sis is the site of major histologic changes which progress in an orderly sequence, 
beginning with a destructive enthesopathy followed by a healing process with new 
bone formation linking deeper bone to the ligament and ultimately resulting in bony 
ankylosis (Ball  1971 ). Vertebral changes typically begin with an erosive lesion at 
the anterior corner of the annulus fi brosus. Secondly, the healing process results in 
increased bone formation which is laid down initially as cancellous bone which is 
then remodelled into mature lamellar bone creating the typical syndesmophytes that 
are seen on plain radiography of the spine. 

 The pattern of joint involvement is different from that seen in RA with sacroili-
itis, presenting as buttock pain, being a hallmark clinical feature of axial 

  Fig. 8.2    ( a ) MRI (STIR sequence) showing signs of disease activity.  White arrows : oedema in 
the bone marrow. ( b ) Pelvic X-ray fi lm showing bilateral sacroiliitis ( black arrows ), New York 
Criteria 3–4       

 

D.H.N. White and R. Kocijan   



195

SpA. Changes seen on plain radiology of the sacroiliac joints are most prominent 
towards the inferior aspects of the joints. Once disease has been longstanding, there 
is encasement of the joints as a result of ossifi cation of the capsule, often surround-
ing small islands of intact articular cartilage. It is important to bear in mind that even 
in the population without axial SpA, there can be progressive fusion of the sacroil-
iac joint as a result of osteoarthritis; changes are more marked on the iliac side and 
towards the superior aspect of the joints in osteoarthritis. 

 Histological specimens from the hip, zygapophyseal and sacroiliac joints of 
patients with active disease have identifi ed infi ltrates of T-cells, B-cells, macro-
phages and osteoclasts as well as cells involved in angiogenesis. Synovitis is less 
common than in RA and can be distinguished by the greater proportion of M2 regu-
latory CD163+ macrophages. Expression of TNF-α and TGF-β mRNA is increased, 
and recent advances in treatment with therapies blocking TNF-α have shown that 
this cytokine is responsible for the pain, fatigue, swelling and stiffness (Francois 
et al.  2006 ). Nevertheless, neither the cell stimulating TNF-α production nor its 
target cell has yet been identifi ed. Since a proportion of patients fail to achieve a 
complete remission with anti-TNF-α therapy, it is clear that there are still questions 
to be answered in this area. 

 Additionally, the target antigen driving the immune response has yet to be identi-
fi ed. However, a T-cell response against a proteoglycan link protein has been dem-
onstrated in humans with axial SpA (Mikecz et al.  1988 ). In the Balb/c mouse, a 
clinical picture similar to axial SpA can be induced by immunisation with fetal 
human cartilage creating a humoral and cellular response against aggrecan (Glant 
et al.  1987 ).  

8.3.1.3     Genetic and Immunologic Factors 
 It has long been appreciated that axial SpA are heritable diseases with genetic fac-
tors being responsible for ~90 % of the susceptibility. Evidence has come from twin 
studies: if a condition were entirely genetically determined, one would anticipate 
100 % concordance between monozygotic twins; however, for axial SpA, only 63 % 
concordance is seen suggesting involvement of non-genetic factors to be discussed 
shortly (Jarvinen  1995 ). 

 The discovery of the association of HLA-B27 with axial SpA was made contem-
poraneously by two groups (Schlosstein et al.  1973 ; Brewerton et al.  1973 ). 
Development of the B27 transgenic rat in the 1990s confi rmed the direct involve-
ment of this molecule in the disease process (Taurog and Hammer  1995 ). To date, 
approximately 60 different subtypes of HLA-B27 have been identifi ed that have 
most likely evolved from the B*2705 allele. The most common alleles, B*2702, 
B*2704, B*2705 and B*2707, are associated with axial disease. Interestingly, in the 
Sardinian population, B*2709, and, in the Southeast Asian population, B*2706 are 
much less common in those with axial disease (Khan  2000 ). 

 There are currently three hypotheses explaining the possible role of HLA-B27 in 
the pathogenesis of axial SpA. Firstly, it is known that the HLA-B27 molecule does 
not behave like other HLA class I molecules in that it is capable of homo-dimerising 
in the absence of β2-microglobulin – a process termed misfolding. It is postulated 
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that this stimulates NK (natural killer) and T-cells through interaction with cell sur-
face receptors in the leukocyte immunoglobulin-like receptor (LILR) family 
(Kollnberger et al.  2004 ). Secondly, the unfolded protein response hypothesis holds 
that a reduced rate of folding of the HLA-B27 molecule in the endoplasmic reticu-
lum triggers an intracellular signalling response that may in turn lead to IL-23 
release. Evidence supporting this unfolded protein response has been found in syno-
vial biopsies from patients with axial SpA, and it is known that the ERAP1 gene 
product is important in processing the antigenic peptide required during the folding 
process (Dong et al.  2008 ). Finally, the molecular mimicry hypothesis suggests that 
HLA-B27 preferentially binds to a self-antigen that resembles a microbial peptide. 
This is supported by the presence of T-cells that recognise self-antigens in vivo 
(Atagunduz et al.  2005 ). 

 The fi nding that the risk of developing axial SpA was 16-fold higher in fi rst- 
degree relatives of those who are HLA-B27 positive compared to those who are 
HLA-B27 positive in the general population suggested that although HLA-B27 was 
important, there were likely to be additional genetic factors to be identifi ed (van der 
Linden et al.  1984 ). 

 Attempts to identify other genetic factors based on a candidate gene approach 
have proven largely unsuccessful. However, work has progressed with the advent 
of whole genome scanning techniques, and, to date, there have been three pub-
lished genome scans in axial SpA including one in the Han Chinese population 
(Laval et al.  2001 ; Brown et al.  2003 ; Gu et al.  2004 ; Zhang et al.  2004 ). Seven 
loci have been identifi ed and validated by this procedure; these include HLA-
B27, ERAP-1 (ARTS-1), IL-23R, IL1R2 and ANTXR2 (CMG2); the other two 
loci do not encode gene sequences. The population attributable risks for HLA-
B27, ARTS-1 and IL23R are 90 %, 26 % and 1 %, respectively (Burton et al. 
 2007 ). The association with IL-23R has been replicated in Spanish and Canadian 
cohorts. Other candidate genes are TNF-α and CYP2D6. ERAP-1 is known to be 
involved in the processing of HLA-B27 molecules as well as in the shedding of 
receptors for TNF-α, IL-1 and IL-6 from the cell surface. It is therefore conceiv-
able that defective ERAP-1 function could lead to defective cytokine regulation. 
IL-23R is expressed on Th17 cells, which in turn secrete IL-17, a potent pro-
infl ammatory cytokine that leads to the release of IL-1, TNF-α. This cell type is 
being subject to increasing scrutiny in spondyloarthritis as well as in RA and 
may offer a new therapeutic target in the future. The role of ANTXR2 is still 
unknown.  

8.3.1.4     Environmental Factors 
 Since the presence of the genetic factors identifi ed to date is neither necessary nor 
suffi cient to initiate disease, investigators have been searching for an environmental 
trigger. The observation that a syndrome of arthritis, anterior uveitis and urethritis 
can develop after specifi c infections ( Campylobacter, Shigella, Salmonella, Yersinia  
and  Chlamydia  species) is evidence that infection can be an initiating event for these 
disorders. Further work with the HLA-B27 transgenic mouse has shown that it only 
develops axial SpA if it is exposed to environmental pathogens in the animal house. 
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Indeed, intestinal colonisation with  Bacteroides  species appears to be suffi cient to 
initiate disease in the susceptible host (Rath et al.  1996 ). 

 Antibodies against  Klebsiella  have shown an association with human axial SpA, sug-
gesting that there may be a role for this agent in initiating or maintaining disease activity 
(Rashid and Ebringer  2007 ). The association is attractive in that it seeks to explain the 
association between the gastrointestinal tract and axial SpA. Whilst a small open label 
trial of moxifl oxacin has shown promise, more work is clearly required in this area. 

 A fi nal factor that has been investigated is mechanical stress at the enthesis; it is 
hypothesised that this leads to downstream events that ultimately result in infl am-
mation, erosion and bone formation (Benjamin et al.  2007 ).  

8.3.1.5     Mechanisms of Bone Erosion and Formation in Axial SpA 
 The analysis of histological specimens from infl amed tissues shows signifi cant 
expression of the enzymes cathepsin K and matrix metalloproteinase-1 (MMP1) by 
the invading mononuclear cells in those with axial SpA (Neidhart et al.  2009 ). In 
contrast, those with RA demonstrate an overexpression of RANKL and MMP3 sug-
gesting that the pathways involved in bone metabolism are different. 

 Evidence from animal modelling suggests involvement of the RANKL-OPG 
axis in axial SpA (Rauner et al.  2009 ). The principal mechanism of bone formation 
at the enthesis appears to be through endochondral ossifi cation. Members of the 
bone morphogenic protein (BMP) family of growth factors infl uence chondrocyte 
development and are important early in the process. Reduced expression of the neg-
ative regulator, sclerostin, has been shown in axial SpA suggesting that this pathway 
may be important in vivo (Appel et al.  2009 ). Later stages of bone development are 
infl uenced by the Wnt signalling pathway through intracellular accumulation of 
β-catenin which ultimately leads to osteoblast differentiation. Reduced levels of 
DKK-1, which inhibit this pathway, have been found in axial SpA, and it is postu-
lated that this may be important in syndesmophyte formation (Daoussis et al.  2010 ).  

8.3.1.6     Diagnostic and Classification Criteria 
 The diagnostic criteria for axial SpA were developed in Rome in 1960 and subse-
quently underwent modifi cation in New York in 1966 and again in 1984 (Goie The 
et al.  1985 ). The current ASAS criteria for the classifi cation of SpA are shown in 
Fig.  8.3  (Rudwaleit 2009). The ASAS criteria should be applied to patients with 
chronic back pain and age of onset under 45 years old.

   For the individual patient, diagnosis is often delayed because of late presenta-
tion; some patients present with features other than axial disease which can mislead 
the unwary, and plain radiographic changes of sacroiliitis take several years to 
become evident (Kidd and Cawley  1988 ). It is for this reason that MRI is becoming 
increasingly important in the early diagnosis of infl ammatory spinal disease where 
changes are evident at a much earlier stage.  

8.3.1.7     Presentation 
 The classical feature of axial SpA is infl ammatory spinal pain. Usually felt in the 
lower back or buttocks, the pain is typifi ed by its rhythm which is worst overnight 
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or early in the morning. Many patients report prolonged stiffness making it diffi cult 
for them to dress. The stiffness and pain tend to improve over the course of the day 
and almost always with exercise or anti-infl ammatory medications. Some patients 
notice that their symptoms wax and wane over time, with fl are-ups followed by 
periods of little or no symptoms. 

 If peripheral arthritis is present, it is typically found in the large joints in the 
lower limbs, in an asymmetrical manner. Enthesitis is a frequent feature, and most 
often affects the Achilles tendon, plantar fascia or common extensor origin at the 
lateral humeral epicondyle. Dactylitis may also be seen as the swelling of an entire 
digit so that it takes on a sausage shape. 

 Extra-articular features include anterior uveitis, which can affect up to 25–40 % 
of patients with SpA and is typically unilateral. In adults, this presents as a painful 
red eye and requires urgent ophthalmological review and management to reduce the 
chances of complications such at cataract, posterior synechiae and vision loss. The 
majority of cases in children are asymptomatic, and regular screening is warranted 
in this population. 

 Colonoscopic evaluation has found subclinical lesions in 20–70 % of cases, and 
it was this association that led to the routine use of sulphasalazine for the treatment 
of axial spondyloarthritis. The corollary of this is that approximately 30 % of 
patients with infl ammatory bowel disease have axial disease; 10–20 % having sac-
roiliitis alone, 7–12 % having spondylitis and 10 % having features indistinguish-
able from classical axial SpA. 

 Other features seldom seen in practice are secondary amyloidosis due to deposi-
tion of serum amyloid A protein, apical lung fi brosis, aortitis and cardiac conduc-
tion defects due to fi brosis of the conduction system. Rarely, in longstanding axial 

Inflammatory back pain
Arthritis
Enthesitis of the heel
Uveitis
Dactylitis
Psoriasis
Inflammatory bowel diseases
Good response to NSAIDs
Positive family history for SpA
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Sacroiliitis on imaging
Active inflammation on MRI
Radiographic sacroiliitis

or
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and
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and
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  Fig. 8.3    The ASAS criteria for classifi cation of axial spondyloarthritis for patients with chronic 
back pain and age onset under 45 years. Regarding sacroiliitis on imaging: either (i) unilateral 
sacroiliitis grade 3–4 or bilateral sacroiliitis grade 2–4 by X-rays or, (ii) active infl ammatory 
lesions of sacroiliac joints with defi nite bone marrow oedema refl ecting sacroiliitis by MRI 
(Modifi ed by Rudwaleit et al.  2009 )       
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disease, cauda equina syndrome can develop, and arachnoid diverticulae are 
described. 

 It should be evident from the preceding discussion of clinical features that a care-
ful examination can reward the examiner with plentiful signs. Of particular impor-
tance is assessment of spinal motion, and this is carried out to best advantage with 
a physiotherapist so that intervention can be directed appropriately. The modifi ed 
Schober’s test is performed to assess the range of lumbar fl exion; lateral lumbar 
bending is assessed by fi nger-fl oor distance and the extent of cervical lordosis by a 
tragus-wall distance. This latter measure being preferred over the occiput-wall dis-
tance as the tragus lies closer to the centre of rotation of the skull on the atlas and is 
relatively unaffected by the degree of neck fl exion and extension. Chest expansion 
and hip range of motion should also be included in routine measurement. 

 Imaging has always been an important factor in making the diagnosis, refl ecting 
the presence of sacroiliitis in the diagnostic and classifi cation criteria. As mentioned 
above, the characteristic fi ndings are within the axial skeleton where early changes 
include sacroiliitis which can be detected on MRI or CT in the early stages or visu-
alised on plain radiograph once disease has been present for several years. Family 
studies have suggested that a mean of 9 years is required for plain radiographic 
changes to become apparent after changes are fi rst detected on MRI. “Bright cor-
ners” or Romanus lesions may be seen on plain radiography or MRI in the antero- 
superior or antero-inferior corners of the vertebral bodies refl ecting marginal erosion 
with reactive sclerotic change. Eventually, this leads to squaring of the vertebral 
body and fi nally to ossifi cation of the superfi cial layers of the annulus fi brosus and 
longitudinal ligaments forming the typical, end-stage bamboo spine of axial 
SpA. Some may develop single or multilevel spondylodiscitis (Andersson lesions), 
which can be mistaken for septic discitis or osteomyelitis. 

 With the implementation of MRI in routine clinical practice, sacroiliitis can be 
observed even in the early stages of disease. This has led to the concept of nr- 
axSpA. Other than the higher proportion of female subjects in nr-axSpA studies, no 
major differences in patient demographics have been observed between r-axSpA 
and nr-axSpA. The rate of progression from nr-axSpA to r-axSpA was reported to 
be about 12 % after 2 years of follow-up (Calin et al.  1994 ). Given the similarity in 
the level of symptoms and the response to treatment, nr-axSpA seems to be an early 
stage of radiographic disease (Corli et al.  2015 ). 

 Factors predicting poor prognosis include hip involvement, ESR > 30 mm/h, lack 
of response to NSAIDs, reduced spinal motion, dactylitis, oligoarticular arthritis, 
age of onset less than 16 and the presence of infl ammatory bowel disease, psoriasis 
or urethritis (Amor et al.  1994 ).  

8.3.1.8     Assessment and Monitoring of Disease Activity 
 It is an unfortunate fact that about 40 % of patients with clinically and radiologically 
active axial disease do not refl ect this with a rise in their serum infl ammatory mark-
ers. Nevertheless, the ESR and CRP are commonly monitored as they have prognos-
tic implications, and in some countries, a suffi cient rise in these markers is required 
for funding of anti-TNF therapy. 
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 Numerous tools have been developed to facilitate both the assessment of activity 
at one point in time and the change in disease activity over time. The Bath Ankylosing 
Spondylitis Disease Activity Index (BASDAI) is a validated six-item questionnaire 
that asks patients to mark the severity of their pain, stiffness and fatigue on visual 
analogue scales. A score of 4 or greater is consistent with active diseases, and a 
change of 50 % is considered signifi cant for assessing the effi cacy of interventions. 
Functional limitation can be quantifi ed with numerous composite measures such as 
the BASFI (Bath Ankylosing Spondylitis Functional Index), HAQ or WOMAC 
scores. In practice, the BASFI is used most commonly and consists of a ten-item 
questionnaire on activities of daily living. 

 Primarily for use in clinical trials, there are response criteria to assess the effi -
cacy of interventions in AS. The Ankylosing Spondylitis Assessment Score (ASAS 
20) response criteria are fulfi lled if there is a 20 % reduction on patient global 
assessment, function (as measured on the BASFI), pain and infl ammation (Anderson 
et al.  2001 ). 

 The Ankylosing Spondylitis Disease Activity Score (ASDAS) is a composite 
index to assess disease activity in axial SpA. ASDAS includes back pain, duration 
of morning stiffness, patient global assessment, peripheral pain/swelling as well as 
CRP or ESR and is able to discriminate between high and low disease activity in 
early SpA (Fernández-Espartero et al.  2014 ).  

8.3.1.9     Treatment of Axial SpA 
 Comparable to the treat-to-target (T2T) concept in RA, the primary treatment goal 
in axial SpA is defi ned as remission, with a secondary objective defi ned as low dis-
ease activity (Smolen et al.  2014 ). The ASAS/EULAR recommend maximising 
long-term health-related quality by controlling symptoms and infl ammation. 
Moreover, an additional objective of therapy is the prevention of progressive struc-
tural damage. The optimal therapy in axial SpA therefore requires a combination of 
pharmacological and non-pharmacological treatments. 

 The wide array of potential symptoms and sites of disease involvement means 
that the treatment has to be tailored to the individual with the overall aims being to 
reduce pain, maintain mobility and function and possibly modify the underlying 
disease process. 

 Patient education is a principal component of any effective management strategy. 
Group education programmes are offered in some centres, and although comparison 
of these is not possible because of the heterogeneous nature of the different groups, 
many believe that they promote coping with the emotional consequences of the 
disease and help patients participate in the management. The role of education is 
acknowledged in the EULAR practice recommendations as a cornerstone to effec-
tive management (Zochling et al.  2006 ). 

 The importance of early and regular physical therapy in axial SpA is of the 
utmost importance; for many years, it was the sole management for the condition. 
There is evidence from a well-conducted but small multicentre trial that physical 
therapy in addition to medical management resulted in better spinal mobility, chest 
expansion and work capacity than medical management alone (Ince et al.  2006 ). 

D.H.N. White and R. Kocijan   



201

The best form of physical therapy is still debated; however, multimodal programmes 
encouraging stretching and aerobic exercise seem appropriate for most, and others 
with specifi c issues may merit tailored programmes. 

 For axial disease, NSAIDs and physical therapy should be considered fi rst-line 
interventions. Approximately 70–80 % of patients with axial SpA will derive benefi t 
from NSAIDs compared to only 15 % of those with non-infl ammatory lower back 
pain. Analysis of the data from randomised trials of NSAID used in axial SpA has 
suggested that all patients received maximum benefi t within 2 weeks, and this 
would therefore seem an appropriate length of treatment trial. Approximately 
10–60 % will develop minor gastrointestinal side effects including epigastric pain 
and nausea, but serious side effects such a gastrointestinal bleeding occur in 2–4 % 
treated for 12 months. The risk of serious adverse events rises with age, comorbidity 
and concomitant use of other anti-infl ammatory agents. Agents selective for the 
COX-2 isoenzyme have less gastrointestinal toxicity; however, this has to be bal-
anced with the well-documented rise in cardiovascular events with these agents. It 
has even been suggested that regular use of NSAIDs – taken daily rather than as 
needed – can retard radiographic progression. The above measures will control 
symptoms adequately in approximately 70 % of patients; however, in those with 
ongoing symptoms, high infl ammatory markers, high score on the BASDAI or evi-
dence from imaging that disease is progressing, further treatment is required. 

 There is now widespread recognition that conventional DMARDs such as lefl u-
nomide or methotrexate are not effective for the control of axial disease. Similarly, 
there is a very limited role for systemic corticosteroids in axial SpA, but intra- 
articular steroids, given either into a peripheral joint or in to the sacroiliac joint, can 
provide substantial symptomatic benefi t. As a consequence, TNF inhibitors should 
be considered in the event of high disease activity with or without prior conven-
tional DMARD therapy in patients with axial disease (Braun et al.  2011 ). 

 Randomised controlled trials have been conducted showing that improvement 
can be seen as early as 2 weeks and is maximal after 12 weeks. This can be sus-
tained over several years (van den Bosch et al.  2001 ; Braun et al.  2002 ; Gorman 
et al.  2002 ; Brandt et al.  2003 ; Davis et al.  2003 ; Calin et al.  2004 ; van der Heijde 
et al.  2005 ,  2006 ; Lambert et al.  2007 ). In addition, these agents are associated with 
improvement in quality of life, reduced sick leave, improved work productivity and 
reduction in infl ammation on MRI. Even patients with complete spinal ankylosis 
report symptomatic benefi t from these agents. 

 Early remission under anti-TNF therapy was reported to be the strongest predic-
tor for achieving remission for up to 5 years in axial SpA. In the ATLAS trial, 
patients receiving adalimumab and achieving remission after 12 weeks were more 
than ten times more likely to be in remission after 5 years compared to patients who 
did not reach remission after 12 weeks (Sieper et al.  2012 ). In the ABILITY-1 trial, 
effective disease control has also been reported in nr-axSpA patients treated with 
adalimumab. Decreased infl ammation and improved quality of life were also shown 
in this study. Patients with age < 40, symptom duration < 5 years or high baseline 
C-reactive protein demonstrated a better response at week 12 of treatment (Sieper 
et al.  2013 ). 
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 Similar results after 1 year of etanercept treatment were shown in r-ax-SpA and 
nr-ax-SpA. The ankylosing spondylitis disease activity scores and BASDAI were 
decreased in r-ax-SpA and nr-ax-SpA, and the response rate to etanercept was simi-
lar in the two groups (Song et al.  2013 ). 

 In patients with nr-axSpA who had an insuffi cient response to NSAIDs, etaner-
cept treatment showed signifi cant benefi ts with regard to function, disease activity 
and infl ammation as shown on MRI at week 12 when compared to placebo 
(Dougados et al.  2013 ). Recently, the effi cacy and safety of certolizumab pegol, a 
PEGylated Fc-free anti-TNF, were shown in the RAPID-axSpA trial patients with 
r-ax-SpA and nr-axSpA. Response rates measured by ASAS-20 were signifi cantly 
higher in certolizumab when compared with placebo. The treatment response was 
similar for certolizumab in r-ax-SpA and nr-axSpA, and both subgroups improved 
in BASDAI (Landewé et al.  2014 ). 

 Despite the quick response to anti-TNFs, the improvement in disease-related 
quality of life, augmented physical mobility and reduced pain, the response rate 
after discontinuation is high in r-ax-SpA and nr-ax-SpA. A relapse rate of approxi-
mately 70 % was reported in patients with r-ax-SpA and nr-ax-SpA (Haibel et al. 
 2013 ). These data suggest that discontinuation of biologics is associated with an 
increased risk of relapse in axial SpA, and discontinuation should be carefully 
considered. 

 A positive effect regarding inhibition of radiographic progression in patients 
with axial SpA treated with anti-TNFs has not been shown in most trials, suggesting 
that osteoproliferation in axial SpA is independent of anti-TNF treatment (van der 
Heijde et al.  2009 ). However, in patients treated with infl iximab, bony spinal lesions 
progressed more slowly (Baraliakos et al.  2005 ). 

 Biologic agents appear to be of similar effi cacy for treating axial disease with 
best responses seen in younger patients with high infl ammatory markers and active 
disease on MRI. Anecdotally however, adalimumab and etanercept are given in 
fi xed dosage regimens and for larger patients, and those with very active disease, 
response may be improved with infl iximab as the dose can be adjusted to body 
weight. In addition, anterior uveitis can develop in those receiving etanercept, and 
so this agent may not be preferred in patients where this is a prominent feature. 

 For peripheral disease, the anti-TNF agents show excellent effi cacy. Prior to their 
introduction, studies had focussed on the use of sulphasalazine as a consequence of 
the link with infl ammatory bowel disease. To date, ten randomised, double-blind 
studies including two multicentre studies have been conducted assessing the effi -
cacy of this agent in peripheral arthritis and fi nding it to be of modest effi cacy 
(Dougados et al.  1995 ; Clegg et al.  1996 ). A subsequent meta-analysis of four trials 
concluded that the duration and severity of morning stiffness, pain severity and 
patient global assessment of disease activity reached statistical signifi cance. 

 Approximately 30 % of patients with axial SpA will not respond to treatment with 
anti-TNF therapy or will experience side effects leading to its discontinuation. Trials 
are underway using anti-IL-6, anti-IL-23, anti-17A and targeted B-cell therapy. The 
IL-6-inhibition by tocilizumab did not demonstrate effi cacy in patients with axial 
SpA (Sieper et al.  2014 ). However, in a pilot study on the IL-17A-inhibitor 
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secukinumab, treatment up to 2 years was associated to clinical improvement accom-
panied by regression of spinal infl ammation (Baraliakos et al.  2015 ). There is evi-
dence from one small study that the intravenous bisphosphonate, pamidronate, given 
in a dose of 60 mg once monthly improved symptoms (Maksymowych et al.  2002 ). 
Although it is not helpful in the presence of peripheral joint synovitis, it also has the 
advantage of treating the well-documented association of AS with osteoporosis.    

8.4     Psoriatic Arthritis (PsA) 

8.4.1     Epidemiology 

 Psoriatic arthritis (PsA) is a chronic infl ammatory joint disorder with a preva-
lence of 30 % in patients with skin psoriasis. PsA is characterised by local bone 
loss and new bone formation. Bone erosions are as frequent as in RA, although 
have a different morphology (Finzel et al.  2011 ). PsA is associated with nail 
disease (which has recently been shown to be a form of enthesitis), uveitis and 
infl ammatory bowel disease (Aydin et al.  2012 ; Veale  2013 ). In 75 % of cases, 
skin involvement precedes the onset of joint disease, which can be delayed by up 
to 10 years (Duarte  2012 ). Although the pathophysiology is not fully understood 
to date, genetic and environmental factors have been discussed (see Sect.  8.3.1 ).  

8.4.2     Diagnostic and Classification Criteria 

 Based on the ASAS criteria, peripheral arthritis, enthesitis or dactylitis and SpA- 
typical parameters such as uveitis, HLA-B27-positivity and skin psoriasis lead to 
the diagnosis of PsA with a sensitivity of 77.8 % and a specifi city 82.9 % (Rudwaleit 
et al.  2011 ). The CASPAR classifi cation criteria ( C l AS sifi cation criteria for the 
diagnosis of  P soriatic  AR thritis) include infl ammatory joint, spine or entheseal dis-
ease plus at least three points: (i) symptomatic psoriasis (two points), family history 
for psoriasis (one point) and psoriasis in the past (one point); (ii) psoriatic nail dis-
ease (one point); (iii) rheumatoid factor negativity (one point); (iv) symptomatic 
dactylitis (one point) and dactylitis in the past (one point); and (v) periarticular bone 
formation (one point) (Taylor et al.  2006 ).  

8.4.3     Treatment of PsA 

 EULAR recommends NSAIDs as fi rst-line therapy for the management of PsA. To 
prevent joint damage, synthetic DMARDs in combination with local injections of 
glucocorticoids should be considered in patients with active disease, even at an 
early stage of the disease (Gossec et al.  2012 ). Systemic glucocorticoids are not 
recommended for the chronic use due to the potential risk of a withdrawal fl are of 
psoriasis. 
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 In contrast to RA, MTX and other conventional DMARDs are less effective in PsA, 
as has been shown previously. Low-dose oral MTX does not seem to improve synovitis 
in active PsA (Kingsley et al.  2012 ). Only parenteral high-dose MTX and salazopyrin 
had well-demonstrated effects in a Cochrane analysis of PsA patients (Jones et al.  2000 ). 

 TNF-α inhibitors should be considered in patients with active arthritis and an 
inadequate response to at least one conventional DMARD and in patients with 
active enthesitis or dactylitis and an insuffi cient response to local steroid injection 
and NSAIDs. For very active PsA characterised by structural joint damage, numer-
ous swollen joints and extensive skin disease, biologics should also be considered 
in the treatment of naive patients. Moreover, biological drugs are especially benefi -
cial in those with mainly axial disease and insuffi cient response to NSAIDs. 

 Positive effects for anti-TNFs on disease activity, enthesitis, dactylitis, skin pso-
riasis and psoriatic nail disease have been reported (Ritchlin et al.  2009 ; Mease et al. 
 2000 ; Kavanaugh et al.  2009 ). A reduced rate of radiographic progression was 
shown in PsA patients treated with anti-TNFs compared to conventional DMARDs 
(Glintborg et al.  2011 ; Eder et al.  2014 ). Currently six biological agents are avail-
able for the treatment of PsA (etanercept, adalimumab, infl iximab, golimumab, cer-
tolizumab and ustekinumab). A similar effi cacy regarding peripheral arthritis, 
ACR-50 response after 24 weeks of therapy, the reduction of radiographic progres-
sion and the improvement of skin disease was shown for the anti-TNFs (Fénix- 
Caballero et al.  2013 ; Ritchlin et al.  2009 ). 

 The IL-12/IL-23-antibody ustekinumab was recently approved for the treatment 
of PsA as well as plaque psoriasis. Ustekinumab treatment reduced joint disease 
activity and improved quality of life in patients with PsA (Gottlieb and Narang 
 2013 ). In the phase 3 trials PSUMMIT I and PSUMMIT II, a signifi cant reduction in 
radiographic progression of joint damage in patients with active PsA and ustekinumab 
therapy compared to placebo was shown (Kavanaugh et al.  2014a ;  2015 ). 

 Another emerging therapeutic area is the inhibition of IL-17A. Secukinumab, a 
fully human monoclonal antibody, is a promising biological agent in the treatment of 
PsA and skin psoriasis (McInnes et al.  2014 ). PsA patients treated with secukinumab 
showed a signifi cantly higher response rate after 24 weeks and less structural damage 
compared to those receiving placebo in a phase 2 trial. The infection rate was higher 
in the secukinumab group than in the placebo group (Mease et al.  2015 ). 

 The oral phosphodiesterase-4-inhibitor apremilast showed signifi cant benefi ts 
regarding disease activity, skin psoriasis and physical function in phase III studies, 
with an acceptable safety profi le (Kavanaugh et al.  2015b ). Apremilast has recently 
been approved in the USA and Europe.  

8.4.4     Systemic Bone Loss in RA and SpA 

 It has been appreciated for some time that the quality of bone in RA is adversely infl u-
enced by the infl ammatory response. This is evident as periarticular osteopenia and well 
as generalised osteoporosis. Therefore, RA is an independent risk factor for secondary 
osteoporosis. Both vertebral and non-vertebral fracture risk is increased in patients with 
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RA (Vis et al.  2011 ; Kim et al.  2010 ; Dirven et al.  2012 ; Wright et al.  2011 ). The 
increased risk of fracture is most marked in the spine (RR 2.4) and at the hip (RR 1.8). 
Furthermore, the fracture risk is increased substantially by the use of glucocorticoids 
(van Staa et al.  2006 ). Recently, microstructural deteriorations were reported in RA. A 
decreased trabecular bone volume caused by a decrease in trabecular width and a low 
trabecular number in female and male RA patients was reported. In addition, cortical 
thinning with an increase in the cortical perimeter, refl ecting a compensatory mecha-
nism to restore bone strength, was found (Kocijan et al.  2014a ). Changes of the volumet-
ric BMD, bone volume and inhomogeneity of the trabecular network as well as higher 
cortical porosity were found in Asian patients with RA (Zhu et al.  2013 ,  2014 ). 

 Besides infl ammation, autoimmunity seems to play a major role not only in local 
but also in systemic bone loss in RA. Patients with seropositive RA (ACPA or rheu-
matoid factor positive) suffered from more severe systemic bone loss, characterised 
by deterioration of both trabecular and cortical bone (Kocijan et al.  2014b ). The 
diagnosis of RA was suggested as an independent risk factor for osteoporosis and 
low-traumatic fracture risk and therefore included in the fracture risk assessment 
tool (FRAX) (McCloskey et al.  2012 ). 

 The relationship between SpA and spinal osteoporosis has been well documented. 
Spinal fracture may account for some of the exaggerated kyphosis seen in many 
patients with longstanding disease (Ghozlani et al.  2009 ). Fracture of the rigid spine 
can occur with minimal trauma and is usually longitudinal across a syndesmophyte 
rather than across a vertebral body. As in RA, bone quality is reduced in SpA. The 
incidence of spinal osteoporotic fractures is increased (Magrey and Khan  2010 ). 
Data regarding systemic bone loss in PsA are confl icting. Low, normal and high area 
bone mineral (BMD) were reported in PsA (Frediani et al.  2001 ; Attia et al.  2011 ; 
Millard et al.  2001 ; Nolla et al.  1999 ; Borman et al.  2008 ; Riesco et al.  2013 ). Using 
high-resolution peripheral quantitative computed tomography (HR-pQCT), signifi -
cant alterations in trabecular, but not cortical bone structure, were observed (see 
Fig.  8.4 , Kocijan et al.  2015 ). The duration of skin psoriasis was an independent risk 
factor for patients with PsA. Moreover, signifi cant associations between mean psori-
atic disease duration and BMD alterations (D’Epiro et al.  2014 ) as well as the pres-
ence of non-vertebral fractures (Del Puente et al.  2015 ) were reported.

PsA CTRL

  Fig. 8.4    Bone microstructure in psoriatic arthritis ( PsA ) and healthy control ( CTRL ). 
Reconstruction of high-resolution peripheral quantitative computed tomography scans; 3D recon-
struction, 60 slices, axial/sagittal view       
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9.1          Animal Models of Osteoporosis 

9.1.1     General Aspects 

 Osteoporosis is a complex systemic disease (Pietschmann et al.  2008 ). Therefore, 
researchers have to rely on rodent and large animal models for the development of new 
antiosteoporotic therapeutics. Rodent models are well established and have been widely 
used in osteoporosis research. However, the US Food and Drug Administration (FDA), 
besides rats, also demands the use of large animal models in preclinical testing of anti-
osteoporotic substances with an experimental time frame of 12 months when using rats 
and 16 months when using larger species. According to FDA regulations, valid animal 
models have to develop an osteoporotic phenotype either spontaneously or after ovari-
ectomy (OVX) (FDA Guidelines  1994 ). In order to give an idea of the different biome-
chanical forces on the skeletons of small vs large animal species, Fig.  9.1  shows the 
skeletons of a rat, a sheep, and a minipig. There exist several ways of inducing osteope-
nia or osteoporotic phenotypes in mammals, such as  OPG  gene knockout, systemic 
RANKL administration, prolonged glucocorticoid administration, age-related osteopo-
rosis, dietary calcium shortage, OVX, and combinations. All these manipulations have 
specifi c advantages and disadvantages, and the physiological relevance has to be proven 
for each model. Although calcium shortage itself may induce osteopenia to some 
extent, it is usually combined with OVX, which may be considered the main model of 
postmenopausal and thus estrogen defi ciency-induced osteoporosis.

   In this context it is essential to be aware of species-specifi c sexual endocrinol-
ogy. Whereas women (and macaques) have a sexual cycle of 28 days, sows experi-
ence spontaneous ovulations as well but with a cycle length of 21 days. With regard 
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  Fig. 9.1    Skeletons of a rat, a sheep, and a minipig. Not only due to large differences concerning 
body weight but also due to the different position of extremities in relation to the body and differ-
ent functions of the vertebral column with regard to ensuring the stability of thorax and especially 
the abdomen between the shown species, interspecies differences concerning the mechanical 
forces exerting an impact on the axial and the appendicular skeletons are the logical consequence 
(Photos with kind permission of G. Weissengruber, Vienna)       
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to sheep, there are seasonal and aseasonal breeds with a mean cycle length of 
17 days. The seasonal rhythm is regulated by the epiphyseal melatonin secretion, 
which is signifi cantly higher in winter (“short day breeders”). The mainly used 
merinos are an aseasonal breed. Another feature, which has to be kept in mind, is 
extragonadal estrogen synthesis, which may cause a rebound effect in ovariecto-
mized sheep in terms of lowering bone mineral density (BMD) change differences 
when compared to sham animals starting from 4 months after OVX (Sigrist et al. 
 2007 ). Moreover, ovariectomized sows experience extragonadal estrogen synthesis 
to some extent (Sipos et al.  2011a ). Female dogs are seasonal monestric, usually in 
March and September. Heat includes proestrus, estrus, and early metestrus and 
takes 3 weeks. Estradiol increases only during this very short period to titers between 
18 and 50 pg/ml during proestrus and decreases already after the start of estrus to 
baseline levels of 5 pg/ml (Sipos  1997 ). Rats have sexual cycles of 4–5 days, 
whereas mice experience inducible ovulations. Furthermore, the occurrence of a 
natural menopause has not been proven in all model animals, except for macaques. 

 Nevertheless, estrogen defi ciency induced by OVX leads to an osteoporotic phe-
notype in rodents as well as diverse ungulates and can be aggravated by additional 
glucocorticoid administration or calcium shortage. However, it has to be kept in 
mind that osteoporosis as defi ned for humans (i.e., osteopenia plus fragility frac-
tures due to disturbed cortical and trabecular microarchitecture) does not naturally 
occur in our domestic mammals. Therefore, all models have their weaknesses. In 
this chapter, we will focus on rodent and artiodactyl models, but largely spare canine 
as well as primate models, as these are used less frequently due to ethical reasons, 
although especially primate models most closely refl ect the situation in humans.  

9.1.2     Rodent Models 

 In contrast to large animal models, there is a broad range of genetically modifi ed 
rodent models.  OPG  −/−  mice suffer from severe osteoporosis associated with a high 
incidence of fractures and vertebral deformities but lack unwanted side effects on 
immune function, which can be observed in  RANKL  −/−  mice (Bucay et al.  1998 ; 
Kong et al.  1999 ; Yun et al.  2001 ). Systemic RANKL administration also leads to 
increased osteoclast numbers and to an osteoporotic phenotype in mice (Lacey et al. 
 1998 ). Prolonged glucocorticoid exposure by subcutaneously implanted slow- 
release prednisolone pellets (2.1 mg/kg/day) is another reasonable means of induc-
ing osteoporosis in rodents (Weinstein et al.  1998 ). Wang et al. ( 2001 ) demonstrated 
an age-related decline of bone mass in the axial and appendicular skeleton and a 
decrease in bone formation in the spine in aged male Sprague–Dawley rats. 
Pietschmann et al. ( 2007 ) described similar changes, i.e., markedly reduced cancel-
lous bone mineral density (BMD), bone volume (BV), and trabecular number 
(Tb.N), in the proximal tibiae of aged male rats. Additionally, bone formation as 
well as osteoclastogenesis appeared decreased, which was substantiated by 
decreased insulin-like growth factor 1 (IGF-1), osteocalcin, and RANKL serum lev-
els. Bone density and bone strength are reduced in young growing rats by dietary 
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calcium restriction in the range of 0.3–2.5 g Ca 2+ /kg diet (Thomas et al.  1988 ; 
Persson et al.  1993 ; Talbott et al.  1998 ). 

 In the rat, rapid loss of cancellous bone mass and strength occurs following 
OVX, which after a while reaches a steady-state phase of bone mass with an 
increase in the rate of bone turnover (Wronski et al.  1986 ,  1988 ,  1989 ,  1990 ; 
Wronski and Yen  1992 ; Kalu  1991 ). The proximal tibial metaphysis, the lumbar 
vertebral bodies, and the femoral neck are affected by cancellous bone loss within 
1 month after OVX, whereas OVX-induced bone loss does not occur in the tra-
becular bone of long bone epiphyses, the distal tibial metaphysis, and the caudal 
vertebrae (Ma et al.  1994 ; Li et al.  1996 ; Westerlind et al.  1997 ; Miyakoshi et al. 
 1999 ). The situation of the cortical bone in the ovariectomized rat is complex, as 
increased bone resorption taking place at the endosteum of the diaphysis of long 
bones is antagonized by stimulated periosteal bone growth (Turner et al.  1987 ; 
Miller et al.  1991 ; Aerssens et al.  1996 ). Thus, enlargement of the marrow cavity 
is the most sensitive index of cortical bone loss in this species. As the rat, like most 
other experimental animal models, does not experience naturally occurring patho-
logical fractures, bone strength has to be tested mechanically. Signifi cant loss of 
vertebral and femoral neck bone strength occurs 3 months after OVX (Mosekilde 
et al.  1991 ; Mosekilde et al.  1993a ; Peng et al.  1994 ; Sogaard et al.  1994 ; Jiang 
et al.  1997 ; Yoshitake et al.  1999 ). Reduction of dietary calcium from 0.4 to 0.2 % 
in ovariectomized rats results in a further decrease in bone density and mechanical 
properties (Shahnazari et al.  2009 ). 

 Alternative rodent osteoporosis models include the Botox-induced and the LPS- 
induced bone loss models (Grimston et al.  2007 ; Ochi et al.  2010 ). In the former, 
mice are injected intramuscularly with 2.0 U Botox per 100 g body weight in the 
quadriceps, hamstrings, and posterior calf muscles of one hind limb. Maximum 
limb dysfunction occurs by days 2–3 after Botox injection without gender differ-
ences. By 3–4 weeks postinjection, full activity is restored. Bone loss in the injected 
limb is rapid and profound with the difference to the noninjected limb being sig-
nifi cant by week 2. At 12 weeks trabecular BV in the injected limb is substantially 
reduced, and cortical thickness is lowered. In the endotoxin model, male adult 
mice are subcutaneously injected with 20 mg/kg LPS. LPS treatment reduces BV/
TV for approximately 40 % in the proximal region of tibial bones by 48 h posttreat-
ment. This LPS-induced enhancement of osteoclastogenesis can be blocked by 
OPG administration giving evidence of the importance of RANKL signaling in this 
setting, but LPS or OPG does not affect osteoclastogenesis in  TNFR1  −/−  mice. 
Interestingly, osteoblast surface is remarkably reduced in these mice as a result of 
enhanced osteoblast apoptosis due to TRAIL-mediated signaling, which triggers 
apoptosis of primary osteoblasts only when the TNFR1 signal is ablated in vitro.  

9.1.3     Ovine Models 

 There is also a bulk of literature dealing with the ovine species and its suitability as 
a postmenopausal osteoporosis model. The compact bone of growing sheep is pre-
dominantly plexiform. A well-developed Haversian system consisting of secondary 
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osteons is not developed until an age of 7–9 years (Turner  2002 ; Pearce et al.  2007 ). 
Seasonal fl uctuations in bone metabolism complicate the interpretation of data. It 
should also be mentioned that biochemical bone metabolism markers are regarded 
as having only limited informative value in the ovine model (Gerlach  2002 ). Due to 
anatomical peculiarities of ovine vertebrae, biomechanical parameters fail to cor-
relate with BMD of these bone sites, but do so with femoral BMD. Anatomical 
features of the iliac crest seem to be close to the corresponding human bone site (Ito 
et al.  1998 ). Although sheep do not experience a natural menopause, decreasing 
bone mass in aging sheep might prove this species a potential model for age-related 
osteoporosis (Turner et al.  1993 ). OVX alone is not as effi cient as in other species, 
whereas glucocorticoid treatment induces an osteoporotic phenotype comparable to 
the one in other species including humans (Chavassieux et al.  1993 ; Hornby et al. 
 1995 ). BMD of L5 and distal radius as evaluated by DXA is signifi cantly changed 
6 months and the one of L4 1 year after OVX, whereas the proximal parts of the 
femur, humerus, and tibia do not exhibit changes to that extent (Turner et al.  1995 ). 
However, MacLeay et al. ( 2004 ) were not able to detect areal BMD changes in lum-
bar vertebrae in ovariectomized sheep 3 months after surgery. Another study showed 
a signifi cantly decreased femoral but not lumbar vertebral BMD as well as signifi -
cant effects on cortical bone parameters by 6 months after OVX (Chavassieux et al. 
 2001 ). Interesting and seemingly inconsistent with the likelihood of extragonadal 
estrogen synthesis is the fact that sheep experience signifi cant microarchitectural 
changes in the vertebral cancellous bone (decreased BV/TV by approximately 30 %, 
trabecular thickness (Tb.Th) by 13 %, and increased trabecular separation (Tb.Sp) 
by 46 %) 2 years after OVX and show histomorphometric changes (i.e., signifi cantly 
increased osteoclast numbers) already 3 months after surgery (Giavaresi et al.  2001 ; 
Pogoda et al.  2006 ). 

 Combining OVX with profound dietary calcium restriction (1.5 g Ca 2+  and 
100 IU VitD 3 /day instead of the physiological daily need for 4–5 g Ca 2+  and 1.000 IU 
VitD 3 /day) and weekly doses of 120–200 mg methylprednisolone in 7–9 years old 
ewes for 7 months led to an approximately 35–40 % reduction of BMD of the spon-
giosa of the radius and tibia without affecting the corticalis (Lill et al.  2002 ). Lumbar 
vertebral bodies exhibited a decrease in BMD of 13 %. Also, all analyzed histomor-
phological parameters of the iliac crest as well as BV/TV of L4, and Tb.Th, BV/TV, 
and bone surface (BS/BV) of femoral head were signifi cantly altered and corre-
sponded well with biomechanical data. Although the profound decrease of BMD of 
approximately 4 SD is remarkable in this model, the increased susceptibility for 
opportunistic infections and the drawbacks concerning osteoimmunological analy-
ses due to the prolonged exposure to glucocorticoids have to be considered. Another 
study showed the advantages of combining OVX and glucocorticoid administration 
over combining OVX and calcium restriction with a higher decrease of BMD of the 
distal radius, distal tibia, and calcaneus (the spongiosa by 25 % and the corticalis by 
17 % in the former group and 10 and 5 % in the latter, respectively) (Lill et al.  2000 ). 
Combining all three measures led to the most pronounced reductions (60 and 25 %). 
Age dependency of osteoporosis inducibility in sheep is still a matter of debate, but 
there is some consensus that inducing measures should last at least 7 months, and 
the time span between OVX and lactation should be over a year due to the increased 
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intestinal calcium resorption (Hornby et al.  1995 ; Lill et al.  2002 ). Chavassieux 
et al. ( 1993 ) induced osteoporosis in adult ewes by daily intramuscular (IM) injec-
tions of 30 mg methylprednisolone for 2 months followed by 15 mg for 1 month. 
Mineral apposition rate in the iliac crest was decreased by 63 %, and bone formation 
rate was decreased by 84 %.  

9.1.4     Porcine Models 

 Pigs seem to have some advantages over sheep concerning their suitability as bio-
medical large model species because of several anatomical and physiological rea-
sons. Although there are a lot of similarities of diverse porcine organ systems to 
their human orthologs, the pig’s usefulness as an osteological model species is still 
not entirely clear. However, the porcine femoral compact bone is predominantly 
plexiform, but is converted to well-developed osteonal bone earlier than in sheep 
(Mori et al.  2005 ). Peak bone mass is obtained with an age of 2–3 years. 
Ovariectomized and calcium-restricted (0.3 % Ca 2+ ) multiparous conventional sows 
seem not to be ideal models for osteoporosis research, most probably due to their 
extremely high mean areal BMD of 1.5 g/cm 2  as measured at the femoral neck, 
which seemingly reduces bone plasticity (Sipos et al.  2011a ). Contrary, growing 
pigs aged 2 months have a mean areal BMD of 0.64 g/cm 2  as measured by DXA 
(Sipos et al.  2011b ). Therefore, the main body of investigations in this area of 
research was performed using growing minipigs, which, however, might not appro-
priately refl ect the situation of the postmenopausal osteoporotic woman due to their 
juvenile age. On the other hand, minipigs achieve sexual maturity earlier than con-
ventional pigs, and thus OVX may induce the desired phenotype earlier than in 
conventional sows. Mosekilde et al. ( 1993b ) successfully established a minipig 
bone loss model. OVX in 10-month-old minipigs resulted in a 6 % decrease in 
BMD, 15 % in BV, and 13 % in Tb.N, and an increase of 15 % in Tb.Sp after 
6 months, whereas OVX in combination with a mild nutritive calcium shortage 
(0.75 % Ca 2+ ), which had already been started at an age of 4 months, led to a 10 % 
reduction in vertebral BMD and signifi cant increases in fi nal erosion depth and 
vertebral marrow star volume. In the growing pig model, calcium restriction (0.1–
0.4 %) for 1 month leads to increased plasma PTH, calcitriol, alkaline phosphatase 
(ALP), propeptide of type 1 procollagen (P1CP), and hydroxyproline titers, which 
are associated with osteoporotic changes of metacarpals (Eklou-Kalonji et al.  1999 ). 
A study investigating multiparous sows being fed a standard diet (1.5 Ca 2+ ) showed 
a signifi cant increase in plasma PTH, calcitriol, and AP levels over a time span of 
1 year after OVX (Scholz-Ahrens et al.  1996 ). This could not be reproduced by our 
group in a similar setting (Sipos et al.  2011a ). However, the former group also did 
not observe signifi cant bone morphometric changes. 

 Whereas glucocorticoid treatment alone has been shown not to be suffi cient to 
induce osteoporosis in the ovine model, this does not apply to the porcine model 
(Scholz-Ahrens et al.  2007 ). In adult (30 months old) primiparous Göttingen mini-
pigs, an osteoporotic phenotype could be induced by daily oral treatment with 1 mg/
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kg of prednisolone for 2 months and a reduction to 0.5 mg/kg thereafter until the 
end of the experiment, which was after 8 months in the short-term group and 
15 months in the long-term group. In the short term, glucocorticoids reduced BMD 
at the lumbar spine by 48 mg/cm 3  from baseline, whereas in the control group the 
reduction was 12 mg/cm 3 . These changes were also evidenced by plasma BAP lev-
els, which decreased signifi cantly in the glucocorticoid group. In the long term, the 
loss of BMD became more pronounced and bone mineral content, Tb.Th, and 
mechanical stability tended to be lower compared to the control group. There was a 
negative association between the cumulative dose of glucocorticoids and BMD, 
which could be traced back to impaired osteoblastogenesis. Other authors used 
growing minipigs (Ikeda et al.  2003 ). They treated 8-month-old Göttingen minipigs 
subcutaneously with prednisolone at a dosage of 0.5 mg/kg, 5 days/week for 
26 weeks. Glucocorticoid treatment signifi cantly reduced bone turnover marker 
(serum osteocalcin, urinary type-1 collagen N-telopeptide) levels at 13 weeks and 
thereafter also serum BAP levels relative to baseline. At 26 weeks, the longitudinal 
axis of the lumbar vertebral bone and length of the femur were smaller in the gluco-
corticoid group compared to the control group. The same applied to the BMD of the 
femur, but not L2, as measured by DXA. Age-dependent increases in trabecular 
bone structure were also reduced by glucocorticoids. L2 and femora of these ani-
mals were also tested mechanically, and prednisolone was shown to signifi cantly 
reduce the ultimate load and maximum absorption energy of both sites. Further 
regression analyses revealed that bone minerals, bone structure, and chemical mark-
ers correlated with mechanical properties of L2 and mid-femur. It was concluded 
that prednisolone reduced systemic bone formation and resorption and suppressed 
the age-dependent increases in bone minerals, structure, and mechanical properties 
of L2 and mid-femur.   

9.2     Animal Models of Rheumatoid Arthritis 

 Like osteoporosis, rheumatoid arthritis (RA) is a very complex pathological condi-
tion. Whereas this has not been proven for osteoporosis, rheumatoid arthritis is 
clearly identifi ed as an autoimmune disease with a chronic infl ammatory character. 
Although the responsible autoantigens are still speculative (most seemingly cyclic 
citrullinated peptides), there are several models, which refl ect the pathophysiologi-
cal situation satisfactorily on the focal (including redness, joint swelling, cartilage, 
and bone destruction) as well as the systemic level with upregulated proinfl amma-
tory cytokines. In the following, the most frequently used models will be presented 
in short: adjuvant-induced arthritis (AIA), collagen-induced arthritis (CIA), and the 
TNF-α transgenic mouse. Contrary to biomedical osteoporosis research, in rheuma-
toid arthritis research only rodent models are used. 

 Classically, AIA is induced by an intradermal injection of heat-killed 
 Mycobacterium tuberculosis  in paraffi n oil at the base of the tail followed by a con-
secutive injection into one knee joint. The clinical onset is 9 days following the 
second injection as indicated by hind paw swelling and locomotory diffi culties 
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(Feige et al.  2000 ). In a modifi ed protocol, mice are immunized intradermally at the 
base of the tail and four footpads with 100 mg of methylated BSA (mBSA) emulsi-
fi ed in an equal volume of complete Freund’s adjuvant (Ohshima et al.  1998 ). 
Additionally, mice are intraperitoneally injected with  Bordetella pertussis . This 
procedure is repeated 7 days later. On day 21, 100 mg of mBSA in 10 ml of saline 
is injected into one knee joint. As a control, the same volume of saline is injected 
into the contralateral one. The acute phase of AIA lasts for 1 week starting after the 
booster injection and is followed by a chronic phase. Mice usually are sacrifi ced 
35 days after the fi rst immunization. 

 CIA is elicited by an intradermal injection or intravenous infusion of heterolo-
gous type II collagen emulsifi ed 1:1 with incomplete Freund’s adjuvant (Cremer 
et al.  1983 ; Stolina et al.  2009a ). Following other regimens, CIA is induced after 
intradermal immunization with collagen emulsifi ed in complete Freund’s adjuvant, 
followed by a booster dose of collagen emulsifi ed in incomplete Freund’s adjuvant 
3 weeks later. Disease susceptibility is strongly linked to the MHC class II haplo-
type. CIA-susceptible mice such as DBA/1, B10.Q, and B10.III are the most com-
monly used strains for the CIA model. Mice should be young (approx. 8 weeks) and 
healthy, and in many settings male mice are preferred because they develop disease 
earlier than females. CIA is consistently induced 16–35 days after immunization in 
90–100 % of male mice and in 60–100 % of females using bovine collagen. Notably, 
progression of the two models, AIA and CIA, is mediated by distinct immunopatho-
genic mechanisms (Cremer et al.  1983 ). With respect to the dominant pro-arthritic 
cytokines, AIA is driven mainly by TNF-α (Stolina et al.  2009b ), while CIA is 
provoked mainly by IL-1 (Stolina et al.  2008 ). Of importance for a systemic proin-
fl ammatory disease is that both CIA and AIA are characterized by a systemic upreg-
ulation of acute-phase proteins, IL-1β, IL-8, CCL2, and RANKL, whereas TNF-α, 
IL-17, and PGE 2  are elevated exclusively in clinical AIA. In contrast, Sarkar et al. 
( 2009 ) found in their CIA model that joint infl ammation was associated with a 
higher ratio of systemic IL-17/IFN-γ. Interestingly, neutralization of IFN-γ acceler-
ated the course of CIA and was associated with increased IL-17 levels in serum and 
joints. The authors concluded that the absolute level of IL-17 is not the only deter-
minant of joint infl ammation. Instead, the balance of Th1, Th2, and Th17 cytokines 
is suggested to control the immune events leading to joint infl ammation. 

 More recently, the serum transfer arthritis model has been generated. This model 
is based on T cells expressing a single autoreactive TCR recognizing glucose- 6- 
phosphate isomerase (G6PI). These cells escape negative selection in mice bearing 
a specifi c MHC class II allele, IAg7. In the periphery, these T cells promote a breach 
in B cell tolerance, and high levels of anti-G6PI antibodies are produced, leading to 
a destructive and erosive arthritis similar to that seen in human RA. The adoptive 
transfer of serum from these mice results in peripheral joint swelling in most recipi-
ent strains. Early events that trigger paw swelling in the serum transfer model 
include signaling through FcRs. Further analysis demonstrated that FcγRII −/−  mice 
manifested accelerated arthritis whereas FcγRIII −/−  mice experienced a more slowly 
progressing arthritis. In the K/BxN serum transfer model of arthritis, there is a clini-
cally apparent acute phase, which is modulated by FcγRII and FcγRIII, and a 
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subacute component, which results in bone erosion, even in the absence of FcγR 
signaling (Corr and Crain  2002 ). 

 The TNF-α transgenic mouse (Keffer et al.  1991 ) allows deregulated human 
 TNF-α  gene expression. These mice develop a chronic infl ammatory and destruc-
tive polyarthritis within 6 weeks after birth (Redlich et al.  2002 ).  

9.3     Animal Models of Cancer-Associated Osteolytic Lesions 

 Many aggressively growing malign entities metastasize into the bone causing 
osteolytic lesions, which relies on the RANKL-mediated osteoclastogenesis-
promoting nature of these tumor cells. Among the clinically most relevant bone-
affecting tumors are the sexual steroid-controlled mammary and prostate cancers 
as well as multiple myeloma. In rodent mammary cancer models, usually the 
human breast cancer cell line MDA-231 is injected into the left ventricle of 
female athymic BALB/c nude mice aged 4–8 weeks under general anesthesia 
(Mbalaviele et al.  1996 ; Morony et al.  2001 ). Transplanted mice develop a pro-
found cachexia. Multiple osteolytic lesions with highly active osteoclasts are 
evident in the bones of the proximal and distal extremities within 1 month after 
tumor inoculation. 

 More sophisticated data than those produced by radiography can be acquired by 
means of in vivo whole-body bioluminescence imaging (BLI). This technique 
demands the application of luciferase ( Luc )-gene transduced cells of interest. 
Visibility is induced by a preceding intraperitoneal injection of luciferin (Canon 
et al.  2008 ). For example, BLI has been applied in the 4 T1 model. The 4 T1 ortho-
topic breast cancer model has been extensively utilized to examine the effi cacy of a 
series of bisphosphonate compounds for the treatment of breast cancer bone metas-
tases (Yoneda et al.  2000 ). This model is characterized by the occurrence of bone 
metastases in nearly 100 % of animals. Histological examination reveals the occur-
rence of profound osteoclastic bone resorption, and luciferase activity assays con-
fi rm tumor burden (Reinholz et al.  2010 ). In the 4 T1/Luc model, washed 4 T1 
luc-transduced mouse mammary cancer cells are suspended in sterile PBS and sub-
cutaneously injected into mammary fat pads of 4–5-week-old syngeneic female 
BALB/c mice. Primary mammary tumors form approximately 1 week after cell 
inoculation, and metastases to the lung and liver develop within 2 weeks. Metastases 
to the bone, adrenals, kidneys, spleen, and heart occur by 3 weeks post-inoculation. 
Mice typically succumb by 4 weeks after tumor cell injection. 

 Prostate cancer (PC) bone metastases can also be induced by intracardial tumor 
cell infusions into male nude mice (Miller et al.  2008 ).  Luc -transduced cells were 
found to develop a pattern of bioluminescence consistent with tumor metastatic foci 
in the bone with the highest concentrations in hind limbs and mandible as early as 
3–5 days after intracardial injection. Another route for administration of PC cells is 
the intratibial injection (Ignatoski et al.  2008 ). Herein, the hind limb is shaved, the 
knee cap is located, and cells are injected in a volume of 50 μl into the tibia percu-
taneously via the tibial crest into the marrow cavity. 
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 Xenograft models are also utilized for inducing multiple myeloma-associated 
bone metastases. The KAS-6/1-MIP-1α mouse model may serve as an example 
(Reinholz et al.  2010 ). Herein, genetically engineered KAS-6/1 myeloma cells car-
rying the osteoclast activating factor MIP-1α are injected into female SCID mice. 
Bone loss occurs within 2 weeks, hind limb paralysis occurs within 2 months, and 
mice typically die 1 week later. 

 Other tumor cell types used for generating osteolytic bone metastases include 
human A431 epidermoid carcinoma cells and murine colon adenocarcinoma-26 
cells. A431/Luc cells were found to cause osteolytic lesions in the hind limbs after 
20 days, and Colon-26 cells colonize the skeleton and cause signifi cant localized 
bone destruction in syngeneic 7–8-week-old BALB/c DBA/2 mice within 12 days 
after intracardial tumor inoculation (Morony et al.  2001 ; Canon et al.  2010 ).  

9.4     Immunotherapy of Osteoporosis in Animal Models 

9.4.1     Osteoprotegerin as Surrogate for Denosumab 
in Rodent Models 

 The following two subchapters focus on RANKL blockade in rodent and non- primate 
large animal models. First, the effects of RANKL blockade have been investigated in 
models of postmenopausal osteoporosis. Fewer preclinical data are available for this 
treatment option of male osteoporosis. Min et al. ( 2000 ) demonstrated the protective 
and osteoporosis-reversing effects of the treatment of  OPG  −/−  8-week-old mice with 
high intravenous doses of 50 mg/kg of recombinant human (rh) OPG three times per 
week for 4 weeks. The advantage of rhOPG, which is fused to an Fc fragment, is its 
sustained serum half-life enabling a prolonged antiresorptive activity. In a next step, 
Capparelli et al. ( 2003 ) treated male, 10-week-old Sprague–Dawley rats with a sin-
gle intravenous bolus injection of 5 mg/kg rhOPG. Maximum rhOPG concentrations 
were seen within 12 h after injection and coincided with signifi cant elevations of 
serum PTH levels, which normalized 24 h later. Although a remarkable decline in 
rhOPG serum levels started at day 10, rhOPG serum concentrations remained at 
measurable levels throughout the 30-day study. The suppression of osteoclastic bone 
resorption started within 24 h after treatment. Signifi cant gains in tibial cancellous 
BV were evident within 5 days. Femoral BMD increased between days 10 and 20. 
The signifi cant decrease of osteoclast surface of 95 % in the rhOPG group was paral-
leled by a 35 % decrease in the serum bone resorption marker TRAP5b. Repeated 
rhOPG treatment (5 times 2 mg/kg within 2 weeks) further led to an increase of bone 
fracture strength at the femur mid-diaphysis in three-point bending by 30 % without 
affecting elastic or maximum strength in young male Sprague–Dawley rats (Ross 
et al.  2001 ). At the femoral neck, rhOPG signifi cantly increased elastic (45 %), maxi-
mum (15 %), and fracture (35 %) strengths. Additionally, rhOPG treatment signifi -
cantly increased whole bone dry mass (25 %), mineral mass (30 %), organic mass 
(17 %), and percent mineralization (4 %). Overall, rhOPG augments mineralization 
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and strength indices in the rat femur with its effects on strength being more pro-
nounced in the femoral neck than at the mid-diaphysis. 

 Next, effects of RANKL blockade have been tested in diverse osteoporosis mod-
els. Ominsky et al. ( 2008 ) treated ovariectomized rats aged 3 months with 10 mg/kg 
rhOPG twice weekly. OVX was associated with signifi cantly higher serum RANKL 
titers, increased osteoclast surface, and reduced areal and volumetric 
BMD. Recombinant human OPG markedly reduced osteoclast surface and serum 
TRAP5b while completely preventing OVX-associated bone loss in the lumbar ver-
tebrae, distal femur, and femoral neck. μCT analyses showed that trabecular com-
partments in rhOPG-treated OVX rats had a signifi cantly greater BV fraction, 
volumetric BMD, bone area, Tb.Th, and Tb.N. Additionally, rhOPG improved the 
cortical area in the lumbar vertebrae and femoral neck to levels that were signifi -
cantly greater than in OVX or sham controls. Also, bone strength was increased in 
OVX rats by rhOPG treatment. 

 Clinical development of rhOPG was discontinued in favor of denosumab. Thus, 
preclinical experiments demanded a rodent model in which this fully humanized 
monoclonal antibody that specifi cally inhibits primate and human RANKL would 
be effective. Preliminary experiments showed that denosumab did not suppress 
bone resorption in normal mice or rats but prevented the resorptive response in mice 
challenged with a human RANKL fragment encoded primarily by the fi fth exon of 
the RANKL gene. Therefore, exon 5 from murine RANKL was replaced by its 
human ortholog. The resulting huRANKL mice exclusively express chimeric 
(human/murine) RANKL that maintains bone resorption at slightly reduced levels 
when compared to wild-type controls (Kostenuik et al.  2009 ). In these mice deno-
sumab reduced bone resorption, increased cortical and cancellous bone mass, and 
improved trabecular microarchitecture. Hofbauer et al. ( 2009 ) analyzed the bone 
protective effects of denosumab (10 mg/kg subcutaneously twice weekly over 
4 weeks) in glucocorticoid-treated male, 8-month-old homozygous huRANKL 
knock-in mice. They showed that prednisolone treatment induced the loss of verte-
bral and femoral volumetric BMD, which was associated with suppressed vertebral 
bone formation and increased bone resorption as evidenced by increases in the num-
ber of osteoclasts, TRAP5b protein in bone extracts, serum levels of TRAP5b, and 
urinary excretion of deoxypyridinoline. More detailed analysis showed that 
glucocorticoid- induced bone loss was most pronounced in the cortical and subcorti-
cal compartment in the distal femoral metaphysis whereas trabecular BMD remained 
unchanged by prednisolone treatment. Denosumab prevented prednisolone-induced 
loss of total BMD at the spine and the distal femur. Additionally, biomechanical 
compression tests of lumbar vertebrae revealed a detrimental effect of prednisolone 
on bone strength that could also be prevented by denosumab. 

 In analogy to rhOPG and denosumab as RANKL antagonists, Kim et al. ( 2009 ) 
developed a cell-permeable inhibitor termed RANK receptor inhibitor (RRI), which 
targets a cytoplasmic motif of RANK. The RRI peptide blocked RANKL-induced 
osteoclast formation from murine bone marrow-derived macrophages. Furthermore, 
RRI inhibited the resorptive function of osteoclasts, induced osteoclast apoptosis, 
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and protected against OVX-induced bone loss in mice. As RANK blockade may 
theoretically impair the immune system, the authors also determined whether the 
RRI peptide interferes with phagocytosis or dendritic cell differentiation; both 
immune functions were not affected. 

 Li et al. ( 2009a ) tested the effects of rhOPG treatment on bone biology of orchi-
ectomized (ORX) rats. Whereas serum testosterone declined within 2 weeks after 
surgery, no changes in serum RANKL could be observed. In contrast, there was an 
increase of RANKL in bone marrow plasma, which correlated positively with mar-
row plasma TRAP5b. RANKL inhibition was induced by treating ORX rats twice 
weekly for 6 weeks subcutaneously with 10 mg/kg rhOPG. Whereas vehicle-
treated ORX rats showed signifi cant defi cits in BMD of the femur and tibia as well 
as lower trabecular BV in the distal femur, rhOPG treatment increased femoral and 
tibial BMD and trabecular BV to levels that signifi cantly exceeded values for ORX 
or sham controls. Histologically, rhOPG treatment reduced trabecular osteoclast 
surfaces in ORX rats by 99 %. μCT of lumbar vertebrae from rhOPG-treated ORX 
rats demonstrated signifi cantly greater cortical and trabecular bone volume and 
density versus ORX-vehicle controls. These data substantiate RANKL inhibition 
as a strategy for preventing bone loss associated with androgen ablation or 
defi ciency.  

9.4.2     Osteoprotegerin as Surrogate for Denosumab in Pigs 

 Data on the effects of rhOPG treatment in large animal models are limited. The 
homology between a porcine RANKL-specifi c sequence and the corresponding 
human RANKL sequence was found to be 79 %. Also, RANKL is upregulated dur-
ing in vitro osteoclastogenesis and expressed by a variety of different cell types 
including immunocytes in pigs (Sipos et al.  2005 ). Sipos et al. ( 2011b ) analyzed the 
effects of a single intravenous rhOPG bolus of 5 mg/kg in pigs aged 2 months. Serum 
rhOPG levels peaked at day 5 and coincided with signifi cantly decreased calcium, 
phosphate, and bone turnover markers. TRACP5b, P1CP, and BAP levels signifi -
cantly decreased by 40–70 % relative to vehicle controls in the rhOPG group between 
days 5 and 10, indicating that pharmacologic concentration of rhOPG led to systemic 
concomitant inhibition of bone formation and resorption. At termination of the 
experiment at day 20, μCT analysis showed a signifi cantly higher connectivity den-
sity in the proximal femur, proximal tibia, and L4 as well as BMD of the femur, hip, 
and tibia. Interestingly, Tb.Th (femur, hip, L4) was signifi cantly lower in the rhOPG-
treated pigs, but Tb.N (femur) was higher, and a trend toward lower Tb.Sp was evi-
dent in the tibia. In summary, rhOPG treatment inhibited osteoclast function as 
evidenced by TRAP5b decrease and led to a more arborescent architecture and 
higher mineralisation in the weight-bearing skeleton. These data show that not only 
anatomical but also microstructural bone parameters as well as the responsiveness to 
RANKL inhibition may differ in detail between large mammal species such as 
humans and pigs and also between these species and rodents with their distinct bio-
mechanical forces on the axial as well as the appendicular skeleton.  
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9.4.3     Romosozumab 

 Romosozumab is a humanized monoclonal antibody that targets sclerostin for the 
treatment of osteoporosis. Sclerostin is a potent inhibitor of the canonical Wnt sig-
naling pathway, which is essential for osteoblastogenesis. Mutations in the 
sclerostin- encoding gene SOST lead to sclerostosis, which is the result of progres-
sively increasing bone formation. Thus, romosozumab acts by supporting osteo-
blastogenesis, which is different from the fi nal outcome achieved by denosumab, 
which exerts its effects by suppressing osteoclastogenesis. 

 In preclinical studies, the therapeutic potential of a neutralizing sclerostin anti-
body was tested in ovariectomized rats (Li et al.  2009b ). This therapeutic interven-
tion not only resulted in complete prevention of osteoporosis but had also strong 
osteoanabolic effects. In gonad-intact female cynomolgus macaques, the adminis-
tration of a humanized neutralizing anti-sclerostin monoclonal antibody over 
2 months had clear osteoanabolic effects with marked dose-dependent increases in 
bone formation on trabecular, periosteal, endocortical, and intracortical surfaces. 
Signifi cant increases in trabecular thickness and bone strength were found at the 
lumbar vertebrae in the highest-dose group (Ominsky et al.  2010 ).  

9.4.4     Secukinumab 

 Secukinumab is a human monoclonal antibody targeting IL-17A and is approved 
for the treatment of psoriasis. The therapeutic spectrum may soon be expanded to 
the treatment of uveitis, rheumatoid arthritis, ankylosing spondylitis, and psori-
atic arthritis. Basis for the therapeutic application is the disturbance of the Th17/
Treg balance in a large spectrum of diverse autoimmune diseases. Notably, also 
for osteoporosis the therapeutic use of anti-IL-17 antibodies has now been pro-
posed, as a reduction of proinfl ammatory cytokines, an increase in regulatory T 
cell number, a positive effect on cortical as well as trabecular bone and bone 
mechanical parameters, and an increased osteoblastogenesis could be demon-
strated in ovariectomized mice, which was even superior to anti-RANKL and 
anti-TNF-α antibodies (Tyagi et al.  2014 ). These effects may be considered as 
another hint toward an involvement of a dysregulation of the immune system in 
the pathogenesis of osteoporosis.   

9.5     Immunotherapy of Rheumatoid Arthritis 
in Animal Models 

 Antirheumatic drugs exhibit pronounced adverse side effects. Therefore, efforts aim 
to establish more specifi c anti-infl ammatory and osteoclastogenesis-inhibitory ther-
apeutic regimens including RANKL blockade. First, rhOPG monotherapy was 
tested for its effi cacy to ameliorate or abolish bone destructive processes of RA. In 
their study investigating male Lewis AIA rats treated with subcutaneously 
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administered rhOPG, Campagnuolo et al. ( 2002 ) found that rhOPG provided dose- 
and schedule-dependent preservation of BMD and periarticular bone while essen-
tially eliminating intralesional osteoclasts. Dosages >2.5 mg/kg/day preserved or 
enhanced BMD and essentially prevented all erosions. OPG treatment was also suc-
cessful in preventing the loss of cartilage matrix proteoglycans and was shown to be 
most effective when initiated early in the course of the disease. However, signs of 
infl ammation could not be affected by rhOPG treatment. In another study based on 
TNF-α transgenic mice, the anti-infl ammatory as well as anti-osteoclastogenic 
potential of infl iximab, an anti-TNF-α monoclonal antibody, was compared to 
rhOPG and pamidronate treatment (Redlich et al.  2002 ). As may be delineated from 
the preceding study, clinical improvement was achieved only in the infl iximab 
group. However, radiographic analyses revealed a signifi cant retardation of joint 
damage in animals treated with rhOPG (55 % reduction of erosions), pamidronate 
(50 % reduction), a combination therapy of rhOPG and pamidronate (64 % reduc-
tion), and with infl iximab (66 % reduction). These data show that rhOPG alone or in 
combination with bisphosphonates may be an effective therapeutic tool for the pre-
vention of infl ammatory bone destruction. Stolina et al. ( 2009a ,  b ) also investigated 
Lewis rats with established AIA or CIA. Rats were treated with pegsunercept (a 
TNF-α inhibitor), anakinra (an IL-1 receptor antagonist), or rhOPG. Anti-TNF-α 
treatment ameliorated paw swelling in both models and reduced ankle BMD loss in 
AIA rats. Anti-IL-1 treatment decreased paw swelling in CIA rats and reduced 
ankle BMD loss in both models. Both anti-TNF-α and anti-IL-1 applications 
reduced systemic markers of infl ammation as well as, at least in part, systemic 
RANKL, but failed to prevent vertebral BMD loss in either model. OPG reduced 
TRAP5b by over 90 % and consequently also BMD loss in ankles and vertebrae in 
both models, but as anticipated had no effect on paw swelling. 

 The former studies demonstrated that rat AIA and CIA feature bone loss and 
systemic increases in TNF-α, IL-1β, and RANKL. Anti-cytokine therapies targeting 
infl ammatory cytokines consistently reduce infl ammation in these models, but sys-
temic bone loss often persists. On the other hand, RANKL inhibition consistently 
prevents bone loss without reducing joint infl ammation. Logically, RANKL inhibi-
tion has to be further combined with anti-infl ammatory, most preferably site- 
specifi c, drugs. Oelzner et al. ( 2010 ) treated AIA rats with dexamethasone (0.25 mg/
kg/day, i.p.), rhOPG (2.5 mg/kg/day, i.p.), or a combination of both at regular inter-
vals for 3 weeks. As expected, dexamethasone monotherapy substantially sup-
pressed joint swelling without inhibiting bone loss of the secondary spongiosa, 
whereas rhOPG monotherapy showed no anti-infl ammatory effect. Interestingly, 
rhOPG monotherapy failed to inhibit AIA-induced bone loss, whereas the combina-
tion of dexamethasone and rhOPG produced an anti-infl ammatory effect and 
resulted in inhibition of periarticular and axial bone loss. Thus, the principle of 
combining an anti-infl ammatory drug with RANKL inhibition may prove an effec-
tive bone-saving therapy in RA. 

 More recently, the disturbance of the Th17/Treg balance in the case of autoim-
mune diseases has come into focus of (pre)clinical research. Not only are these 
diseases characterized by a bias toward a Th17 activation, but it has also been 
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shown that these cells can even transdifferentiate out of regulatory T cells. The 
conversion of Foxp3 + CD4 +  T cells to Th17 cells was mediated by synovial fi bro-
blast-derived IL-6 (Komatsu et al.  2014 ). The reestablishment of a preferable bal-
ance of Th17 cells to regulatory T cells can be achieved by different means, such 
as anti-IL17 antibodies or STAT3-inhibitors (Li et al.  2014 ; Park et al.  2014 ). Of 
notice, anti- IL17 treatment has the additional effect of indirectly suppressing also 
the expression of other proinfl ammatory cytokines, such as IL-1β and TNF-α (Li 
et al.  2014 ).  

9.6     Immunotherapy of Cancer-Associated Osteolytic 
Lesions in Animal Models 

 RANKL is one of the key mediators of malignant bone resorption. Thus, RANKL 
inhibition prevents primary tumor or metastasis-induced osteolysis and decreases 
skeletal tumor burden. Morony et al. ( 2001 ) were among the fi rst, who tested the 
ability of rhOPG to inhibit tumor-induced osteoclastogenesis, osteolysis, and skele-
tal tumor burden in two animal models. In one model they induced lytic bone lesions 
by transfecting mice with mouse colon adenocarcinoma (Colon-26) cells and found 
that treatment with rhOPG dose dependently decreased the number and area of radio-
graphically evident lytic lesions with high effi cacy. This therapeutic approach was 
also effective in nude mice transplanted with human MDA-231 breast cancer cells, 
completely preventing radiographic osteolytic lesions. Histologically, rhOPG 
decreased skeletal tumor burden by 75 % and completely eradicated MDA- 231 
tumor-associated osteoclasts. In both models, rhOPG had no effect on tumor metas-
tases in soft tissue organs. The MDA-231 model for investigating the effects of 
RANKL inhibition in order to reduce bone tumor burden was also used by other 
authors, who confi rmed the above fi ndings. Investigating this model, Canon et al. 
( 2008 ) found that RANKL protein levels were signifi cantly higher in tumor-bearing 
bones than in tumor-free animals. They monitored the antitumor effi cacy of RANKL 
inhibition by rhOPG on MDA-231 cells in a temporal manner using biolumines-
cence imaging. One mechanism by which RANKL inhibition reduced tumor burden 
appeared to be indirect through increasing tumor cell apoptosis as measured by 
active caspase-3. In this model, treatment with rhOPG resulted in an overall improve-
ment in survival. Zheng et al. ( 2007 ) combined the antitumor effects of rhOPG and 
ibandronate, again using the MDA-231 mouse model. Ten days after intratibial 
tumor cell injection (when the tumors were evident radiologically), mice were treated 
with rhOPG (1 mg/kg/day), ibandronate (160 μg/kg/day), or a combination for 
1 week, and the effects of each treatment on lytic lesions, tumor cell growth, cell 
apoptosis, and proliferation were measured. Compared to vehicle controls, treatment 
with all regimens prevented the expansion of osteolytic bone lesions at a similar rate 
(2.3 % increase in the mean vs 232.5 % increase in sham animals). Treatment with all 
regimens produced similar reductions in tumor area (mean 51.3 %) as well as a simi-
lar increase in cancer cell apoptosis (339.7 %) and decrease in cancer cell prolifera-
tion (59.7 %). 
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 The inhibition of prostate cancer bone metastases is also subject of rodent model- 
based research. For treatment of metastatic hormone-refractory prostate cancer, 
docetaxel is a well-established medication. However, the side effects associated 
with docetaxel treatment can be severe, resulting in the discontinuation of therapy. 
Thus, efforts are ongoing to identify an adjuvant therapy to allow lower doses of 
docetaxel. As advanced prostate carcinomas are typically accompanied by skeletal 
metastases, targeting RANKL is a reasonable option. A combined treatment regi-
men based on RANKL inhibition and docetaxel decreased the establishment and 
progression of prostate carcinoma growth in the bone in murine models (Ignatoski 
et al.  2008 ). Fortunately, the combination of RANKL inhibition and docetaxel 
reduced tumor burden in the bone greater than either treatment alone and increased 
median survival time by 16.7 % (Miller et al.  2008 ). 

 Another study investigated whether the reduction of osteolysis by RANKL inhibi-
tion could enhance the antitumor effects of an anti-EGFR antibody (panitumumab) 
in a novel murine model of human A431 epidermoid carcinoma bone metastasis by 
bioluminescence imaging (Canon et al.  2010 ). As shown by earlier studies, these 
authors also found that RANKL inhibition by rhOPG treatment resulted in a reduc-
tion in tumor progression in bone sites and in tumor-induced osteolysis. The antitu-
mor effi cacy of panitumumab could be increased by rhOPG. The combination 
completely blocked tumor-induced bone breakdown. These studies demonstrate an 
additive effect of RANKL inhibition to the fi rst-line agent in various murine bone 
metastasis settings and may lead to sanguine novel therapeutic options in the fi ght 
against tumor-associated bone diseases.     
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10.1          Introduction 

 Poor bone quality with localized or generalized reduced bone strength is associated 
with an increased incidence of fractures, high health care costs, and increased mor-
tality. An increased need of analgetics, painful joint dysfunction, or insuffi cient frac-
ture healing is associated with a wide spectrum of secondary disease conditions such 
as chronic infl ammatory or malignant bone diseases (Svedbom et al.  2013 ). Rapidly 
expanding knowledge of the molecular changes underlying metabolic bone diseases 
has revealed novel bone targets that are currently being explored in clinical trials. 

 The approval of denosumab, a monoclonal antibody directed against receptor acti-
vator of nuclear factor kappa-B ligand (RANKL), was just the start for a new era for 
bone therapy. Among anabolic agents, monoclonal antibodies against the Wnt inhibi-
tors sclerostin (SOST) and dickkopf-1 (DKK-1) are promising in clinical trials.  

10.2     Receptor Activator of NF-kB Ligand (RANKL) 

 Bone turnover is based on osteoclastic bone resorption and osteoblastic bone 
 formation. Due to these processes, a constant rate of bone renewal while preserving 
bone mass, quality, and integrity is guaranteed. The healthy bone continuously adapts 
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to changing environmental requirements. In the osteoclast–osteoblast–osteocyte 
interaction, the receptor activator of NF-kB ligand (RANKL) acts as pacemaker of 
osteoclast activity. By binding to its receptor RANK, RANKL activates the differen-
tiation, proliferation, and activity of osteoclasts and thus determines the level of 
osteoclastic bone resorption (Hofbauer and Schoppet  2004 ). This potent signaling 
pathway is mitigated by the dimeric glycoprotein osteoprotegerin (OPG). OPG can 
act as a decoy receptor by binding and neutralizing RANKL (Simonet et al.  1997 ). 
Hence, the ratio of RANKL to OPG is the essential determinant at the level of bone 
turnover. In diseases characterized by excessive osteoclast activity such as osteopo-
rosis, rheumatoid arthritis, and osteolytic bone metastases, bone loss is generally 
associated with an enhanced RANKL to OPG ratio (Hofbauer and Schoppet  2004 ). 
The role of RANKL and OPG as essential mediators of bone disease has since been 
established in most forms of primary and secondary osteoporosis (Hofbauer and 
Schoppet  2004 ). In general, RANKL is upregulated and OPG is suppressed in the 
presence of substances that are bone catabolic. In contrast, substances such as estro-
gens have a protective effect on the bone by suppressing RANKL and enhancing 
OPG (Eghbali-Fatourechi et al.  2003 ). Additionally, an overexpression of RANKL 
was shown in a range of osteolytic malignancies such as myeloma, breast, and pros-
tate cancer (Giuliani et al.  2001a ,  b ). Furthermore, RANKL seems to directly attract 
cancer cells, promoting their migration to the bone (Jones et al.  2006 ). Even in pro-
gestin-driven carcinogenesis, RANKL is involved (Schramek et al.  2010 ). 

 The idea of blocking RANKL was fi rst put into practice by developing forms of 
recombinant OPG. Although animal studies suggested that inhibition of RANK 
using an OPG-Fc fusion protein is capable of preventing the formation of bone 
metastases, OPG-Fc was abandoned due to several concerns such as a relatively 
short half-life, the formation of autoantibodies against OPG-Fc, and the potential of 
OPG to bind and block tumor necrosis factor (TNF)-related apoptosis-inducing 
ligand (TRAIL) (Emery et al.  1998 ). TRAIL is a member of the TNF superfamily 
that selectively induces apoptosis in malignant cells. As a consequence, a fully 
human monoclonal antibody directed against RANKL, denosumab, was 
engineered.  

10.3     Clinical Trials on Denosumab 

 In a phase 1 trial, 49 women received a single subcutaneous injection of either 
AMG 162 (0.01, 0.03, 0.1, 0.3, 1.0, and 3.0 mg/kg) or placebo. Subjects were fol-
lowed up to 6 months in all cohorts and 9 months in the three highest-dose cohorts. 
The bone turnover markers, urinary N-terminal telopeptide (NTX), serum NTX, 
and serum bone-specifi c alkaline phosphatase (BALP) were measured. At 
6 months, there was a mean change from baseline of −81 % in the 3.0 mg/kg AMG 
162 group compared with −10 % in the placebo group. Serum NTX changes were 
−56 % and 2 %, respectively. BALP levels did not decrease remarkably until after 
1 month. Intact parathyroid hormone (PTH) levels increased up to approximately 
threefold after 4 days in the 3.0 mg/kg dose group but returned toward baseline 
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with follow-up. Shortly, injection of denosumab led to a dose-dependent, rapid, 
and persistent suppression of urinary N-telopeptide (uNTx), a marker of bone 
resorption (Bekker et al.  2004 ). 

 A total of seven doses and two-dosing schedules of denosumab (application 
every 3 months and every 6 months) were evaluated at a 1-year primary end point in 
a phase 2 dose-ranging study. Postmenopausal women with low bone mineral den-
sity (BMD) (T score from −1.8 to −4.0 at the lumbar spine or −1.8 to −3.5 at the 
proximal femur) were randomly assigned to receive denosumab either every 
3 months or biannually and compared to open-label oral alendronate weekly or 
placebo. 

 Denosumab treatment for 12 months resulted in an increase in bone mineral 
density at the lumbar spine of 3.0–6.7 % (as compared with an increase of 4.6 % 
with alendronate and a loss of 0.8 % with placebo), at the total hip of 1.9–3.6 % (as 
compared with an increase of 2.1 % with alendronate and a loss of 0.6 % with pla-
cebo), and at the distal third of the radius of 0.4–1.3 % (as compared with decreases 
of 0.5 % with alendronate and 2.0 % with placebo). Near-maximal reductions in 
mean levels of serum C-telopeptide from baseline were evident 3 days after the 
administration of denosumab. The duration of the suppression of bone turnover 
appeared to be dose dependent. In postmenopausal women with low bone mass, 
denosumab increased bone mineral density and decreased bone resorption (McClung 
et al.  2006 ).  

10.4     Denosumab in Female Osteoporosis and Women 
with Low Bone Mass 

  Three-Year Fracture Risk Reduction with Denosumab in Postmenopausal 
Women with Osteoporosis (The FREEDOM Trial)     The aim of osteoporosis 
treatment is to reduce fractures. Spinal fractures are characteristic of osteoporosis 
and indicate disease progression and severity. Fractures at peripheral skeletal sites 
account for most of the patient disability and costs are associated with osteoporosis- 
related fractures (Budhia et al.  2012 ). In the crucial effi cacy trial known as the 
FREEDOM trial, the effi cacy of denosumab was evaluated in the prevention of both 
types of fractures compared with placebo over a 3-year period. 7868 subjects were 
grouped to receive either denosumab 60 mg or placebo subcutaneously biannually. 
The primary objective was to determine the reduction in the number of new verte-
bral fractures at 3 years and the secondary objectives assessed times to fi rst nonver-
tebral and fi rst hip fractures. Subjects with prior treatment with oral bisphosphonates 
could be included if bisphosphonate therapy was discontinued for 1 year and oral 
bisphosphonate therapy was received for less than 3 years. The prevalence of verte-
bral fractures was approximately 24 % for both groups at baseline. In both groups, 
the average age of subjects was 72.3 years and the average bone mineral density 
T-scores were −2.8 at the lumbar spine, −1.9 for the total hip, and −2.2 at the femo-
ral neck. Denosumab treatment signifi cantly reduced the risk of new vertebral 
(−68 %), hip (−40 %), and nonvertebral fractures (−20 %) vs placebo.  
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 There was no signifi cant difference in the overall incidence of adverse events 
(AEs) between denosumab and placebo-treated subjects, and occurrences of serious 
AEs or discontinuation of study treatment due to AEs were similar as well. Eighty- 
two percent of the subjects completed the study and 76 % received all the injections. 
No signifi cant differences were observed in the overall incidence of malignancy, 
cardiovascular events, and infections. Eczema occurred in 0.3 % of the denosumab 
group vs 0.1 % in the placebo group. Other signifi cant differences for denosumab vs 
placebo were falls not associated with a fracture (4.5 % vs 5.7 %), fl atulence 
(2.2 % vs 1.4 %), and concussion (<0.1 % vs 0.3 %). No subject developed neutral-
izing antibodies to denosumab and there were no reports of osteonecrosis of the jaw 
in this study (Cummings et al.  2009 ). 

  Denosumab vs Alendronate (The DECIDE Trial)     A head-to-head comparison in a 
randomized, double-blind, international, non-inferiority study with postmenopausal 
subjects with low BMD was undertaken. All subjects were randomized to receive 
either denosumab 60 mg subcutaneously every 6 months or oral alendronate 70 mg per 
week, each with a matching placebo. The primary end point was the percent change 
from baseline in total hip BMD at 12 months. After 6 months and after 12 months, 
denosumab signifi cantly increased BMD at the total hip (3.5 %) compared with alen-
dronate (2.6 %), as well as all other measured sites. Denosumab treatment resulted in 
greater BMD gains at 12 months compared to alendronate at all measured sites.  

 There was no signifi cant difference in the overall incidence of AEs between 
denosumab and alendronate-treated subjects. The most common AEs included 
infections, gastrointestinal disorders, and arthralgia. Serious AEs, including neo-
plasms and serious infections, were not signifi cantly different among the groups. At 
month 1, the denosumab group experienced a 2.36 % decrease in the mean albumin- 
adjusted serum calcium concentration compared with a 0.88 % decrease in the alen-
dronate group. At months 6 and 12, these values were similar for each group and 
there were no reports of symptomatic hypocalcemia. This study was not powered to 
compare fracture rates, and fractures were reported as adverse events. Overall, simi-
lar numbers of subjects in each treatment group reported >1 on-study fracture 
(Brown et al.  2009 ). 

  Denosumab vs Alendronate (The STAND Trial)     In this study postmenopausal 
women had been receiving alendronate for at least 6 months and were then switched 
to denosumab or maintained on alendronate. This study refl ected a situation that 
may be more relevant to clinical practice, when patients may have to change thera-
pies. Subjects having switched to denosumab experienced a signifi cant increase in 
BMD at the total hip and lumbar spine compared with patients continuing on alen-
dronate therapy after 12 months. Signifi cantly greater gains were also observed in 
BMD for denosumab compared with alendronate at the femoral neck and 1/3 radius. 
Denosumab treatment resulted in signifi cantly greater increases in BMD, as early as 
month 6, for the lumbar spine and all measured femoral sites. Additionally, median 
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serum C-telopeptide levels in the denosumab group were signifi cantly decreased vs 
alendronate at all time points.  

 There was no signifi cant difference in the overall incidence of (serious) AEs 
between subjects (Kendler et al.  2010 ; Bone et al.  2011 ). 

 In the DECIDE and the STAND trials, denosumab was found to be superior to 
alendronate, as demonstrated by the increase in BMD at the total hip at 12 months, 
which exceeded the primary end point of non-inferiority. Denosumab signifi cantly 
increased BMD at all measured skeletal sites, including sites that were predomi-
nantly cortical, in contrast to alendronate, and signifi cantly reduced bone resorption 
as measured by levels of serum C-telopeptide. Denosumab increased BMD beyond 
the steady-state level achieved with long-term alendronate use and at skeletal sites 
where bisphosphonates showed a weak effect. This effect may be due to its different 
mechanisms of action to reduce bone resorption. Osteoclasts in the cortical bone 
may be more sensitive to RANKL inhibition than they are to local deposits of 
bisphosphonates (Lacey et al.  2012 ). 

  Denosumab in Postmenopausal Women with Low Bone Mass (The DEFEND 
Trial)     To assess the effect of denosumab on BMD, 332 postmenopausal women 
with low bone mass (BMD T-scores between −1.0 and −2.5) were recruited. Subjects 
received either denosumab 60 mg subcutaneously every 6 months or placebo for 
2 years. The primary end point was percent change from baseline in lumbar spine 
BMD at 24 months compared with placebo. Signifi cant increases in lumbar spine 
BMD were observed in denosumab subjects vs placebo at 1 month and continued 
through month 24. The denosumab group exhibited signifi cant increases in cortical 
BMD, bone mineral content (BMC), and thickness and a signifi cant increase in 
trabecular BMD compared to placebo (Bone et al.  2008 ; Genant et al.  2010 ).  

  Denosumab and Long-Term Use in Postmenopausal Osteoporosis     An open- 
label, single-arm extension of the 3-year, pivotal phase 3 FREEDOM study is ongo-
ing to further characterize the long-term safety and effi cacy of denosumab. Overall, 
4550 eligible subjects are signed up in the extension study, 2343 in the long-term 
group (previously on denosumab), and 2207 in the crossover group (previously on 
placebo). Subjects in the extension period receive subcutaneous denosumab 60 mg 
every 6 months with daily calcium and vitamin D supplementation for up to 10 years 
of continued exposure.  

 In a pre-specifi ed analysis of BMD changes at year 8 of the extension study, 
denosumab treatment for up to 8 years in the long-term group resulted in further 
signifi cant increases in lumbar spine and total hip BMD compared with FREEDOM 
and extension baseline. These gains in BMD observed in the long-term group were 
accompanied by progressive increases in the percentage of subjects who experi-
enced improvements from the FREEDOM baseline T-score at both the lumbar spine 
and total hip over 8 years of denosumab treatment. 
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 The yearly incidence of new vertebral fractures in the long-term group at 8 years 
was 1.2 %. At year 9, the yearly incidence of new nonvertebral fractures in the long- 
term and crossover groups was 1.1 % and 1.5 %, respectively. The yearly incidence 
of hip fracture was <0.1 % and 0.1 % at year 9 for the long-term and crossover 
groups, respectively. Denosumab administration continued to result in signifi cant 
reductions in serum C-telopeptide. 

 Exposure-adjusted AE rates are similar to rates observed during the fi rst 3 years 
of the FREEDOM study and overtime. Osteonecrosis of the jaw and atypical femo-
ral fracture have been observed in the FREEDOM extension study at a low fre-
quency (<0.3 %). 

 Data will continue to be collected and monitored in the ongoing clinical trial 
program (Bone et al.  2013 ; Papapoulos  2013 ,  2015 ; Ferrari et al.  2015 ).  

10.5     Teriparatide and Denosumab, Alone or Combined, 
in Women with Postmenopausal Osteoporosis: 
The DATA Study Randomized Trial 

 Postmenopausal women with osteoporosis were assigned in a 1:1:1 ratio to receive 
20 μg teriparatide daily, 60 mg denosumab biannually, or both. BMD was measured 
at 0, 3, 6, and 12 months. At 12 months, posterior-anterior lumbar spine BMD 
increased more in the combination group (9.1 %) than in the teriparatide (6.2 %) or 
denosumab (5.5 %) groups. The gain in femoral-neck BMD was higher in the com-
bination group (4.2 %) than in the teriparatide (0.8 %) and denosumab (2.1 %) groups, 
as did total hip BMD (combination, 4.9 %; teriparatide, 0.7 %; denosumab, 2.5 %). 
Combined teriparatide and denosumab increased BMD more than either agent alone, 
and more than has been reported with approved therapies. Combination treatment 
might, therefore, be useful to treat patients at high risk of fracture (Tsai et al.  2013 ).  

10.6     Denosumab and Teriparatide Transitions 
in Postmenopausal Osteoporosis (The DATA-Switch 
Study): Extension of a Randomized Controlled Trial 

 Until now osteoporosis treatments are generally limited to a single drug at a fi xed 
dose and frequency. Nonetheless, no approved therapy is able to restore skeletal 
integrity in most osteoporotic patients, and the long-term use of osteoporosis drugs 
is controversial. Thus, many patients are treated with the sequential use of two or 
more therapies. The DATA study showed that combined teriparatide and denosumab 
increased BMD more than either drug alone. Discontinuing teriparatide and deno-
sumab, however, resulted in rapidly declining BMD. In the DATA-Switch study, 
changes in BMD in postmenopausal osteoporotic women who transitioned between 
treatments were assessed. Women who originally assigned to teriparatide received 
denosumab (teriparatide to denosumab group), those originally assigned to deno-
sumab received teriparatide (denosumab to teriparatide group), and those originally 
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assigned to both received an additional 24 months of denosumab alone (combina-
tion to denosumab group). BMD at the spine, hip, and wrist were measured 6, 12, 
18, and 24 months after the drug transitions as were biochemical markers of bone 
turnover. The primary end point was the percent change in posterior-anterior spine 
BMD over 4 years. 

 Eighty-three postmenopausal women were enrolled in the extension study and 
switched from denosumab to teriparatide ( n  = 27), from teriparatide to denosumab 
( n  = 27), or from combined teriparatide plus denosumab to continued denosumab 
for another 24 months ( n  = 23). Interestingly, switching from teriparatide to deno-
sumab resulted in a further increase of BMD at all measured sites at 48 months (e.g., 
the study’s primary end point, mean lumbar spine BMD, increased by 18.3 % over 
48 months and by 8.6 % over 24–48 months). Similarly, switching from combina-
tion therapy to denosumab was associated with an increase in mean lumbar spine 
BMD of 16.0 % over 48 months and 3.4 % over 24–48 months. In contrast, the 
switch from denosumab to teriparatide led to transient bone loss at the spine and hip 
and progressive bone loss at the distal radius (i.e., a decrease of 5.0 % over 
24–48 months). In postmenopausal osteoporotic women switching from teripara-
tide to denosumab, BMD continued to increase, whereas switching from deno-
sumab to teriparatide results in progressive or transient bone loss. This information 
becomes valuable when choosing the initial and subsequent management of post-
menopausal osteoporotic patients (Leder et al.  2015 ).  

10.7     Denosumab in Male Osteoporosis 

 The effi cacy and safety of denosumab for the treatment of male osteoporosis was 
evaluated in a multicenter, randomized, double-blind, placebo-controlled, 24-month, 
phase 3 study that enrolled 242 male subjects between 30 and 85 years of age with 
a T-score <−2.0 and <3.5 at the lumbar spine or femoral neck or subjects that had a 
prior major osteoporotic fracture and a T-score <−1.0 and <3.5 at the lumbar spine 
or femoral neck. Denosumab signifi cantly increased BMD at all skeletal sites mea-
sured at 12 months in men with low BMD. These effects were independent of 
gonadal function level, baseline BMD status, age, estimated fracture risk, and base-
line bone turnover level. Overall rates of AEs and serious AEs observed in both 
treatment groups were similar. Biopsies from a small subset of subjects indicated 
similar bone quality and reduced turnover in denosumab compared to placebo- 
treated subjects (Orwoll et al.  2012 ; Langdahl et al.  2015 ; Dempster et al.  2013 ).  

10.8     Denosumab in Malignant Diseases 

  Denosumab Clinical Studies in Patients Receiving Aromatase Inhibitors for 
Nonmetastatic Breast Cancer     Two randomized, double-blind, placebo-controlled 
phase 3 studies analyzed the effect of denosumab treatment in patients with early- 
stage nonmetastatic breast cancer receiving adjuvant aromatase inhibitor therapy. 
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The fi rst study showed increases in BMD at the lumbar spine and all measured areas 
of the trabecular and cortical bone over the 24-month duration of the study in 
patients treated with denosumab. In the second study, adjuvant denosumab therapy 
could prolong the time to fi rst clinical fracture compared to placebo in postmeno-
pausal patients receiving aromatase inhibitor therapy. Increases in BMD in the fi rst 
study and reduction in fractures in the second study were observed across patient 
subgroups studied. The most common AEs considered by the investigators to be 
possibly or probably treatment related were arthralgia, pain in extremity, bone pain, 
fatigue, and pain (Gnant et al.  2015 ; Ellis et al.  2009 ).   

10.9     Denosumab Clinical Studies in Patients with Breast 
Cancer and Bone Metastases 

 Bone metastases are common in patients with solid tumors, particularly in breast, 
prostate, and lung cancer (Coleman  2001 ). Tumor cells that metastasize to the bone 
cause local bone destruction through a vicious circle involving the secretion of factors 
that result in RANKL-induced stimulation of osteoclast-mediated bone resorption, 
which in turn promotes proliferation of metastases (Roodman  2004 ). The clinical con-
sequences of bone metastases include fractures, spinal cord compression, and pain 
that often require radiation or surgery to the bone. These debilitating complications in 
patients with advanced cancer are collectively called skeletal- related events (SREs). 

 Intravenously administered bisphosphonates are effective in SRE prevention; 
however, a substantial proportion of patients continue to experience SREs while on 
bisphosphonate treatment and there are several safety and tolerability concerns 
associated with these agents (Stopeck et al.  2010 ; Barrett-Lee et al.  2007 ). Zoledronic 
acid is contraindicated in patients with severe renal impairment. Furthermore, some 
patients treated with zoledronic acid experience acute-phase reactions (fl u-like 
symptoms) that further complicate the clinical picture. The requirement for intrave-
nous access can also be a limiting factor (Lacey et al.  2012 ; Barrett-Lee et al.  2007 ). 
Thus, the effi cacy of denosumab was tested in patients with breast cancer and bone 
metastases. 

 Treatment with denosumab in patients with breast cancer and bone metastases 
was investigated in one phase 3 study (Stopeck et al.  2010 ) and two phase 2 studies 
(Lipton et al.  2007 ; Fizazi et al.  2009 ). The phase 3 study was a randomized, double- 
blind, double-dummy trial. Patients with breast cancer and bone metastases were 
randomized to get treatment either with denosumab 120 mg subcutaneously and 
placebo intravenously every 4 weeks or zoledronic acid 4 mg intravenously and 
placebo subcutaneously. The primary objective was to evaluate whether denosumab 
was non-inferior to zoledronic acid with respect to time to fi rst on-study SRE, 
defi ned as pathological fracture, radiation to the bone, surgery to the bone, or spinal 
cord compression. Secondary objectives were to evaluate whether denosumab was 
superior to zoledronic acid with respect to time to the fi rst on-study SRE, as well as 
time to fi rst-and-subsequent on-study SRE. Additional objectives included the 
safety of denosumab compared to zoledronic acid. 
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 Denosumab was superior to zoledronic acid in delaying time to fi rst on-study 
SRE and time to fi rst-and-subsequent on-study SRE in patients with breast cancer 
and bone metastases. Overall survival and time to disease progression were bal-
anced between treatment arms (Stopeck et al.  2010 ; Lipton et al.  2012 ). 

10.9.1     Patients Naïve to Intravenous Bisphosphonate Treatment 

 A randomized, active-controlled phase 2 study assessed the safety and effi cacy of 
denosumab given at different doses and schedules in IV bisphosphonate-naïve 
patients with breast cancer and bone metastases. Patients were randomized to 
receive either blinded subcutaneous denosumab administered every 4 or every 
12 weeks or open-label intravenous bisphosphonates. The primary end point was 
the median percent change in urinary N-telopeptide corrected for creatinine (Cr) 
from baseline to week 13. Additionally end points included the percent change from 
baseline to week 25 in uNTx/Cr, the percent of patients with at least one on-study 
SRE, and the incidence of AE (Lipton et al.  2008 ).  

10.9.2     Patients with Prior Intravenous Bisphosphonate 
Treatment 

 A randomized, open-label, active-controlled phase 2 study evaluated the safety and 
effi cacy of denosumab in patients with bone metastases and uNTx levels >50 nmol/L/
mM Cr despite >8 weeks of treatment with intravenous bisphosphonates. 111 
patients with breast cancer, prostate cancer, multiple myeloma (MM), or other solid 
malignancies were randomized to receive denosumab or to continue receiving intra-
venous bisphosphonates or to continue receiving intravenous bisphosphonates for 
25 weeks. The primary end point was the percentage of patients with uNTx 
<50 nmol/L/mM Cr at week 13 (Stopeck et al.  2010 ). 

 In both studies, denosumab reduced uNTx levels in patients who were naïve to 
intravenous bisphosphonate therapy and in patients with elevated uNTx levels 
despite intravenous bisphosphonate therapy. Adverse events included bone pain, 
nausea, anemia, vomiting, and diarrhea. One serious AE of hypophosphatemia was 
considered by the investigators to be possibly related to denosumab. No neutralizing 
antibodies to denosumab were detected and no cases of osteonecrosis of the jaw 
were reported (Fizazi et al.  2009 ; Lipton et al.  2008 ).   

10.10     Denosumab Clinical Studies in Patients with Prostate 
Cancer and Bone Metastases 

 One phase 3 and one phase 2 study investigated the effect of denosumab in patients 
with prostate cancer and bone metastases. Denosumab was better in delaying time 
to fi rst on-study SRE and symptomatic skeletal events (SSE) as well as time to 
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fi rst-and-subsequent SREs and SSEs compared to zoledronic acid in the phase 3 
study. Overall survival and time to disease progression were balanced between 
treatment arms. Hypocalcemia was reported in 13 % and 6 % of patients in the deno-
sumab and zoledronic acid arms, respectively. No signifi cant difference in the inci-
dence of osteonecrosis of the jaw was reported between treatment arms (Fizazi et al. 
 2011 ; Smith et al.  2012 ). 

 A randomized, open-label, active-controlled phase 2 study evaluated the safety 
and effi cacy of denosumab in patients with bone metastases and uNTx levels 
>50 nmol/L/mM creatinine (Cr) despite >8 weeks of ongoing treatment with intra-
venous bisphosphonates at the time of enrollment. Patients with prostate cancer, 
breast cancer, multiple myeloma, or other solid malignancies were randomized to 
receive denosumab or to continue receiving intravenous bisphosphonates. Among 
patients with elevated uNTx despite ongoing intravenous bisphosphonate therapy, 
denosumab normalized uNTx levels more frequently than the continuation of intra-
venous bisphosphonate therapy. Fewer patients receiving denosumab experienced 
on-study SREs than those receiving intravenous bisphosphonate (Fizazi et al.  2009 ).  

10.11     Phase 3 Study of Denosumab vs Zoledronic Acid 
in the Treatment of Bone Metastases in Patients 
with Solid Tumors or Multiple Myeloma 

 This study compared denosumab with zoledronic acid for delaying or preventing SRE. 
1776 patients with bone metastases from advanced cancer (excluding the prostate and 
breast) or multiple myeloma (MM) were randomized 1:1 to receive either denosumab 
120 mg subcutaneously and placebo intravenously every 4 weeks or zoledronic acid 
4 mg intravenously and placebo subcutaneously every 4 weeks. Patients were ran-
domly assigned in a double-blind, double-dummy design to receive monthly subcuta-
neous denosumab 120 mg ( n  = 886) or intravenous zoledronic acid 4 mg (dose adjusted 
for renal impairment;  n  = 890). Daily supplemental calcium and vitamin D were 
strongly recommended. The primary end point was time to fi rst on- study SRE (patho-
logic fracture, radiation or surgery to the bone, or spinal cord compression). Denosumab 
was non-inferior to zoledronic acid in delaying time to fi rst on-study SRE. Although 
directionally favorable, denosumab was not statistically superior to zoledronic acid in 
delaying time to fi rst on-study SRE or time to fi rst-and-subsequent (multiple) 
SRE. Overall survival and disease progression were similar between groups. 
Hypocalcemia occurred more frequently with denosumab. Osteonecrosis of the jaw 
occurred at similarly low rates in both groups. Acute-phase reactions after the fi rst dose 
occurred more frequently with zoledronic acid, as did renal adverse events and eleva-
tions in serum creatinine based on National Cancer Institute Common Toxicity Criteria 
for Adverse Events grading. Denosumab was non-inferior (trending to superiority) to 
zoledronic acid in preventing or delaying fi rst on-study SRE in patients with advanced 
cancer metastatic to the bone or myeloma. Denosumab represents a potential novel 
treatment option with the convenience of subcutaneous administration and no require-
ment for renal monitoring or dose adjustment (Henry et al.  2011 ).  
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10.12     Denosumab Use in Patients with Giant Cell Tumor 
of the Bone 

 Data-evaluating denosumab in patients with giant cell tumor of the bone (GCTB) is 
available from two phase 2 studies; an open-label, proof-of-concept phase 2 study 
evaluated the safety and effi cacy of denosumab in patients >18 years with recurrent 
or unresectable GCTB, and an open-label, phase 2 study evaluated the safety and 
effi cacy of denosumab in adults or skeletally mature adolescents with primary or 
recurrent GCTB who had surgically unsalvageable disease as determined by the 
treating surgeon (e.g., sacral or spinal GCTB or multiple GCTB lesions including 
pulmonary metastases, cohort 1); or a planned surgery that was associated with 
severe morbidity (e.g., joint resection, limb amputation, or hemipelvectomy, cohort 
2); or who transitioned from a previous denosumab GCTB study (cohort 3) and 
continued denosumab treatment on this study. Denosumab was associated with 
tumor responses, reduced the need for morbid surgery, and clinically relevant 
decreases in pain in patients with GCTB. The safety profi le of denosumab in patients 
with GCTB was consistent with the known safety profi le of denosumab (Thomas 
et al.  2010a ,  b ; Chawla et al.  2013 ; Branstetter et al.  2012 ). 

 In the European Union  Prolia  (denosumab), 60 mg has received marketing 
authorization for the treatment of osteoporosis in postmenopausal women and men 
at high fracture risk and for the treatment of bone loss due to androgen-deprivation 
therapy in patients with prostate cancer at high fracture risk. 

 In the European Union  XGEVA  (denosumab), 120 mg has received marketing 
authorization for the prevention of skeletal-related events in adults with bone metas-
tases from solid tumors and for the treatment of adults and skeletally mature adoles-
cents with giant cell tumor of bone that is unresectable or where surgical resection 
is likely to result in severe morbidity. 

 Besides targeting RANKL as a classical antiresorptive therapy, recent discover-
ies in the fi eld of bone biology have highlighted novel pathways and targets that 
may act in a bone-anabolic fashion (see Chap.   1    ). 

 Two of them, sclerostin and dickkopf-1 (DKK-1), appear particularly attractive for 
future therapeutic options for treating osteoporosis. The clinical evaluation of neutral-
izing antibodies against sclerostin and DKK-1 will be discussed in the following:  

10.13     Targeting Sclerostin 

 Sclerostin is primarily secreted by osteocytes. Mutations of the SOST gene, which 
encodes for sclerostin, result in progressive pathological bone thickening and clini-
cal conditions named sclerosteosis and Van Buchem’s disease (Loots et al.  2005 ; 
Balemans et al.  2001 ). Furthermore, SOST −/− mice have an increased bone forma-
tion and high bone mass. Thus, neutralizing monoclonal antibodies directed against 
sclerostin were generated. These were successfully tested in a rodent model of post-
menopausal osteoporosis, where the application of the sclerostin antibody for a 
period of 5 weeks resulted in pronounced bone-anabolic effects (Li et al.  2009 ). 
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Similar positive effects were reported in a study with cynomolgus monkeys 
(Ominsky et al.  2010 ). Sclerostin antibodies were fi rst tested in 72 healthy adults in 
a single-dose phase 1 study and were applied either via subcutaneous or intravenous 
injections in ascending doses (Padhi et al.  2011 ). After 85 days a subcutaneous dose 
of 10 mg/kg had increased the BMD at the lumbar spine (5.3 %) and total hip 
(2.8 %). An intravenous dose of 5 mg/kg increased the lumbar spine BMD by 5.2 % 
and BMD at the total hip by 1.1 %. In both treatment groups, sclerostin antibodies 
dose-dependently increased the bone formation markers total procollagen type 1 
N-terminal propeptide (P1NP), BALP, and osteocalcin and were generally well tol-
erated. One patient who received the highest subcutaneous dosing (10 mg/kg) 
reported a severe hepatitis 1 day after injection. Of note, six of the 54 patients devel-
oped antibodies, two of which were neutralizing. 

  Romosozumab and Postmenopausal Osteoporosis     Romosozumab is an investi-
gational, humanized, monoclonal antibody (IgG2) that binds with high affi nity and 
targets the activity of sclerostin, an inhibitor of osteoblast-mediated bone formation. 
Romosozumab is currently being investigated for its ability to inhibit binding of 
sclerostin and stimulate osteoblast-mediated bone formation. Clinical studies are 
underway to evaluate the safety and effi cacy of romosozumab in the treatment of 
osteoporosis and other diseases associated with bone loss (Padhi et al.  2011 ,  2014 ; 
McClung et al.  2014 ).  

 The effi cacy, safety, and tolerability of romosozumab for the treatment of post-
menopausal women with low BMD was investigated in a randomized, dose-ranging 
study of 419 women aged 55–85 years with a lumbar spine, total hip, or femoral 
neck T-score <−2.0 and <3.5. During the fi rst 12 months, women were randomized 
to one of fi ve regimens of subcutaneous romosozumab or placebo and one of two 
open-label active comparators (oral alendronate or 20 μg daily subcutaneously 
teriparatide). The primary end point was percent change from baseline in lumbar 
spine BMD at month 12 (Padhi et al.  2014 ; McClung et al.  2014 ). 

 All doses of romosozumab signifi cantly increased BMD compared with placebo 
at each of the bone sites at month 12. In all romosozumab dosing groups, increases 
in serum levels of the bone formation marker P1NP were observed 1 week after the 
initial dose was administered and greatest at 1 month. Increases in P1NP were transi-
tory, returning to baseline levels or below between months 2 and 6, depending on the 
dose. All doses of romosozumab reduced serum levels of the bone resorption marker 
C-terminal telopeptide (CTX) from baseline by week 1 and, in groups that received 
monthly doses, remained below baseline levels at month 12. Serum levels of P1NP 
and CTX were decreased following alendronate treatment and increased following 
teriparatide treatment. 

 The proportions of subjects reporting AEs and serious AEs were similar between 
placebo and total romosozumab groups. No apparent association between dose and 
AEs was observed. Injection site reactions were reported more frequently in sub-
jects receiving romosozumab (12 %) compared to placebo (4 %) but were generally 
mild, not dose related, and did not lead to study drug discontinuation or study 

M. Winzer et al.



251

withdrawal. Adverse events observed in >5 % of subjects treated with romosozumab 
and occurring more frequently than in placebo-treated groups included nasopharyn-
gitis, arthralgia, pain in the extremity, back pain, gastroenteritis, headache, pain 
binding antibodies occurred in 20 % of subjects treated with romosozumab. Using a 
cell- based in vitro biological assay, neutralizing antibodies were detected in 3 % of 
subjects treated with romosozumab. There were no discernible effects of these bind-
ing antibodies on pharmacokinetics, pharmacodynamics, or safety. 

 After 12 months, subjects in the romosozumab and placebo groups continued 
their assigned treatments for another 12 months. Romosozumab treatment led to 
continued BMD increases through 24 months. In romosozumab subjects, both P1NP 
and CTX levels remained below baseline during year two. AEs continued to be bal-
anced between romosozumab and placebo groups, with the exception of mild injec-
tion site reactions. Thus, these studies demonstrate the high effi cacy of blocking 
sclerostin and underline its potential as a novel bone-anabolic therapeutic approach.  

10.14     Blosozumab and Postmenopausal Osteoporosis 

 Blosozumab, a humanized IgG4 monoclonal antibody against sclerostin, was inves-
tigated in two clinical phase 1 studies. Healthy postmenopausal women received 
blosozumab in escalating doses and showed no relevant signs of intolerance or side 
effects. Dose-dependent responses were observed in sclerostin, P1NP, bone-specifi c 
alkaline phosphatase, osteocalcin, CTX, and BMD (McColm et al.  2014 ). Built up 
to these promising results, a randomized, double-blind, placebo-controlled multi-
center phase 2 clinical trial of blosozumab was conducted with postmenopausal 
women with low BMD. 

 Blosozumab treatment caused statistically signifi cant dose-related increases in 
spine, femoral neck, and total hip BMD as compared with placebo. In the highest 
dose group, BMD increases from baseline reached 17.7 % at the spine and 6.2 % at 
the total hip (Recker et al.  2015 ). 

 To evaluate the effect of discontinuing blosozumab, women enrolled in this 
1-year randomized, placebo-controlled phase 2 trial were monitored for an addi-
tional year after they completed treatment. At the end of follow-up which was 1 year 
after discontinuing treatment, lumbar spine and total hip BMD remained signifi -
cantly greater than placebo in women initially treated with blosozumab (Recknor 
et al.  2015 ). These results encourage future studies of blosozumab as an anabolic 
therapy for treatment of osteoporosis.  

10.15     Targeting Dickkopf-1 (BHQ880) 

 Elevated DKK-1 serum levels have been associated with the presence of bone 
lesions in patients with multiple myeloma, lung cancer, and breast cancer, and 
DKK-1 inhibition has been shown to successfully prevent the formation of bone 
lesions in preclinical models of metastases (Fulciniti et al.  2009 ). 
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 BHQ880, a human neutralizing IgG1 anti-DKK1 monoclonal antibody, is being 
investigated for its impact on multiple myeloma-related bone disease and as an 
agent with potential anti-myeloma activity. A phase 1 study conducted by Iyer et al. 
showed no dose-limiting toxicity, and a general trend toward increased BMD was 
observed (Iyer et al.  2014 ). 

 Results of phase 2 clinical trials evaluating BHQ880 in patients with multiple 
myeloma are pending. 

 The wide-tissue expression of DKK-1 presumably impedes the use of DKK-1 
antibodies in osteoporosis.  

10.16     Conclusion and Future Prospects 

 With the development of denosumab, antibody-based therapies have now also 
fi nally made it into the therapeutic options for the treatment of bone diseases such 
as osteoporosis. Its implementation has been most successful, reducing the risk of 
fractures signifi cantly while at the same time, having a very limited amount of 
adverse effects. Further, the treatment mode is more convenient than current treat-
ment forms, which will likely improve the adherence, which has traditionally been 
a major drawback of oral bisphosphonates and teriparatide. Finally, with novel 
bone-anabolic drugs on the horizon, new treatment concepts will be made available, 
which will not only be able to halt bone destruction but even add new bone. Thus, 
such therapies will be extremely useful for the treatment of severe forms of osteo-
porosis where alleviating bone destruction is not suffi cient to prevent fractures. 

 Taken together, these examples of antibody-based therapies with specifi c molec-
ular targets demonstrate clearly how basic research fi ndings can translate into potent 
therapeutics that quickly become an integral part of modern treatment of osteoporo-
sis and other bone-related disorders.     
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11.1           Skeletal Effects of Immunosuppressive Drugs 

11.1.1     The Bone-Remodeling System 

 Bone remodeling is an orderly series of events in which old, damaged bone is 
replaced by new, mechanically stronger bone. Osteoclast fi rst excavates small 
(0.5 mm 3 ) resorption pits or Howship’s lacunae on cancellous and cortical bone sur-
faces, a process that takes 2–3 weeks (Ross  2006 ). After a brief rest period (the 
reversal phase), local mesenchymal marrow stem cells differentiate into osteoblasts 
and accumulate in the resorption pits (Aubin et al.  2006 ). Clusters of plump cuboidal 
osteoblasts fi rst produce new bone matrix or osteoid and then mineralize it. 
Osteoclasts express receptors for NFkB ligand (RANKL), calcitonin, prostaglandins, 
calcium, and vitronectin (integrin α 1 β 3 ). Osteoblasts express receptors for several 
hormones (parathyroid hormone, estrogens, vitamin D 3 ), cell adhesion molecules 
(integrins), and cytokines. Bone remodeling is regulated by the tumor necrosis factor 
(TNF) ligand and receptor-signaling family: RANKL, RANK, and osteoprotegerin 
(OPG) (Gori et al.  2000 ; Hofbauer et al.  2000 ). RANKL is expressed by osteoblasts 
and by bone marrow stromal cells. In the presence of suffi cient macrophage colony-
stimulating factor (mCSF), RANKL binds to RANK receptors on surfaces of osteo-
clast lineage cells, resulting in rapid differentiation of osteoclast precursors to mature 
osteoclasts, increased osteoclast activity, and reduced apoptosis of mature 
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osteoclasts. RANKL also binds to another osteoblast product, OPG. Competitive 
binding of RANKL to either RANK or OPG regulates bone remodeling by increas-
ing (RANK) or decreasing (OPG) osteoclastogenesis. Immunosuppressants exert 
their effects on remodeling by interacting with the RANK/RANKL/OPG system 
(Hofbauer et al.  2001 ). When bone remodeling becomes “uncoupled,” such that the 
rate of resorption exceeds the rate of formation, bone loss occurs. Transplantation-
related bone loss results from both an increase in the rate of bone resorption and a 
decrease in the rate of bone formation (Cohen et al.  2006a ; Epstein  1996 ).  

11.1.2     Glucocorticoids 

 Glucocorticoids (GCs), which are well recognized to cause osteoporosis, are 
included in the majority of posttransplant immunosuppression regimens. Prednisone 
or methylprednisolone is often prescribed in high doses (50–100 mg of prednisone 
or its equivalent daily) immediately after transplantation and during episodes of 
severe rejection, with gradual reduction over weeks to months. Total exposure var-
ies with the organ transplanted, the number and management of rejection episodes, 
and the practice of individual transplantation programs. 

 The mechanisms by which GCs cause bone loss and fractures have been sum-
marized in several reviews (Mazziotti et al.  2006 ; Sambrook  2006 ; van Staa  2006 ; 
Kulak et al.  2012 ; Amiche et al.  2016 ). Their predominant effect is an immediate 
and profound inhibition of bone formation: decreased osteoblast recruitment, dif-
ferentiation and synthesis of type I collagen, induction of osteoblast and osteocyte 
apoptosis, and stimulation of osteocyte autophagy (Weinstein et al.  1998 ; Piemontese 
et al.  2015 ). Mechanistically, increased microRNA expression in osteoblasts 
exposed to GCs suppresses Wnt signaling, which is important for osteoblast expan-
sion and function (Shi et al.  2015a ; Westendorf et al.  2004 ). These effects are 
refl ected biochemically by low serum levels of osteocalcin, a major non- collagenous 
bone matrix protein secreted by osteoblasts. GCs also inhibit growth hormone 
secretion and decrease production or bioactivity of certain skeletal growth factors 
(IGF-1, PGE 2 , and TGF-β), actions that also reduce bone formation. 

 GCs also increase bone resorption by decreasing osteoblast expression of OPG and 
increasing osteoblast expression of RANKL. The effects of GCs on osteoclast forma-
tion and function are dose dependent and mediated via increases in reactive oxygen 
species, which facilitate osteoclastogenesis (Shi et al.  2015b ). GC stimulatory effects 
on resorption are not as profound as their inhibitory effects on formation and are gen-
erally limited to the fi rst 6–12 months. GCs may be associated with secondary hyper-
parathyroidism due to inhibition of intestinal calcium absorption and stimulation of 
urinary calcium excretion. Multiple studies have shown direct relationships between 
serum PTH levels and rates of bone loss after organ transplantation (Gupta et al.  2012 ; 
Torregrosa et al.  1995 ; Savaj and Ghods  2012 ; Obi et al.  2014 ; Mazzaferro and 
Pasquali  2016 ). GCs also cause hypogonadotrophic hypogonadism and reduced 
secretion of adrenal androgens and estrogens, which may also increase bone resorp-
tion. These contrasting effects of GCs upon bone formation (decreased) and 
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resorption (increased) prevent osteoblasts from replacing the increased amount of 
bone resorbed at each remodeling site, and rapid bone loss ensues. 

 New data suggest that GCs decrease bone strength as well as bone mass (Mellibovsky 
et al.  2015 ). Reference point indentation of the anterior tibia allows tissue-level assess-
ment of bone mechanical characteristics and detects subtle treatment- induced changes 
in bone material properties (Mellibovsky et al.  2015 ). In 52 patients tested within 
4 weeks of GC initiation, strength declined in those on GCs for 7 and 20 weeks 
(Mellibovsky et al.  2015 ). In contrast, bone densitometry (BMD) by DXA did not 
decline, suggesting that subtle changes in bone material strength occur soon after GC 
initiation, before bone loss is detected by DXA (Mellibovsky et al.  2015 ). 

 GCs cause bone loss in individuals of all races, ages, and of both genders. 
However, postmenopausal Caucasian women, in whom GC effects are superim-
posed upon bone loss due to aging and estrogen defi ciency, are at greatest risk for 
fracture (Sambrook  2006 ; van Staa  2006 ). In general, bone loss is most rapid during 
the fi rst 12 months and is directly related to dose and duration of therapy. Areas of 
the skeleton rich in cancellous bone (ribs, vertebrae, and distal ends of long bones) 
and the cortical rim of the vertebral body are most severely affected and are the most 
common sites for fracture. This bone loss can be tempered with the use of anti- 
osteoporosis medications (Overman et al.  2015 ). One study found a 48 % decrease 
in fractures by 1 year and a 32 % decrease by 3 years if patients on GCs are treated 
with agents such as bisphosphonates, denosumab, or teriparatide within 90 days of 
GC initiation (Overman et al.  2015 ).  

11.1.3     Calcineurin Inhibitors 

  Cyclosporine A  ( CsA ) was introduced to posttransplant immunosuppression regimens 
in the early 1980s. CsA is a small fungal cyclic peptide that forms a heterodimer with 
its cytoplasmic receptor, cyclophilin, and inhibits phosphatase activity of calcineurin, 
which also regulates osteoblasts and osteoclasts (Kahan  1989 ; Sun et al.  2005 ; Sun 
et al.  2007 ). The calcineurin gene has been identifi ed in osteoclasts and extracted 
whole rat bone, but does not appear to be affected by CsA administration (Awumey 
et al.  1999 ). When administered to rodents, albeit in doses higher than those currently 
used to prevent allograft rejection, CsA was associated with a marked increase in 
osteoclast-mediated bone resorption and rapid and severe cancellous bone loss 
(Epstein  1996 ; Tamler and Epstein  2006 ; Movsowitz et al.  1988 ,  1989 ), likely medi-
ated by T lymphocytes (Buchinsky et al.  1996 ; Rucinski et al.  1994 ; Zahner et al. 
 1997 ). CsA also increases gene expression of the bone-resorbing cytokines, IL-1 and 
IL-6(Marshall et al.  1995 ). In contrast to GCs, bone formation is increased in CsA-
treated animals, although insuffi ciently to compensate for the increased resorption. 
Rodent studies suggest that hepatic clearance of CsA was six times lower in male than 
female rats, leading to increased rates of osteopenia (Jager et al.  2012 ), although this 
has not been shown in humans. CsA-induced bone loss may be promoted by PTH 
(Epstein et al.  2001 ). Drugs that inhibit bone resorption (estrogen, raloxifene, calcito-
nin, alendronate) prevent or attenuate CsA-induced bone loss in the rat (Bowman 
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et al.  1995 ; Joffe et al.  1992 ; Sass et al.  1997 ; Stein et al.  1991 ). Similarly, 1,25(OH) 2 D 
and prostaglandin E2 prevent bone loss in CsA- treated rats (Epstein et al.  1990 ; Katz 
et al.  1992 ). Regimens that combine CsA with GCs found an additive rather than 
synergistic effect on bone loss (Shimizu et al.  2013 ). 

 Human studies have yielded confl icting results. Although kidney transplant 
patients receiving CsA in a GC-free regimen did not lose bone (Ponticelli and 
Aroldi  2001 ; Grotz et al.  1994 ; McIntyre et al.  1995 ; Cueto-Manzano et al.  2003 ), a 
prospective study found that cumulative CsA dose was associated with bone loss in 
the 2 years following transplant, independent of GCs (Josephson et al.  2004 ). In a 
recent study of patients on GC-sparing regimens, 27 % sustained a fracture within 
6 months after transplant, similar to rates in patients on conventional GC-containing 
regimens (Edwards et al.  2011 ). 

  Tacrolimus  ( FK506 ), a macrolide that binds to an immunophilin FK-binding pro-
tein, blocks T-cell activation in a similar manner to CsA. FK506 causes bone loss in 
rodents similar in degree and mechanism to that observed with CsA (Cvetkovic et al. 
 1994 ). Rapid bone loss has been documented in patients after both cardiac (Stempfl e 
et al.  1998 ) and liver (Park et al.  1996 ) transplantation. Rates of bone loss are directly 
associated with serum levels of FK506 (Luo et al.  2012 ). High serum FK506 levels 
were associated with high serum tartrate-resistant acid phosphatase (TRAP-5b) lev-
els in male kidney transplant recipients, suggesting accelerated bone resorption as 
the underlying mechanism for FK506-mediated bone loss (Luo et al.  2012 ). FK506 
may cause less bone loss than CsA (Goffi n et al.  2002 ; Monegal et al.  2001a ), likely 
because lower doses of GCs are required for immunosuppression. Whether FK506 
confers any benefi t over CsA with regard to fracture incidence is not known.  

11.1.4     Other Immunosuppressive Agents 

 Sirolimus (rapamycin), a macrocyclic lactone, is structurally similar to FK506 and 
binds to the same binding protein, but induces immunosuppression via distinct 
mechanisms. In rat studies, low-dose CsA combined with rapamycin was bone spar-
ing (Goodman et al.  2001 ). In an open-label study, markers of bone turnover 
(N-telopeptide and osteocalcin) were lower in kidney transplant recipients who 
received sirolimus than CsA; as BMD was not measured, no data on bone loss are 
available (Campistol et al.  2005 ). Mycophenolate mofetil does not have deleterious 
effects on bone in the rat (Dissanayake et al.  1998 ). The skeletal effects of other 
immunosuppressant agents such as mizoribine, deoxyspergualin, brequinar sodium, 
lefl unomide, and azaspirane are unclear.   

11.2     Vitamin D, Immunity, and Graft Rejection 

 Effects of vitamin D on immune function may be relevant after organ transplanta-
tion (Mazzaferro and Pasquali  2016 ; Lemire  1995 ; Stein and Shane  2011 ). Vitamin 
D potentiates the innate immune system and may protect against bacterial infections 
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and tuberculosis (Bikle  2008 ). When 1,25(OH) 2 D is produced by monocytes and 
macrophages in suffi cient quantities, it has intracellular antimicrobial effects. 
1,25(OH) 2 D can also interact with and govern the cytokine profi les of activated T 
and B lymphocytes (Adams and Hewison  2010 a). The ability of monocytes and 
macrophages to synthesize 1,25(OH) 2 D is dependent on the availability of adequate 
serum concentrations of 25-OHD and increases in response to vitamin D supple-
mentation (Adams and Hewison  2010 a). When suffi cient 25-OHD is not available, 
there are declines in both local production of 1,25(OH) 2 D and activity of 1,25(OH) 2 D 
against ingested microbes (Adams and Hewison  2010 b). The antimicrobial actions 
of 1,25(OH) 2 D also occur in barrier epithelial cells of the skin (Peric et al.  2008 ; 
Schauber et al.  2008 ), gut (Liu et al.  2008 ), and lungs (Hansdottir et al.  2008 ). 
Animals treated with the 1,25(OH) 2 D analogue, calcitriol, were resistant to infec-
tion with  Candida albicans  and  Herpes simplex virus -1 (Cantorna et al.  1998 ), two 
common opportunistic infections in transplant patients. 

 There is evidence supporting a role for vitamin D in the regulation of immune 
cell proliferation, differentiation, and responsiveness (Lemire  1995 ; Bikle  2011 ; 
Haroon and Fitzgerald  2012 ; Dimitrov et al.  2014 ; Adams et al.  2014 ; Wei and 
Christakos  2015 ). Animal studies suggest that 1,25(OH) 2 D prevents acute allograft 
rejection following liver (Zhang et al.  2003 ; Redaelli et al.  2001 ), kidney (Becker 
et al.  2002 ), and heart (Hullett et al.  1998 ) transplantation. While there are limited 
data from human studies, kidney transplant recipients supplemented with calcitriol 
had fewer episodes of acute cellular rejection (Tanaci et al.  2003 ), required lower 
GC doses (Uyar et al.  2006 ), and had decreased expression of co-stimulatory and 
HLA-DR molecules (Ahmadpoor et al.  2009 ). In one study, patients treated with 
calcitriol after heart transplantation required less CsA (Briffa et al.  2003 ). In con-
trast, our study of heart transplant recipients found no differences between those 
randomized to calcitriol and alendronate with respect to CsA or prednisone dose 
(Shane et al.  2004 ). In a retrospective study of cardiac transplant patients, those 
with lower preoperative serum 25-OHD levels had more moderate-to-severe rejec-
tion episodes in the fi rst 2 months after transplant (Bitetto et al.  2010 ). In 293 
kidney transplant recipients, low serum 25-OHD levels predicted both decline in 
GFR and requirement for GCs to treat allograft rejection (Obi et al.  2014 ). In an 
observational study of liver transplant patients, those supplemented with cholecal-
ciferol had fewer rejection episodes (Bitetto et al.  2010 ). Several studies have 
found increased BMD at the lumbar spine and femoral neck in renal transplant 
patients receiving activated vitamin D (calcitriol and alfacalcidol) (Sarno et al. 
 2015 ; Courbebaisse et al.  2014 ). The optimal amount of cholecalciferol that is both 
benefi cial and safe in transplant recipients remains to be determined. The vitamin 
D supplementation in renAL transplant recipients (VITALE) trial is a prospective, 
multicenter, randomized trial of the effi cacy and safety of cholecalciferol 
100,000 IU monthly to maintain serum levels of 25-hydroxyvitamin D between 30 
and 80 ng/mL (Courbebaisse et al.  2014 ). The results of this study will be interest-
ing especially in light of studies that have found higher rates of falls and fractures 
in people treated with high doses of cholecalciferol (Sanders et al.  2010 ; Bischoff-
Ferrari et al.  2016 ).  
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11.3     Effect of Transplantation on Bone and Mineral 
Metabolism 

11.3.1     Bone Loss Before Transplantation 

 Many patients awaiting organ transplantation have multiple established risk factors 
for osteoporosis (older age, hypogonadism, physical inactivity, excessive tobacco 
and alcohol use, and exposure to drugs known to cause bone loss, such as GCs, 
heparin, loop diuretics). Most have already sustained considerable bone loss (Shane 
et al.  1997a ; Ball et al.  2002 ; Hay  2003 ).  

11.3.2     Kidney and Kidney-Pancreas Transplantation 

 Chronic kidney disease-mineral and bone disorder (CKD-MBD) refers to complex 
abnormalities in bone and mineral metabolism that affect most patients with chronic 
kidney disease (CKD) and end-stage renal disease (ESRD). Factors that contribute 
to development of CKD-MBD include disturbances in calcium and phosphate 
metabolism, low serum 25-OHD levels and decreased calcitriol synthesis, increased 
synthesis and secretion of PTH, metabolic acidosis, and defective bone mineraliza-
tion (Martin et al.  2006 ; Beique et al.  2013 ). Patients with CKD-MBD may manifest 
extraskeletal calcifi cations, abnormal immune and cardiovascular function, and 
variable abnormalities in bone histology termed renal osteodystrophy (ROD). 
Almost 70–90 % of CKD stage 2–4 patients and all with stage 5 CKD have some 
form of ROD: high bone turnover with or without osteitis fi brosa (due to hyperpara-
thyroidism), low bone turnover or adynamic bone disease, osteomalacia, or “mixed” 
renal osteodystrophy, a combination of one or more of the aforementioned lesions. 
The specifi c histological type depends on many factors that regulate bone remodel-
ing and mineralization, such as PTH, acidosis, hypogonadism, and type I diabetes, 
as well as various therapeutic interventions used to manage patients with CKD and 
ESRD. Measurement of BMD by Dual-energy X-ray absorptiometry (DXA) does 
not distinguish among the various types of ROD. Fracture risk is estimated to be 
4.4–14 times greater in patients with ESRD than the general population (Coco and 
Rush  2000 ; Mittalhenkle et al.  2004 ). In one study, 34 % of hemodialysis (HD) 
patients had a history of previous fracture (Kohlmeier et al.  1998 ). In another, frac-
ture incidence was 0.1 per dialysis year in patients with osteitis fi brosa and 0.2 per 
dialysis year in patients with adynamic bone disease (Piraino et al.  1988 ). In people 
with moderate-to-severe CKD not on HD, hip fractures are twice as common as in 
those with normal kidney function (Nickolas et al.  2006 ). 

 As patients with ESRD are highly likely to have compromised bone health before 
kidney transplantation, it is not surprising that low spine and/or hip BMD has been 
reported in many cross-sectional studies of long-term kidney transplant recipients 
(Gupta et al.  2012 ; Grotz et al.  1994 ; Shane  2003 ; Cohen and Shane  2003 ; Epstein 
and Shane  2001 ; Shane and Epstein  2001 ; Braga Junior et al.  2006 ; Dolgos et al. 
 2008 ; Marcen et al.  2007 ; Dounousi et al.  2015 ; Boot et al.  1995 ; Cueto-Manzano 
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et al.  1999 ), although the prognostic signifi cance of low BMD in this group is 
unclear. Depending on the study and site of measurement, prevalence of low BMD 
long-term kidney transplant recipients ranges between 11 and 41 %. Factors associ-
ated with low BMD include increasing time since transplantation, high PTH con-
centrations, advanced age, female gender, and diabetic nephropathy. 

 A large number of longitudinal studies have documented high rates of bone loss 
at the spine and hip after kidney transplantation, ranging from 3 to 10 % during the 
fi rst 6–12 months (Torregrosa et al.  1995 ; Savaj and Ghods  2012 ; Almond et al. 
 1994 ; Gallego et al.  2006 ; Horber et al.  1994 ; Kwan et al.  1992 ; Mikuls et al.  2003 ; 
Techawathanawanna et al.  2005 ; Yun et al.  1996 ; Bayat et al.  2007 ). Several studies 
have reported that GC dose is directly associated with bone loss (Rizzari et al. 
 2012 ; Woodle et al.  2008 ). However, by early 2000s, most kidney transplant pro-
grams were using lower GC doses and an increasing number of programs discon-
tinue GCs altogether a few days after surgery. This shift in management seems to 
be associated with both reduced rates of bone loss and recovery of bone loss to 
pretransplant levels by 2 years after kidney transplantation in some (Aroldi et al. 
 1997 ; van den Ham et al.  2003 ; Nishioka et al.  2014 ), although not all studies 
(Meulen et al.  2004 ). For example, in 326 patients who had received a kidney 
transplant between 1996 and 2011, BMD Z scores were only slightly below aver-
age for age and sex at the baseline exam (approximately 6 months after transplant) 
and were not different from normal at 2.7 years (Naylor et al.  2014 ). In 47 patients 
managed without GCs and followed for 1 year after kidney transplant, DXA did 
not detect any bone loss at the spine or hip (Iyer et al.  2014 ). On a cautionary note, 
however, DXA did detect signifi cant bone loss at the ultradistal and 1/3 radius 
sites, which are seldom measured (Iyer et al.  2014 ). Thus, despite the lower doses 
of GCs and alternative antirejection drugs used today (Gaston  2006 ; Paterson et al. 
 2005 ; Pescovitz  2006 ; Regazzi et al.  2005 ), signifi cant bone loss occurs, although 
it may be less rapid than documented in the 1980s and 1990s (Van Staa et al.  2000 ). 
Moreover, high- resolution peripheral quantitative computed tomography 
(HRpQCT), which separately measures cortical and trabecular volumetric BMD 
and microarchitecture at the distal radius and tibia, documented cortical and tra-
becular bone loss and signifi cant decreases in whole bone strength (Iyer et al. 
 2014 ). Cortical bone loss was directly related to an increase in cortical porosity at 
the endocortical surface and to higher PTH levels (Nishiyama et al.  2015 ). In con-
trast, seven patients, in whom GCs were stopped shortly after kidney transplanta-
tion and who underwent transiliac bone biopsy within 2 months and again 2–5 years 
after surgery, showed signifi cant deterioration of trabecular bone microstructure, 
no signifi cant changes in cortical bone, and no relationship between cortical bone 
parameters and PTH (Carvalho et al.  2015 ). 

 Fractures after renal transplantation typically affect appendicular sites (feet, 
ankles, long bones, hips) more than axial sites (spine, ribs) (Roe et al.  2005 ). In one 
study, non-vertebral fractures were far more prevalent in renal transplant recipients 
than in the normal population (Ramsey-Goldman et al.  1999 ), although another 
study found that renal transplant recipients had a lower risk of non-vertebral frac-
ture compared to members of the general population who had previously sustained 
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a non-vertebral fracture (Naylor et al.  2015 ). More recent data from a large cohort 
of fi rst-time kidney transplant recipients suggests that hip fracture incidence may 
be lower in recent years with a hazard ratio for new hip fracture in the year 2010 of 
0.56 (0.41–0.77) when compared to 1997 (Sukumaran Nair et al.  2014 ); this is 
noteworthy as patients transplanted in 2010 were older and had more medical 
comorbidities than the 1997 cohort (Sukumaran Nair et al.  2014 ). In a 3-year ret-
rospective study of 35 kidney-pancreas recipients, approximately half had sus-
tained from one to three symptomatic, non-vertebral fractures (Chiu et al.  1998 ). 
Men with type 1 diabetes who undergo kidney-pancreas transplants were recently 
reported to have approximately 30 % lower fracture rates than those who undergo 
kidney transplant alone; this relationship was not seen among women (Nikkel et al. 
 2011 ,  2013 ). Older age, white race, prior dialysis, and pretransplantation fracture 
were associated with increased fracture risk (Nikkel et al.  2013 ). Fracture inci-
dence may be lower in patients managed with early GC withdrawal (Nikkel et al. 
 2012 ). A recent systematic review of fracture incidence in kidney transplant recipi-
ents analyzed 10 studies totaling 262,678 recipients and found a highly variable 
incidence rate ranging from 3.3 to 99.6 fractures per 1000 person-years (Naylor 
et al.  2013 ). Similarly, the 5-year cumulative incidence for fracture varied ranging 
from 0.85 to 27 %. Common factors associated with increased fracture risk were 
older age, female sex, the presence of diabetes, and receipt of dialysis before trans-
plantation (Naylor et al.  2013 ). Other less common but statistically signifi cant risk 
factors were a previous history of fracture and receipt of a kidney from a deceased 
versus living donor (Naylor et al.  2013 ). The authors concluded that there is poor 
consensus on the incidence and risk factors for fractures in kidney transplant 
recipients. 

 After kidney transplantation, there are several fairly consistent changes in bio-
chemical indices of mineral metabolism and bone turnover (Julian et al.  1991 ; 
Kulak and Shane  2006 ; Sprague et al.  2008 ; Molnar et al.  2014 ; Alshayeb et al. 
 2013 ). PTH levels are often very high before transplantation, and while levels typi-
cally decline markedly immediately after transplantation (Akaberi et al.  2006 ; Rathi 
et al.  2015 ), they may remain above normal throughout the fi rst year (Iyer et al. 
 2014 ) and may never completely normalize. Mild hypercalcemia and hypophospha-
temia are common during the fi rst few months after transplant (Rathi et al.  2015 ), 
but usually resolve within a few months. In long-term transplant recipients, persis-
tent elevations in PTH may be associated with reduced hip BMD (Akaberi et al. 
 2006 ). Low calcitriol levels may persist after transplantation (Uyar et al.  2006 ; 
Sprague et al.  2008 ; Fleseriu and Licata  2007 ; Tripathi et al.  2008 ; Querings et al. 
 2006 ). Low serum 25-OHD levels were recently reported in nearly half of renal 
transplant recipients; this may represent improvement from older studies that 
reported vitamin D defi ciency in over 75 % of renal transplant candidates, likely 
because of greater awareness of vitamin D (Beique et al.  2013 ). Sclerostin, secreted 
by osteocytes, is an inhibitor of the Wnt-signaling pathway which leads to decreased 
bone formation (Bonani et al.  2014 ). Sclerostin levels tend to be high in patients 
before renal transplantation. Although sclerostin levels decline within 15 days after 
transplant, it is unclear whether this is due to increased sclerostin catabolism or 
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decreased sclerostin secretion, as phosphorus levels normalize (Bonani et al.  2014 ; 
Pelletier et al.  2013 ).  

11.3.3     Cardiac Transplantation 

 The prevalence of osteoporosis in patients awaiting cardiac transplantation ranges 
from 4 to 23 %(Shane et al.  1997a ,  2004 ; Dolgos et al.  2010 ; Anijar et al.  1999 ; 
Cohen and Shane  2005 ; Lee et al.  1994 ; Iqbal et al.  2008 ). Observational studies, 
primarily conducted during the 1990s, documented rates of bone loss ranging from 
4 to 11 %, with the most rapid losses during the fi rst 3–12 months, with greater 
losses at the hip than the spine (Stempfl e et al.  1998 ; Shane et al.  2004 ; Berguer 
et al.  1994 ; Cremer et al.  1999 ; Henderson et al.  1995 ; Sambrook et al.  1994a ; 
Shane et al.  1997b ; Thiebaud et al.  1996 ; Valimaki et al.  1999a ; Van Cleemput 
et al.  1995 ). The few longitudinal data after the fi rst year suggest that the rate of 
bone loss slows or stops in the majority of patients, with partial recovery of bone 
mass at the spine though not at the hip (Shane et al.  2004 ; Shane et al.  1997b ). 
More recent studies suggest lower rates of spine and hip bone loss (2–3 %) than 
previously reported, likely related to lower GC exposure than patients transplanted 
in the 1990s (Shane et al.  2004 ,  2012 ). However, while some GC-sparing protocols 
are associated with less bone loss, these results are not consistent across studies 
suggesting factors other than GCs are responsible for posttransplant bone loss 
(Baraldo et al.  2014 ). 

 Observational studies conducted during the 1990s found that approximately 
one- third of cardiac transplant recipients sustained a fragility fracture during the 
fi rst 1–3 years after grafting (Shane et al.  1996a ; Leidig-Bruckner et al.  2001 ). 
Fractures were associated with female gender, lower pretransplant BMD, and 
higher rates of bone loss after transplantation (Shane et al.  1996a ; Leidig-Bruckner 
et al.  2001 ). However, many patients who fractured had normal BMD prior to 
transplant (Shane et al.  1996a ; Leidig-Bruckner et al.  2001 ). In contrast, more 
recent studies report fracture incidence to be considerably lower than in the past, in 
the range of 12–14 %(Shane et al.  2004 ; Kerschan-Schindl et al.  2008 ). One study 
compared fracture risk between GC-free protocols, low-dose GC protocols (pred-
nisone ≤ 5 mg daily by the end of the fi rst posttransplant year), and high-dose GC 
protocols (prednisone > 5 mg daily by the end of the fi rst posttransplant year). At 
2 years, there was no difference in fracture incidence among the three groups 
(1.1 %, 1.5 %, and 2.5 %, respectively) (Crespo Leiro et al.  2012 ). A recent retro-
spective study of 105 patients who received a heart transplant between 2005 and 
2010 reported that 8.6 % sustained a fragility fracture, with a median time to fi rst 
fracture of 12 months. A slightly larger proportion of women than men fractured 
(11.8 % versus 8.0 %). There was a high rate of bisphosphonate use in both fracture 
and non-fracture groups, 56 % versus 39 %, which may have reduced fracture rates 
(Hariman et al.  2014 ). 

 Early studies reported biochemical evidence of uncoupled bone remodeling 
(increased resorption and decreased formation) during the fi rst 3–6 months after 
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heart transplant, with restitution of coupling when glucocorticoid doses are lowered 
(Shane et al.  1997b ; Valimaki et al.  1999a ; Sambrook et al.  1994b ). Later in the 
posttransplant period, many studies suggest that bone remodeling is increased (Lee 
et al.  1994 ; Thiebaud et al.  1996 ; Valimaki et al.  1999a ; Sambrook et al.  1994b ; 
Glendenning et al.  1999 ; Guo et al.  1998 ; Rich et al.  1992 ; Shane et al.  1993 ). 
Vitamin D defi ciency is extremely common among heart and liver transplant recipi-
ents at the time of transplantation. In one study of patients assessed within the fi rst 
1–2 weeks after transplant, 55 % had defi ciency with serum 25-OHD levels between 
10 and 20 ng/ml, and 16 % had levels < 10 ng/ml (Stein et al.  2009 ).  

11.3.4     Liver Transplantation 

 Osteoporosis is present in 20–43 % of patients with end-stage liver disease awaiting 
transplantation (Dolgos et al.  2010 ; Crosbie et al.  1999 ; Monegal et al.  1997 ; Bai 
et al.  2007 ; Guichelaar et al.  2006 ). A recent Spanish study that compared two 
groups of liver transplant candidates, one evaluated between 1992 and 1993 and the 
second between 2010 and 2011, found that the prevalence of osteoporosis (22 % 
versus 30 %, respectively) and vertebral fractures (36 % versus 33 %, respectively) 
was high and approximately the same in both (Monegal et al.  2013 ). Vitamin D 
defi ciency is also very common, affecting >80 % of liver transplant candidates 
(Chaney et al.  2015 ; Venu et al.  2013 ). Chronic liver disease, of various etiologies, 
is associated with low levels of serum RANKL and high levels of OPG, possibly 
leading to an increased OPG/RANKL ratio, osteoclast inhibition, and a low bone- 
turnover state (Gatta et al.  2014 ). In fi brotic liver diseases, the synthesis of type I 
collagen is markedly increased and thus collagen-related bone-turnover markers do 
not refl ect skeletal turnover in patients with liver disease (Guanabens et al.  1998 ). 
Serum osteocalcin and tartrate-resistant acid phosphatase (TRAP) may be more 
valid markers of bone remodeling activity. 

 In studies published before 2000 (Leidig-Bruckner et al.  2001 ; Eastell et al. 
 1991 ; Haagsma et al.  1988 ; Hawkins et al.  1994 ; Hussaini et al.  1999 ; Lopez et al. 
 1992 ; McDonald et al.  1991 ; Meys et al.  1994 ; Navasa et al.  1994 ; Porayko et al. 
 1991 ; Keogh et al.  1999 ), spine BMD fell by 2–24 %, primarily in the initial few 
months after liver transplantation, with recovery to levels equal to or even higher 
than before transplant by 1 year. More recent studies have reported lower rates of 
bone loss at the femoral neck (Keogh et al.  1999 ) and no signifi cant bone loss at the 
spine (Ninkovic et al.  2002 ) , (Floreani et al.  2001 ). In a recent cohort study of 201 
liver transplant recipients from the Netherlands, the majority treated with predni-
sone for at least 6 months and either tacrolimus or cyclosporine, lumbar spine BMD 
declined by 2.5 % but returned to pretransplant levels by 2 years. In contrast, femo-
ral neck BMD had declined by 6.5 % at 6 months and remained stable thereafter, 
with no recovery over 5 years of follow-up (Krol et al.  2014a ). Lower bone mass 
and/or higher rates of bone loss after liver transplant have been associated with 
older age, female gender, cholestatic liver disease, and higher prednisone dose 
(Smallwood et al.  2005 ). 
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 In older studies, fracture incidence was extremely high, ranging from 24 to 65 %. 
Some recent studies suggest that fracture rates are lower (Ninkovic et al.  2002 ; 
Kaemmerer et al.  2012 ). However, in the Netherland cohort study, radiographic 
vertebral fractures were present in 56 % at screening, 68 % at 6 months, and 71 % at 
12 months (Krol et al.  2014a ), suggesting that vertebral fractures remain a signifi -
cant problem (Krol et al.  2014a ). Factors that have been associated with increased 
risk of fracture include male gender (Krol et al.  2014a ), primary sclerosing cholan-
gitis (Guichelaar et al.  2006 ) and alcoholic cirrhosis (Millonig et al.  2005 ), older 
age and lower pretransplant BMD (Ninkovic et al.  2002 ; Monegal et al.  2001b ), 
prevalent pretransplant vertebral fractures, and longer survival (Leidig-Bruckner 
et al.  2001 ; Ninkovic et al.  2000 ). 

 PTH increases signifi cantly during the fi rst 3–6 months after liver transplant 
(Floreani et al.  2001 ; Monegal et al.  2001b ; Compston et al.  1996 ). Serum 25-OHD 
concentrations are low in recent liver transplant recipients, likely because of disease- 
related factors such as malabsorption, impaired hepatic 25-hydroxylation of vitamin 
D, and reduced production of vitamin D-binding protein (Stein et al.  2009 ). Bone 
turnover, measured by markers of bone formation (osteocalcin and carboxyterminal 
peptide of type I collagen) and resorption are higher in liver transplant recipients 
than in normal controls in most (Haagsma et al.  1988 ; Abdelhadi et al.  1995 ; Watson 
et al.  1990 ; Valero et al.  1995 ), though not all studies (Rabinowitz et al.  1992 ). OPG 
and RANKL levels are signifi cantly elevated in the fi rst 2 weeks following liver 
transplant (Fabrega et al.  2006 ). In 21 patients who underwent tetracycline-labeled 
bone biopsies before and 3 months after transplantation, low turnover transitioned 
to a high turnover state (Compston et al.  1996 ; Vedi et al.  1999 ).  

11.3.5     Lung Transplantation 

 Osteoporosis is extremely common among patients with end-stage lung disease. In 
cross-sectional studies, low bone mass and osteoporosis have been documented in 
31–86 % of candidates for lung transplantation (Aris et al.  1996 ,  1998 ,  2000 ; 
Donovan et al.  1998 ; Ott and Aitken  1998 ; Shane et al.  1996b ; Tschopp et al.  2006 ; 
Caplan-Shaw et al.  2006 ; Jastrzebski et al.  2010 ). All etiologies appear to be vulner-
able. Markedly increased rates of all fractures and severe kyphosis due to vertebral 
fractures have been reported in adults with cystic fi brosis (Aris et al.  1998 ; Donovan 
et al.  1998 ; Ott and Aitken  1998 ). Low BMD and osteoporosis are also highly prev-
alent in patients with emphysema (Aris et al.  1996 ; Shane et al.  1996b ), diffuse 
parenchymal lung disease (Caplan-Shaw et al.  2006 ), and primary pulmonary 
hypertension (Tschopp et al.  2006 ). The etiology of osteoporosis in patients with 
end-stage lung disease is multifactorial. In addition to prior GC exposure (Park et al. 
 1996 ; Aris et al.  1996 ; Shane et al.  1996b ; Jastrzebski et al.  2010 ; Wang et al.  2013 ), 
low body weight, chronic hypoxemia, tobacco exposure, and chronic infection/
infl ammation have been implicated. In some studies, BMD correlated with pulmo-
nary vascular resistance, functional measures, and walking distance (Tschopp et al. 
 2006 ; Caplan-Shaw et al.  2006 ). In patients with cystic fi brosis, additional etiologic 
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factors include calcium malabsorption, hypogonadism, small body size, and vita-
min D defi ciency (Donovan et al.  1998 ). 

 Not surprisingly, therefore, osteoporosis affects a very high proportion of lung 
transplant recipients. In fact, a population-based cohort study from Taiwan found 
that those at highest risk for osteoporosis and various types of fracture after solid 
organ transplant were lung transplant recipients (Yu et al.  2014 ). Prospective studies 
have shown that spine and hip BMD declines by 4–5 % during the fi rst year (Ferrari 
et al.  1996 ; Spira et al.  2000 ). An HRpQCT study comparing 58 lung transplant 
recipients and 60 controls found lung transplant recipients had greater cortical 
porosity, lower trabecular number and thickness, bone stiffness, and failure load 
(Fischer et al.  2015 ). In studies from the 1990s, fracture incidence varied from 11 to 
42 %(Spira et al.  2000 ; Aringer et al.  1998 ; Rutherford et al.  2005 ; Shane et al. 
 1999 ). Risk factors for fracture and bone loss after lung transplant include female 
gender; low pretransplant BMD; pretransplant GC therapy; GC dose in some (Spira 
et al.  2000 ), but not all studies (Shane et al.  1999 ); pretransplant fractures; and high 
bone turnover after transplantation (Wang et al.  2013 ). In contrast, a retrospective 
study of patients transplanted between 2005 and 2010 reported a somewhat lower 
fracture rate of 8.0 %, perhaps because approximately 50 % were receiving bisphos-
phonates (Hariman et al.  2014 ).  

11.3.6     Bone Marrow Transplantation (BMT) 

 As in the case of solid organ transplantation, low BMD is common in patients who 
require BMT. Bone loss may be related both to the underlying disease and to pre-
transplant myeloablative therapy with alkylating agents and/or total body irradia-
tion, which may precipitate profound and frequently permanent hypogonadism, 
particularly in women, and may also have toxic effects on bone marrow osteopro-
genitor cells (Banfi  et al.  2001 ). Pretransplant exposure to GCs may also contribute. 
In patients studied after myeloablative chemotherapy but before BMT, osteopenia 
was present in 24 % and osteoporosis in 4 %(Schulte et al.  2000 ). 

 Adverse skeletal effects are more common after allogeneic BMT, in which donor 
and recipient are not genetically identical, than after autologous BMT, which 
involves removal and reinfusion of the patient’s own stem cells after high-dose mye-
loablative therapy (Ebeling et al.  1999 ). After allogeneic BMT, there is a substantial 
risk of acute or chronic graft-versus-host disease (GVHD), in which donor immune 
cells react against the recipient. GVHD is typically treated with combinations of 
high-dose GCs, methotrexate, cyclosporine A, or tacrolimus. Several studies have 
documented low total body BMD and spine BMD measured by DXA and CT (Kelly 
et al.  1990 ; Bhatia et al.  1998 ; Yao et al.  2008 ; Nysom et al.  2000 ; Kauppila et al. 
 1999 ; Kerschan-Schindl et al.  2004 ). Those younger than 18 at transplantation may 
be more profoundly affected, perhaps because of failure to achieve optimal peak 
bone mass and smaller bone size (Bhatia et al.  1998 , Frisk et al.  2012 ). Factors 
associated with low BMD 6 months after BMT include GVHD, GC use, low vita-
min D levels, and family history of osteoporosis (Campos et al.  2014 ). In adult BMT 
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recipients, hematopoietic stem cell transplantation before age 10 was associated 
with lower total body and femoral neck BMD than after age 18 (Petryk et al.  2014 ). 
Bone mass is low in hypogonadal women after BMT and hormone replacement 
therapy is associated with signifi cant increases in BMD (Branco et al.  1996 ; 
Castaneda et al.  1997 ). 

 After BMT, spine bone loss ranges between 2 and 6 %, while FN BMD declines 
by 6–12 % (Serio et al.  2013 ; Ebeling  2005 ; Valimaki et al.  1999b ; Kashyap et al. 
 2000 ). Duration of GC exposure may be more prognostic than cumulative dose 
(Serio et al.  2013 ). While there appears to be little bone loss after the fi rst year 
(Kauppila et al.  1999 ), FN bone loss may not be regained. A recent study from the 
MD Anderson Cancer Center found that 8 % of patients fractured after BMT 
(Pundole et al.  2015 ). Risk factors included age over 50, multiple myeloma, solid 
organ tumors, and autologous BMT (Pundole et al.  2015 ). Vertebral fractures were 
slightly more common (53 %) than non-vertebral fractures (47 %) (Pundole et al. 
 2015 ), which mostly affected the ribs, upper limbs, and femur (Pundole et al.  2015 ). 

 The pathogenesis of post-BMT bone loss is complex. Cellular or cytokine- 
mediated bone marrow dysfunction may affect bone remodeling and loss after BMT 
(Lee et al.  2002a ). High-dose chemotherapy, total body irradiation, and treatment 
with GCs and/or CsA may reduce osteoblast differentiation. Colony-forming unit 
fi broblasts (CFU-f) are reduced for up to 12 years following BMT (Banfi  et al. 
 2001 ; Tauchmanova et al.  2002 ). During the fi rst 3 months after BMT, bone forma-
tion markers decrease and resorption markers increase (Valimaki et al.  1999b ), a 
pattern consistent with uncoupling of formation from resorption. After 3 months, 
bone formation markers rebound and elevated turnover persists during the latter half 
of the year (Kauppila et al.  1999 ; Valimaki et al.  1999b ; Carlson et al.  1994 ; Withold 
et al.  1996 ; Lee et al.  2002b ; Kang et al.  2000 ). Long-term survivors after BMT may 
have persistent abnormalities in bone turnover and vitamin D (Kananen et al.  2002 ).   

11.4     Evaluation and Management of Osteoporosis 
in Patients Awaiting Transplantation 

 Candidates for all types of transplantation should be evaluated so that potentially 
treatable abnormalities of bone mineral metabolism may be addressed and bone 
health optimized preoperatively (Table  11.1 ). BMD of the spine and hip should be 
measured by DXA and spine x-rays or vertebral fracture analysis (VFA) performed 
to detect prevalent fractures, which are associated with an increased risk of inci-
dent fractures. If pretransplant BMD is low, a thorough evaluation should be per-
formed to detect potentially treatable causes of low bone mass and guide therapy. 
On a cautionary note, however, one study found no association between BMD and 
vertebral fractures in OLT recipients suggesting that BMD may not provide a com-
plete radiologic assessment of pretransplant bone health (Krol et al.  2014b ). 
Patients found to have osteoporosis before transplantation should receive treat-
ment, typically antiresorptive therapy with a bisphosphonate. Teriparatide can be 
considered for patients with very low BMD or fractures if they do not have 
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hyperparathyroidism. The pretransplant waiting period is often long enough 
(1–2 years) for signifi cant improvement in BMD before transplantation. Patients 
with renal osteodystrophy should be managed in accordance with accepted clinical 
guidelines (Kidney Disease: Improving Global Outcomes  2009 ).

11.5        Prevention and Treatment of Transplantation 
Osteoporosis 

 As bone loss is most rapid during the fi rst 6–12 months after transplantation and 
fractures may also occur early, strategies to prevent bone loss should be instituted 
immediately after transplantation, particularly in patients with low BMD and those 
who will be on GC therapy (Table  11.2 ).

   The most commonly tested therapies for transplantation osteoporosis include 
bisphosphonates and active vitamin D analogues. While teriparatide is approved for 
the treatment of GC-induced osteoporosis with increases in BMD and decreases in 
non-vertebral fractures (Saag et al.  2009 ), the only study of teriparatide after organ 
transplantation found that FN BMD did not decline in kidney transplant patients 
randomized to teriparatide but decreased signifi cantly in those on placebo (Cejka 
et al.  2008 ). 

11.5.1     Vitamin D Analogues 

 Active vitamin D analogues prevent GC-induced decreases in intestinal calcium 
absorption, reduce secondary hyperparathyroidism, promote differentiation of osteo-
blast precursors into mature cells, and may potentiate immunosuppressive effects of 
CsA (Briffa et al.  2003 ; Lemire  1992 ; Lemire et al.  1994 ). Alfacalcidol (1-α-OHD) 
prevented or attenuated bone loss at the LS and FN (El-Agroudy et al.  2003 ; De 
Sevaux et al.  2002 ; El-Agroudy et al.  2005 ). Calcitriol (0.5–0.75 ug/day) prevented 
bone loss at the spine and hip during the fi rst 6 months after heart or lung 

   Table 11.1    Skeletal evaluation of the candidate for organ transplantation   

 In all candidates: 

   Assess risk factors for osteoporosis, including menstrual/menopausal history in women, 
history of low-trauma fractures 

   Measure bone densitometry (BMD) of the spine and hip by DXA 

   Obtain thoracic and lumbar spine radiographs or vertebral fracture analysis by DXA 

 If BMD testing reveals osteoporosis or if there are prevalent vertebral or non-vertebral 
fractures: 

   Serum electrolytes, BUN creatinine, calcium, parathyroid hormone, 25-hydyroxyvitamin D, 
thyroid function tests (see text) 

   In men, serum total and/or testosterone, FSH, and LH 

   Urine for calcium and creatinine 
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transplantation (Henderson et al.  2001 ); those who received it for 24 months sustained 
signifi cantly less FN bone loss, while those who stopped at 12 months had no evi-
dence of benefi t at the FN at 24 months (Sambrook et al.  2000 ). Calcitriol was as 
effective as daily alendronate in preventing bone loss after heart transplantation 
(Cohen et al.  2006b ). In one study, daily calcitriol was associated with an increase in 
BMD at the LS, FN, and forearm during the fi rst year after kidney transplantation 
(Josephson et al.  2004 ), while in another, intermittent calcitriol prevented bone loss at 
the hip but not the spine after kidney transplant (Torres et al.  2004 ). As hypercalcemia 
and hypercalciuria may develop rapidly and at any time during therapy with active 
vitamin D analogues, frequent monitoring of serum and urine calcium is necessary.  

11.5.2     Bisphosphonates 

 Two meta-analyses of bisphosphonate trials in kidney transplant recipients found 
that bisphosphonates prevented bone loss at the spine and hip (Mitterbauer et al. 
 2006 ; Palmer et al.  2005 ). Similarly, a meta-analysis of randomized controlled trials 
in diverse transplant types showed that treatment with bisphosphonates improved 
spine and hip BMD by approximately 3 % on average (Cohen et al.  2011 ). 

 Intravenous bisphosphonates consistently prevent bone loss after transplantation 
(Valero et al.  1995 ; Aris et al.  2000 ; Fan et al.  2000 ,  2003 ; Garcia-Delgado et al. 

   Table 11.2    Primary prevention of bone loss in transplant recipients   

 Measure BMD before or immediately after transplantation and then annually 

 Utilize the lowest dose of glucocorticoids possible 

   Consider alternative therapies for rejection 

 Calcium intake (diet + supplements) of 1000 mg/day both before and after transplantation 

 Vitamin D intake of 400–1000 IU or as needed to maintain serum 25-OHD concentrations 
above 30 ng/ml (80 nmol/ml) 

 Physical rehabilitation program both before and after transplantation 

 Consider gonadal steroid replacement in hypogonadal men and premenopausal women 

 Consider pharmacologic therapy in all patients with low bone mass ( T  score between −1.0 and 
−2.5) or osteoporosis ( T  score < −2.5) 

 Begin antiresorptive therapy, preferably a bisphosphonate, before transplantation in patients 
with osteoporosis 

 Begin antiresorptive therapy, preferably a bisphosphonate, immediately after transplantation in 
patients at high risk for fracture 

   Osteoporosis ( T  score < −2.5) 

   History of fragility fracture 

   FRAX score >20 % 

   Postmenopausal women or men >50 years with osteopenia and no history of fragility 
fracture with osteopenia who are expected to continue on prednisone for greater than 
1 month 

   Premenopausal women and men <50 years with osteopenia and no history of fragility 
fracture who are expected to continue on prednisone for greater than 1 month 

11 Osteoporosis in Organ Transplant Patients



272

 1997 ; Shane et al.  1998 ; Bianda et al.  2000 ; Hommann et al.  2002 ; Grotz et al.  2001 ; 
Arlen et al.  2001 ; Trombetti et al.  2000 ; Krieg et al.  2001 ; Haas et al.  2003 ; Coco 
et al.  2003 ; Walsh et al.  2009 ; Jeon et al.  2013 ; Okamoto et al.  2014 ). Repeated 
doses of intravenous pamidronate prevented spine and hip bone loss in the kidney 
(Fan et al.  2000 ,  2003 ; Coco et al.  2003 ; Torregrosa et al.  2011 ), heart (Bianda et al. 
 2000 ; Krieg et al.  2001 ), liver (Pennisi et al.  2007 ; Monegal et al.  2009 ), lung (Aris 
et al.  2000 ; Trombetti et al.  2000 ), and bone marrow transplant recipients (Kananen 
et al.  2005 ; Grigg et al.  2004 ). A meta-analysis of six studies (144 kidney transplant 
patients) found that pamidronate, given 3–7 times at 30–90 mg per dose, was associ-
ated with signifi cant reduction of bone loss in the spine without adverse effects on 
graft function (Wang et al.  2014 ). Similarly, both zoledronic acid and ibandronate 
prevent bone loss at 6 and 12 months in recipients of heart (Fahrleitner-Pammer 
et al.  2009 ), liver (Hommann et al.  2002 ; Crawford et al.  2006 ; Bodingbauer et al. 
 2007 ), and kidney (Grotz et al.  2001 ; Haas et al.  2003 ; Walsh et al.  2009 ; Smerud 
et al.  2012 ) transplants. Zoledronic acid administered monthly for the fi rst 6 months 
and at 9 and 12 months after liver transplantation was associated with stable BMD 
at the spine and reduced losses at the FN compared to controls and was associated 
with a reduction in vertebral fractures (Bodingbauer et al.  2007 ). Ibandronate, 2 mg 
IV every 3 months for 1 year, maintained spine BMD and attenuated hip bone loss 
after liver transplantation, with a signifi cant reduction in number of fractures 
(Kaemmerer et al.  2010 ). In long-term liver transplant recipients, quarterly IV iban-
dronate and calcitriol were associated with improvements in BMD at the hip and a 
reduction in vertebral fractures over 3 years compared to an untreated reference 
group (Wagner et al.  2012 ). 

 In two large prospective studies of patients after allogeneic BMT, IV pamidro-
nate prevented bone loss at the spine and ameliorated losses at the hip (Kananen 
et al.  2005 ; Grigg et al.  2004 ). Similarly, IV zoledronic acid (4 mg) given 12 months 
after grafting and in another study, given every 3 months for 2 years, prevented 
spine and hip bone loss (Tauchmanova et al.  2005 ; Hausmann et al.  2012 ). In a 
small uncontrolled study, BMD was stable over 3 years after BMT in patients who 
received zoledronic acid once at transplant and 6 months later (Ganguly et al.  2012 ). 
When BMT patients were treated with zoledronic acid, FN BMD increased at 
12 months (Lee et al.  2002c ; Hari et al.  2013 ). Similarly, monthly zoledronic acid 
infusions for the fi rst 3 months after BMT restored BMD at the LS and FN (Serio 
et al.  2013 ). 

 Results with oral bisphosphonates are less compelling. There was no change in 
BMD in 42 renal transplant patients randomized to risedronate or placebo, although 
risedronate appeared to preserve BMD in women (Coco et al.  2012 ). Monthly oral 
ibandronate (150 mg) or weekly oral risedronate (35 mg) initiated 12 months after 
kidney transplant provided comparable increases in spine and hip BMD after 1 year 
(Sanchez-Escuredo et al.  2015 ). A study of 76 kidney transplant recipients treated 
with weekly oral alendronate (70 mg) found improvements in lumbar spine BMD 
both in patients with and without preexisting osteoporosis after 14 months of ther-
apy (Huang et al.  2012 ). Alendronate reduced bone-turnover markers in 24 kidney 
transplant recipients after 36 months of treatment (Yamamoto et al.  2013 ). Kidney 
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transplant patients treated with alendronate (10 mg daily), calcitriol (0.25 μg daily), 
and calcium carbonate (2 g daily) had marked increases in spine BMD compared to 
decreases in those who received only calcium and calcitriol (Kovac et al.  2001 ). 
There were similar increases in spine BMD in patients treated with alendronate or 
risedronate after kidney transplant (Nowacka-Cieciura et al.  2006 ; Torregrosa et al. 
 2007 ; Giannini et al.  2001 ). Weekly alendronate (70 mg) improved BMD in kidney 
(Toro et al.  2005 ) and liver transplant recipients (Atamaz et al.  2006 ). Risedronate 
prevented bone loss at the spine but not the hip 12 months after liver transplant 
(Guadalix et al.  2011 ). In contrast, monthly oral ibandronate increased spine and hip 
BMD in 74 liver transplant patients, and fracture rates were relatively low (5.4 %) 
(Kaemmerer et al.  2012 ). Both alendronate (10 mg daily) and calcitriol (0.25 μg 
twice daily) initiated immediately after heart transplant prevented bone loss at the 
spine and hip compared with a reference group receiving only calcium and vitamin 
D (Shane et al.  2004 ); BMD remained stable during the second year after alendro-
nate and calcitriol were discontinued (Cohen et al.  2006a ). A single infusion of 
zoledronic acid (5 mg) or weekly alendronate (70 mg) initiated immediately after 
heart and liver transplantation prevented bone loss at the hip and, in liver transplant 
patients, at the spine compared to a reference group that received only calcium and 
vitamin D (Cohen et al.  2011 ). In heart transplant patients, spine bone mineral den-
sity increased with IV zoledronic acid and decreased on alendronate (Cohen et al. 
 2011 ). In BMT patients, risedronate started 12 months after BMT improved LS 
BMD and prevented loss at the FN (Tauchmanova et al.  2003 ). 

 Although fracture is a very important clinical outcome, few studies have had 
adequate power to detect differences in fracture. A meta-analysis of 11 randomized 
controlled clinical trials showed that treatment with either bisphosphonates or vita-
min D analogues signifi cantly reduced the number of subjects with fracture by 50 % 
and number of vertebral fractures by 76 %. When vitamin D analogue trials were 
excluded and bisphosphonate trials examined separately, there was a signifi cant 
47 % reduction in number of subjects with fractures but the 66 % reduction in verte-
bral fractures was not signifi cant (Cohen et al.  2011 ). In our opinion, bisphospho-
nates represent the most promising approach to the prevention of transplantation 
osteoporosis, but data on fracture prevention is needed.   

11.6     Summary and Conclusions 

 The prevalence of osteoporosis among candidates for solid organ and bone marrow 
transplantation is high. During the 1990s, prospective longitudinal studies demon-
strated rapid bone loss and high fracture rates, particularly during the fi rst posttrans-
plant year. More recent studies suggest that rates of bone loss and fracture are 
considerably lower than in the past, although rates remain unacceptably high. All 
patients should be evaluated before transplantation and receive treatment for prevalent 
osteoporosis, if present. Primary prevention therapy should be initiated immediately 
after transplantation in patients with low BMD, advanced age, or other signifi cant risk 
factors, as the most rapid bone loss occurs in the fi rst few months after grafting. 
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Long-term transplant recipients should be monitored and treated for bone disease as 
well (Table  11.3 ). At present, bisphosphonates are the most consistently effective 
agents for prevention and treatment of bone loss in organ transplant recipients. In the 
future, the use of denosumab or the introduction of newer, bone- sparing immunosup-
pressive agents may further reduce rates of bone loss after transplant. It is hoped that 
these advances will further reduce morbidity from transplantation osteoporosis.
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   Table 11.3    Management of the long-term organ transplant recipient   

 In all patients: 

   Assess risk factors for osteoporosis 

   BMD of the spine and hip by DXA 

   Thoracic and lumbar spine radiographs 

   Calcium intake of 1000 mg/day both before and after transplantation 

   Vitamin D intake of 400–1000 IU or as needed to maintain serum 25-OHD concentrations 
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  RANKL    Receptor activator of nuclear factor “kappa-light-chain-enhancer” of the 
activated B cell ligand   

  TGF    Transforming growth factor   
  Th    T helper cells   
  TIMP    Tissue inhibitors of metalloproteinase   
  TLR    Toll-like receptors   
  TNF    Tumor necrosis factor   
  Treg    Regulatory T cells   

12.1         Osteoimmunological Aspects of Periodontal Diseases 

  Osteoimmunology  describes the cross-talk of cells of the musculoskeletal and the 
immune system during the pathogenesis of various diseases; among the most preva-
lent ones is  periodontitis , a chronic infectious infl ammatory disease of the tooth- 
supporting structures, i.e., the periodontium consisting of the gingiva, alveolar 
bone, periodontal ligament, and root cementum. Periodontal disease is initiated by 
oral pathogens that accumulate at the gingival margin of the teeth and thereby trig-
ger a response of the innate and adaptive immunity. In contrast to other osteoim-
munological disorders (e.g., osteoporosis, rheumatoid arthritis), the immune system 
plays a two-sided role in the pathogenesis of periodontitis: it controls the infection 
and protects the organism from bacterial invasion but also propagates the destruc-
tion of the soft and hard tissues surrounding the tooth. Periodontitis, if left untreated, 
fi nally results in tooth loss. 

 The present chapter discusses, in a concise manner, the interplay of pathogens, 
mediators, and enzymes, and host cells involved in the pathogenesis of periodonti-
tis. Further, a short overview on some of the potential “osteoimmunological targets” 
for the treatment of periodontitis is included. 

12.1.1     Anatomy of the Periodontium 

 The term “ periodontium ” is derived from the Greek terms “peri-” (around) and 
“-odous” (tooth); it consists of four main components, which differ in their histo-
logical structure but act functionally as a single unit:

•    Gingiva  
•   Periodontal ligament  
•   Alveolar bone  
•   Root cementum    

 The gingiva is via the junctional epithelium attached to the tooth surface and 
thereby forms a barrier against external factors (e.g., bacterial invasion). The other 
three components of the periodontium are forming the “attachment apparatus”; the 
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periodontal ligament consists of a rich vasculofi brous connective tissue, with col-
lagen fi bers incorporated in the root cementum and in the alveolar bone, and pro-
vides tooth support and tooth function (Fig.  12.1a–c ).

12.1.2        Periodontitis: Disease Initiation 

 The oral cavity provides a habitat for about  750 different microbial species  and is one 
of the most complicated microbial ecosystems in the human body (Jenkinson and 
Lamont  2005 ). It provides huge amounts of nutrients through the saliva, gingival 
crevicular fl uid, and food remnants, particularly those containing sugar. The fi rst 
steps of dental plaque and  biofi lm formation  occur within minutes after tooth brush-
ing. A pellicle, consisting mainly of salivary proteins, attaches fi rst at surface pits and 
fi ssures of the tooth and at the smooth tooth surfaces of the interdental area and the 
gingival margin, which are not affected much by the constant movement of the cheek 
and tongue. Thereafter, early bacterial colonizers such as  Streptococci  species, 

  Fig, 12.1    Thin ground 
section of the periodontium 
of two adjacent teeth, 
stained with toluidine blue, 
in health ( a ) and disease 
( b ).  E  enamel,  CEJ  
cementoenamel junction,  P  
plaque (due to overhanging 
crown margins),  G  gingival 
fi bers,  D  dentin,  L  
periodontal ligament,  B  
alveolar bone,  C  root 
cementum. ( c ) Thin ground 
section of the lateral teeth 
of the upper jaw (By 
courtesy of late Prof. Dr. 
mult. K. Donath and Prof. 
DDr. Ulm)       
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 Actinomyces  species,  Capnocytophaga  species, and  Veillonella  species are able to 
attach to salivary pellicle receptors (Foster and Kolenbrander  2004 ; Listgarten  1994 ; 
Ritz  1967 ; Teles et al.  2013 ). The primary bacterial attachment may still be revers-
ible, but if not interrupted, the bacteria start to build up a biofi lm by multiplying, 
forming multilayers, and secreting extracellular matrix. This extracellular matrix 
helps the bacteria to stick together, form the biofi lm architecture, and provide each 
other nutrients. Further, the early colonizers provide binding sites for the next colo-
nizers (e.g.,  Fusobacterium nucleatum ).  F. nucleatum , which is an obligate anaerobic 
bacterium, plays a highly relevant role in biofi lm maturation.  F. nucleatum  co-aggre-
gates with multiple other bacteria, including early as well as late colonizers, and 
aerobic as well as anaerobic species and is present in both periodontally healthy sites 
and in diseased sites, however, in larger amounts in diseased sites. The co-aggrega-
tion with  F. nucleatum  allows late colonizers, which are mainly gram-negative facul-
tative and obligate anaerobic bacteria (e.g.,  Porphyromonas gingivalis ,  Tannerella 
forsythia ,  Treponema denticola ,  Aggregatibacter actinomycetemcomitans ), to sur-
vive in an aerated environment due to oxygen gradients in the biofi lm structure 
(Bradshaw et al.  1998 ; Holt and Ebersole  2005 ). 

 Biofi lm formation at the gingival margin causes in the beginning gingivitis, 
which is a reversible condition affecting only the soft tissues (Löe et al.  1965 ). In 
susceptible patients, however, increasing biofi lm accumulation provokes progres-
sion to periodontitis, which involves periodontal attachment and bone loss, mostly 
irreversible. Recently the  “polymicrobial synergy and dysbiosis”  model was pro-
posed for periodontal disease pathogenesis (Hajishengallis et al.  2012 ; Hajishengallis 
and Lamont  2012 ). Herein, single pathogens, so-called keystone pathogens, are able 
to initiate a shift of the entire microbial colonization from homeostasis to dysbiosis, 
i.e., the imbalance of a microbial fl ora in an ecosystem associated with the presence 
of a disease, thereby causing a strong immune response. Thus far,  P. gingivalis  is the 
best-documented keystone pathogen. Its presence, although not necessarily in high 
amounts, elevates the pathogenicity of the entire oral microbial community, e.g., by 
an increased expression of various virulence factors (Hajishengallis  2014 ; 
Hajishengallis and Lamont  2012 ). An experimental periodontitis model with mice 
demonstrated that presence of  P. gingivalis  in less than 0.01 % of the total bacterial 
amount was still enough for periodontal disease initiation (Hajishengallis et al. 
 2011 ). However, after this initiating step, the major portion of periodontal tissue 
degradation is not caused by the biofi lm; in fact, it is the host immune response that 
propagates the loss of periodontal structures.  

12.1.3     Periodontitis: Prevalence and Risk Factors 

 Periodontitis represents besides caries the major reason for tooth loss and is vastly 
prevalent in the population. In Germany, the  prevalence of periodontitis  according to 
the case defi nitions developed by the Centers for Disease Control and Prevention and 
the American Academy of Periodontology (Eke et al.  2012 ; Page and Eke  2007 ) was 
71 and 87 % in age cohorts of 35–44 and 65–74 years, respectively; 17 and 42 %, 
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respectively, suffered from severe forms of periodontitis, i.e., advanced loss of the 
periodontal structures and bone (Holtfreter et al.  2010 ).  Risk factors  and  risk indica-
tors  for periodontal disease may be both nonmodifi able and modifi able; examples of 
nonmodifi able factors include age, male gender, ethnicity, and genetic factors, while 
modifi able factors include smoking, alcohol consumption, low educational level, 
poorly controlled diabetes, obesity and metabolic syndrome, osteoporosis, and stress 
and its coping mechanisms (Genco and Borgnakke  2013 ). Page and Kornman ( 1997 ) 
illustrated the interplay between the bacterial attack, the immune response, and the 
risk factors in the pathogenesis of periodontal disease as shown in Fig.  12.2 .

12.1.4        Periodontal Disease Entities 

 The current classifi cation system of periodontal diseases was established in 1999 at 
the International Workshop for the Classifi cation of Periodontal Diseases and 
Conditions (Armitage  1999 ):

    1.    Gingival diseases   
   2.     Chronic periodontitis    
   3.     Aggressive periodontitis    
   4.    Periodontitis as a manifestation of systemic diseases   
   5.    Necrotizing periodontal diseases   
   6.    Abscesses of the periodontium   
   7.    Periodontitis associated with endodontic lesions   
   8.    Developmental or acquired deformities and conditions    

  This chapter deals with osteoimmunological aspects associated with alveolar 
bone loss occurring in patients with aggressive or chronic periodontitis.  Aggressive 

  Fig. 12.2    Pathogenesis model of periodontal disease. (Modifi ed from Page and Kornman  1997 )       
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periodontitis  (AgP) is characterized by rapid attachment loss, which is most often 
inconsistent with the amount of microbial deposits. AgP patients are systemically 
healthy, i.e., no specifi c immune compromising condition, but familial aggregation 
is characteristic. AgP appears clinically as localized and generalized AgP, currently 
considered to represent two different disease entities. Localized AgP is primarily 
restricted to fi rst molars and incisors and has a circumpubertal onset, and patients 
show a high serum antibody response against the infecting agents. In contrast, gen-
eralized AgP affects individuals around 30 years of age, but patients may be older; 
further, generalized AgP patients present a poor serum antibody response against 
the infecting agents and a pronounced episodic destruction of periodontal attach-
ment (Armitage  1999 ; Armitage and Cullinan  2010 ; Tonetti and Mombelli  1999 ) 
(Fig.  12.3 ).

    Chronic periodontitis  (CP) is the most common form of periodontitis in adults 
and it is characterized by consistency between the amount of periodontal tissue 
destruction and the presence of local factors, i.e., large amounts of biofi lm. Further, 
a variable microbial pattern and a slow to moderate rate of progression with possible 
burst periods of rapid attachment loss are observed. Localized and generalized CP 
are considered as the same disease, but with different manifestation in terms of 
percentage of teeth affected, i.e., up to or more than 30 % affected teeth, respectively 
(Armitage  1999 ; Armitage and Cullinan  2010 ; Flemmig  1999 ) (Fig.  12.4a, b ).

   In general, the biochemical and histological characteristics, as well as the patho-
logical processes and involved mediators and cells in the lesions, are rather similar 
between AgP and CP. However, certain, partly genetic, but yet not fully clarifi ed, 
differences are causing the existing variations in the onset, magnitude, extent, and 
progression rate of tissue destruction (Kulkarni and Kinane  2014 ).  

  Fig. 12.3    Panoramic radiograph of a 24-year-old man with severe generalized aggressive peri-
odontitis.  Yellow arrows  indicate the regular height of the alveolar bone in a healthy patient, while 
the  red arrows  indicate the bone level of this patient. The  light blue arrow  is indicating calculus, 
which is a rare fi nding in aggressive periodontitis. Severe bone loss is present around the fi rst 
molar teeth (tooth number 16, 26, and 36; tooth 46 is already missing)       
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12.1.5     Periodontal Disease Progression 

 In summary, the fi rst defense mechanism against the biofi lm is represented by the 
 innate immune system ; while at later stages, the  adaptive immune system  becomes 
more relevant. After the initial step of biofi lm accumulation at the tooth surface, 
biofi lm components are perceived as “danger signals” by cells of the  innate immune 
system ; i.e., leukocytes and resident cells (e.g., gingival epithelial cells, periodontal 
ligament cells) recognize microbial lipopolysaccharide (LPS), DNA, or peptidogly-
cans via toll-like receptors (TLR). TLR are indispensable for the host to recognize 
the bacterial attack and their activation induces an intracellular signal pathway, 
expression of transcription factors, and subsequently release of pro-infl ammatory 
cytokines and chemokines; altogether, an immune response focused on the infecting 
agents. TLR-2 and TLR-4 are primarily responsible for sensing periodontal patho-
gens (e.g.,  A. actinomycetemcomitans  or  P. gingivalis ) (Kikkert et al.  2007 ). 
Peptidoglycans and atypical LPS from  P. gingivalis  activate TLR-2, LPS from 
gram-negative bacteria in general activate TLR-4, while  A. actinomycetemcomitans  
activates both receptors (Akira and Takeda  2004 ; Ford et al.  2010 ). As a response to 
biofi lm accumulation, a massive infl ux of neutrophils occurs in the tissues and, 
through the epithelium, in the periodontal sulcus. Neutrophils, except from phago-
cytosing bacteria, express a variety of pro-infl ammatory cytokines, resulting in 
additional recruitment of various immune cells, including macrophages and T cells, 
thus propagating infl ammation. Among the T cells, mainly CD4 +  T cells (T helper 
cells; Th) are involved in periodontal disease pathogenesis; more specifi cally the 
cells of the innate immune system activate Th1 and Th17 cells, which results in a 
strong pro-infl ammatory immune response. Later on Th2 cells promote the estab-
lishment of a lesion with predominantly B and plasma cells. Additionally, regula-
tory T cells (Treg) are activated and exert an anti-infl ammatory role. 

  Fig. 12.4    Panoramic 
radiograph ( a ) and clinical 
picture ( b ) of a 52-year-old 
woman with severe 
generalized chronic 
periodontitis. The  yellow 
arrow  indicates the regular 
height of the alveolar bone 
in a healthy patient, while 
the  red arrows  indicate the 
bone level of this patient. 
The  orange arrows  are 
indicating the lost bone 
between the roots of the 
lower molars, i.e., 
furcation involvement, and 
the light  blue arrow  is 
indicating calculus       
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 As already mentioned, the immune response initially causes a local infl amma-
tory reaction, resulting in tissue destruction restricted to the gingiva, i.e., gingivitis. 
Yet, if the bacterial invasion cannot be controlled in susceptible hosts, the infl am-
matory reaction proceeds from the gingival margin apically towards the alveolar 
bone; i.e., the infl ammatory response causes detachment of the junctional epithe-
lium and its conversion into an ulcerated pocket epithelium, loss of the connective 
tissue attachment to the root, and loss of alveolar bone, i.e., periodontitis. An 
infl ammatory process in close proximity to bone regularly supports differentiation 
and activation of osteoclast precursors, which results in uncoupling of the physio-
logical balanced bone formation and bone resorption, in favor of the latter 
(Fig.  12.5a, b ).

   If this, often non-self-resolving, infl ammatory process is left untreated, alveolar 
bone is continuously lost until tooth exfoliation. Hence, the immune response initi-
ated by the bacterial attack is primary responsible for the extent, rate, and severity 
of host tissue degradation (Bartold et al.  2010 ; Brook  2003 ; Ford et al.  2010 ; 
Stabholz et al.  2010 ).  

12.1.6     Mediators and Enzymes Involved in the Pathogenesis 
of Periodontal Disease 

12.1.6.1     RANKL/RANK/OPG System 
 The receptor activator of nuclear factor “kappa-light-chain-enhancer” of the acti-
vated B cell ligand (RANKL)/receptor activator of NF-kB (RANK)/osteoprotegerin 
(OPG) system ( RANKL/RANK/OPG system)  is regulating the coupling of bone for-
mation and resorption. RANKL, a member of the tumor necrosis factor (TNF) fam-
ily, induces osteoclastogenesis by binding to its receptor RANK on osteoclast 
precursors. This step is promoted by macrophage colony-stimulating factor 

  Fig. 12.5    ( a ) The infl ammatory reaction is restricted to the gingiva; ( b ) the infl ammatory process 
reaches the proximity of the alveolar bone and induces osteoclastogenesis and alveolar bone loss. 
(Modifi ed by Graves et al.  2011 ; Schröder and Lindhe,  1981 ).  CEJ  cemento enamel junction       
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(M-CSF), which is stimulating RANK expression on osteoclast precursors. The 
activation of RANK by RANKL is essential for osteoclast formation, differentia-
tion, and activity. The soluble counterpart OPG, expressed by osteoblasts, acts as a 
decoy receptor binding to RANKL and thereby can inhibit the binding of RANKL 
to RANK (Boyle et al.  2003 ). 

 During periodontal disease, elevated levels of RANKL and/or decreased levels 
of OPG, resulting in a RANKL/OPG ratio that favors bone resorption, are observed 
(Bartold et al.  2010 ; Cochran  2008 ; Crotti et al.  2003 ). For example, in a preclinical 
trial on experimental periodontitis in mice, the expression level of RANKL corre-
lated well with the level of various pro-infl ammatory cytokines, i.e., interleukin 
(IL)-1, TNF-α, and interferon (IFN)-γ, during active bone loss (Garlet et al.  2006 ). 
Elevated levels of RANKL are also found in active periodontal lesions in patients, 
i.e., sites showing progressive alveolar bone loss; in contrast, no remarkable change 
from the physiological RANKL/OPG ratio was found in samples of gingivitis sites, 
i.e., sites without alveolar bone loss (Menezes et al.  2008 ). Osteoblasts, dendritic 
cells, B and T cells, and resident cells (e.g., periodontal ligament cells, gingival 
fi broblasts) are considered as important sources for the elevated levels of RANKL 
in periodontal lesions upon pro-infl ammatory stimuli and/or TLR activation (Bar- 
Shavit  2008 ; Belibasakis et al.  2007 ; Kawai et al.  2006 ).  

12.1.6.2     Matrix Metalloproteinases 
  Matrix metalloproteinases (MMPs)  are a family of calcium- and zinc-dependent 
proteases, which are expressed by immune cells (e.g., neutrophils, macrophages). In 
healthy periodontal tissues, MMPs control the physiological turnover of extracel-
lular matrix and are regulated by their inhibitors, i.e.,  tissue inhibitors of metallo-
proteinases (TIMPs) , which are expressed by resident and immune cells (e.g., 
macrophages, fi broblasts, endothelial cells). During infl ammation, presence of pro- 
infl ammatory cytokines deregulates the MMP/TIMP balance, resulting in higher 
levels of MMPs and/or lower levels of TIMPs. This imbalance leads to increased 
degradation of periodontal soft tissues (Giannobile  2008 ; Verstappen and Von den 
Hoff  2006 ). Specifi cally, MMP-8 – being a collagenase – is strongly associated with 
periodontal disease; progressively increasing levels of MMP-8 are found in sites 
with increasing severity of disease, i.e., from healthy to gingivitis and to periodon-
titis. Thus MMP-8 is considered as a strong biomarker for detecting alveolar bone 
loss (Ebersole et al.  2013 ; Gursoy et al.  2013 ; Leppilahti et al.  2014 ).  

12.1.6.3     Pro-inflammatory Interleukins 
  IL-1  is a strict pro-infl ammatory key cytokine expressed by resident (e.g., fi bro-
blasts, epithelial cells) and immune cells (e.g., neutrophils, macrophages). IL-1 
stimulates the expression of other pro-infl ammatory and chemotactic factors (e.g., 
IL-6, TNF-α, prostaglandins) and promotes osteoclastogenesis by upregulating 
RANKL expression. Further, IL-1 enhances matrix degradation by inducing MMPs 
and impairs the regenerative potential of the tissues by inducing apoptosis of matrix 
producing cells (Cochran  2008 ; Garlet et al.  2006 ; Graves  2008 ; Graves and Cochran 
 2003 ; Wei et al.  2005 ). Several studies have shown increased levels in gingival 
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crevicular fl uid, saliva, and periodontal tissue samples of periodontitis patients 
(Duarte et al.  2007 ; Ebersole et al.  2013 ; Gamonal et al.  2000 ; Gursoy et al.  2009 ; 
Mogi et al.  1999 ). 

  IL-2  is a pro-infl ammatory cytokine and mainly expressed by Th1 cells. IL-2 
affects the differentiation, growth, and activation of T, B, and natural killer cells 
(Kuziel and Greene  1990 ). Studies have reported both unaltered and increased lev-
els of IL-2 in chronic periodontitis patients compared to healthy controls (Teles 
et al.  2009 ; Tymkiw et al.  2011 ). 

  IL-6  is another pro-infl ammatory key cytokine, which is expressed by various 
resident and immune cells (e.g., fi broblasts, neutrophils, macrophages). IL-6 stimu-
lates the expression of other pro-infl ammatory factors and promotes – in a similar 
way as IL-1 – soft and hard tissue degradation by upregulating RANKL and MMP 
expression and inducing apoptosis of matrix producing cells (Cochran  2008 ; Garlet 
et al.  2006 ; Graves  2008 ; Graves and Cochran  2003 ; Wei et al.  2005 ). However, 
while IL-1 is a strictly pro-infl ammatory cytokine, IL-6 has also a regulatory func-
tion; IL-6 was shown to regulate IL-1 and TNF-α by inducing IL-1 receptor antago-
nist and TNF-α soluble receptor (Irwin and Myrillas  1998 ). Several studies have 
shown increased levels of IL-6 in fl uid and tissue samples of periodontitis patients 
(Duarte et al.  2007 ; Ebersole et al.  2013 ; Gamonal et al.  2000 ; Gursoy et al.  2009 ; 
Mogi et al.  1999 ). 

  IL-8  is a chemokine and secreted by monocytes, macrophages, fi broblasts, kera-
tinocytes, and endothelial cells in the presence of microorganisms and related tox-
ins. Its main function is to attract and activate neutrophils (Bickel  1993 ). Studies 
have reported signifi cantly increased levels of IL-8 in periodontally diseased sites 
(Ertugrul et al.  2013 ; Gamonal et al.  2000 ). 

  IL-12 , mainly expressed by immune cells (e.g., dendritic cells, macrophages, 
neutrophils), is a key mediator of cell-mediated immunity, necessary for the initia-
tion and maintenance of Th1 cell response, including high IFN-γ expression (Park 
and Scott  2001 ). The levels of IL-12 in gingival crevicular fl uid samples may not 
always differ signifi cantly between periodontally diseased and healthy patients, but 
it has been shown that a signifi cant reduction of IL-12 levels occurred after initial 
treatment in periodontitis patients (Thunell et al.  2010 ). 

  IL-17  is a pro-infl ammatory cytokine secreted by Th17 cells and by various 
other cell types (e.g., neutrophils, dendritic cells, periodontal ligament cells). 
IL-17 increases the levels of MMPs and RANKL and amplifi es the pro-infl amma-
tory loop of IL-1−IL-6 and TNF-α (Cardoso et al.  2008 ; Cheng et al.  2014 ; Ford 
et al.  2010 ; Kotake et al.  1999 ; Sato et al.  2006 ). Further, IL-17 plays a role in the 
defense against pathogens by increasing mobilization and activation of neutro-
phils (Yu et al.  2007 ) and by improving the responsiveness of TLR in human 
gingival epithelial cells (Beklen et al.  2009 ). Indeed, induced  P. gingivalis  infec-
tion resulted in increased alveolar bone loss in IL-17 receptor knockout mice due 
to an impaired immune response (Yu et al.  2007 ).  P. gingivalis  is considered to 
promote a Th17 cell response with the corresponding IL-17 expression, and 
indeed, increased levels of IL-17 have been described in periodontally diseased 
subjects (Cheng et al.  2014 ). 
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  IL-18  is a pro-infl ammatory cytokine, expressed by immune cells, osteoblasts, 
and fi broblasts, and upregulates other pro-infl ammatory and chemotactic media-
tors (e.g., IL-1, TNF-α, IL-8). Signifi cantly higher levels of IL-18 have been shown 
in periodontitis patients compared to healthy controls (Banu et al.  2015 ; Ozçaka 
et al.  2011 ). 

  IL-23  is expressed by monocytes, macrophages, and dendritic cells and promotes 
Th17 cell differentiation. Progressively increased levels of IL-23 in the gingival 
crevicular fl uid from healthy to gingivitis and to periodontitis sites have been 
reported (Gonzales  2015 ; Himani et al.  2014 ). 

  IL-33  is primarily expressed intracellularly, e.g., in monocytes and endothelial 
and epithelial cells. It is assumed that IL-33 release after cell necrosis represents an 
alarming signal for cell damage and, hence, causes a pro-infl ammatory immune 
response and cytokine production (Moussion et al.  2008 ; Nile et al.  2010 ). In human 
gingival tissue biopsies, the levels of IL-33 were increased compared to healthy tis-
sue samples, and in a preclinical trial on experimental periodontitis, IL-33 expres-
sion was increased in the presence of bacterial infection and mediated bone loss via 
the RANKL system (Malcolm et al.  2015 ).  

12.1.6.4     Anti-inflammatory Interleukins 
  IL-4  is expressed by Th2 cells and at the same time also promotes Th2 cell differen-
tiation; further, IL-4 promotes B cell activation, differentiation, and antibody pro-
duction (Appay et al.  2008 ; Cronstein  2007 ). IL-4 exerts its anti-infl ammatory and 
antiresorptive action by decreasing IFN-γ, MMP, and RANKL expression and by 
elevating IL-10, TIMPs, and OPG levels (Appay et al.  2008 ; Garlet et al.  2006 ; Ihn 
et al.  2002 ; Jarnicki and Fallon  2003 ; Saidenberg-Kermanac’h et al.  2004 ). Indeed, 
lower IL-4 levels have been recorded in gingival crevicular fl uid of periodontally 
diseased patients compared to those in healthy controls (Pradeep et al.  2008 ). 

  IL-10  is an anti-infl ammatory cytokine, which is expressed by various cell types 
(e.g., T and B cells, macrophages, dendritic cells). IL-10 reduces the activity of pro- 
infl ammatory cytokines (e.g., IL-1−IL-17, IFN-γ) (Jovanovic et al.  1998 ; Naundorf 
et al.  2009 ) and upregulates TIMPs and OPG, thereby reducing soft and mineralized 
periodontal tissue destruction (Garlet et al.  2004 ,  2006 ; Zhang and Teng  2006 ). 
IL-10 knockout mice presented a remarkably higher susceptibility against  P. gingi-
valis  (Sasaki et al.  2004 ) and a reduced expression of osteoblast and osteocyte 
markers (Claudino et al.  2010 ), which indicates that, in addition to its anti- 
infl ammatory and antiresorptive properties, IL-10 appears to also have a direct posi-
tive effect on bone formation. In the clinic, patients with a polymorphism reducing 
IL-10 mRNA transcription showed also reduced TIMP-3 and OPG transcription 
(Claudino et al.  2008 ), and therefore IL-10 polymorphism has been suggested as 
risk factor for chronic periodontitis (Zhong et al.  2012 ). 

  IL-13 , expressed mainly by Th2 cells, exerts its anti-infl ammatory action by 
downregulating infl ammatory cytokine production in monocytes and supports B 
cell activation and antibody production (Abbas et al.  1996 ; de Waal Malefyt et al. 
 1993 ). During periodontal disease, IL-13 appears to correlate with IL-4 levels but 
shows in general higher levels (Johnson and Serio  2007 ).  
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12.1.6.5     TNF-α 
  TNF-α  is expressed by various resident and immune cells and is, next to IL-1 and 
IL-6, a pro-infl ammatory key cytokine in periodontitis pathogenesis. IL-1, IL-6, and 
TNF-α seem to somehow complement each other during infl ammatory alveolar 
bone loss, since blocking of all three cytokines is shown to result in a higher inhibi-
tion of alveolar bone loss compared to single cytokine blocking (Graves  2008 ; 
Zwerina et al.  2004 ). TNF-α has the potential to induce osteoclastogenesis even in 
the absence of RANKL and also to diminish bone formation by inhibiting differen-
tiation of osteoblast precursors and proliferation of mature osteoblasts (Bartold 
et al.  2010 ; de Vries et al.  2016 ; Graves et al.  2011 ; Graves and Cochran  2003 ; 
Lacey et al.  2009 ; Tomomatsu et al.  2009 ). Progressively increasing gingival cre-
vicular fl uid levels of TNF-α from periodontally healthy to gingivitis and to peri-
odontitis patients have been reported (Ertugrul et al.  2013 ).  

12.1.6.6     IFN-γ 
  IFN-γ  is expressed by Th1 cells and natural killer cells and exerts a strong pro- 
infl ammatory action by attracting and enhancing phagocyte activity and by induc-
ing expression of pro-infl ammatory cytokines and chemokines. Although it has 
been shown in vitro that IFN-γ inhibits osteoclastogenesis, due to its strong pro- 
infl ammatory action, i.e., elevation of IL-1, TNF-α, RANKL levels, this direct anti- 
osteoclastogenic effect is overcome in vivo, resulting altogether in alveolar bone 
loss (Gao et al.  2007 ; Garlet et al.  2008 ; Gemmell and Seymour  1994 ; Ji et al. 
 2009 ). Yet, IFN-γ plays also an important role in the defense mechanism against 
infections by activating cytotoxic CD8 +  T cells and natural killer cells; e.g., it has 
been shown that IFN-γ knockout mice presented severe defense impairment against 
 A. actinomycetemcomitans  (Garlet et al.  2008 ). In preclinical and clinical trials, 
increasing levels of IFN-γ correlated well with increasing severity of periodontal 
lesions (Garlet et al.  2003 ; Honda et al.  2006 ; Isaza-Guzmán et al.  2015 ; Teng et al. 
 2005 ).  

12.1.6.7     TGF-ß 
  Transforming growth factor beta (TGF-ß)  is part of the TGF-ß superfamily that 
represents a variety of proteins, including the bone morphogenetic proteins. TGF-ß 
is secreted by a variety of cells (e.g., Treg, macrophages, neutrophils) and can regu-
late the immune response by reducing pro-infl ammatory cytokine (e.g., IL-1, TNF- 
α) and tissue-degrading enzyme (e.g., MMPs) expression; additionally, TGF-ß is 
considered as an important factor for wound healing. High levels of TGF-ß have 
been found in periodontally infl amed tissues, which might be indicative of the con-
stant wound healing response of the host (Mize et al.  2015 ; Steinsvoll et al.  1999 ).  

12.1.6.8     Complement System 
 The  complement system  consists of more than 40 proteins and can be activated by 
three different pathways, which converge with cleavage of the complement compo-
nent 3 (C3) into C3a and C3b. C3a is attracting leukocytes and C3b binds covalently 
to target surfaces to make the pathogens more susceptible to phagocytosis by leuko-
cytes, i.e., “complement opsonization.” Although the complement system supports 
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the immune system, continuous complement activation can be destructive for the 
host tissue by indirectly inducing alveolar bone loss (Damgaard et al.  2015 ). In 
particular, the membrane attack complex (C5b-9) can lead to activation of phospho-
lipase A2, release of arachidonic acid, and synthesis of prostaglandin E2, which is 
a very potent osteolytic substance (Klein and Raisz  1970 ). Further, neutrophils and 
monocytes express the complement receptor 3, which is strongly activated by  P. 
gingivalis ; complement receptor 3 activation increases phagocyte recruitment and 
pro-infl ammatory cytokine expression (e.g., IL-1, IL-6, TNF-α) causing increased 
alveolar bone loss.  

12.1.6.9     Lipid Mediators 
 Arachidonic acid is released by phospholipase A2 from membrane phospholipids 
and further processed to either pro- or anti-infl ammatory mediators. Pro- 
infl ammatory lipid mediators, i.e.,  leukotrienes  and  prostaglandins , induce recruit-
ment of neutrophils (e.g., leukotriene B4) and promote osteoclastogenesis and bone 
resorption (e.g., prostaglandin E2). Elevated levels of such lipid mediators have 
been observed in the gingival crevicular fl uid of periodontally diseased patients 
(Offenbacher et al.  1986 ; Zhong et al.  2007 ). 

 The anti-infl ammatory lipid mediators, i.e.,  lipoxins ,  resolvins , and  protectins , 
are pro-resolving on the infl ammation process (Garlet  2010 ; Graves et al.  2011 ). 
Pro-resolution is, in contrast to the passive termination of infl ammation, an actively 
regulated process; e.g., anti-infl ammatory lipid mediators were shown to regulate 
the migration and recruitment of neutrophils and T cells, to attenuate leukotriene 
B4-dependent pro-infl ammatory signals, to reduce the expression of pro- 
infl ammatory cytokines, and to promote T cell apoptosis (Serhan et al.  2008 ).  

12.1.6.10     Nitric Oxide 
  Nitric oxide (NO) , previously named “endothelial-derived relaxing factor,” is syn-
thesized during conversion of L-arginine to L-citrulline by NO-synthases. The 
endothelial and neuronal NO-synthases are constitutively expressed, whereas the 
inducible NO-synthases (iNOS) are expressed in neutrophils, macrophages, and/or 
gingival tissue upon pro-infl ammatory cytokine expression and/or in the presence of 
bacterial products. NO has an important role in vascular regulation, platelet aggre-
gation, regulation of mineralized tissue, and the pathogenesis of infl ammatory dis-
eases (Alayan et al.  2006 ; Daghigh et al.  2002 ; Matejka et al.  1998 ; Ugar-Cankal 
and Ozmeric  2006 ). The role of NO is most likely dual; on the one side, it is part of 
the defense mechanism and helps to control the bacterial attack, but on the other 
side, excessive amounts of NO are toxic for various cells (e.g., fi broblasts, epithelial 
cells) and NO is suspected to increase MMPs and reduce TIMPs (Brennan et al. 
 2003 ; Nguyen et al.  1992 ; Ugar-Cankal and Ozmeric  2006 ). Indeed, experimental 
periodontitis in iNOS knockout mice resulted in an elevated amount of neutrophils 
in the periodontal tissues and more bone, compared to that in wild-type mice 
(Alayan et al.  2006 ; Fukada et al.  2008 ). Further, elevated levels of iNOS have been 
observed in periodontally diseased tissue (Lappin et al.  2000 ; Matejka et al.  1998 ), 
while reduced amounts of NO 2  − , which is the stable metabolite of NO, have been 
found in the saliva of periodontally diseased patients (Aurer et al.  2001 ) (Table  12.1 ).
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   Table 12.1    Overview of mediators and enzymes involved in periodontal disease pathogenesis   

 Mediator/enzyme  Cell source  Main effect 

  Bone metabolism  

 RANKL  Osteoblasts, dendritic cells, B and T 
cells, periodontal ligament cells, 
gingival fi broblasts 

 Induction of osteoclastogenesis 

 OPG  Osteoblasts  Inhibition of RANKL-RANK 
binding 

  Soft tissue metabolism  

 MMP  Neutrophils, macrophages  Degradation of periodontal soft 
tissue 

 TIMP  Macrophages, fi broblasts, endothelial 
cells 

 Inhibition of MMPs 

  Pro-infl ammatory  

 IL-1  Various cells of the periodontium and 
immune system 

 Pro-infl ammatory key cytokine 

 IL-2  Th1 cells  Activation of T and B cells and 
natural killer cells 

 IL-6  Various cells of the periodontium and 
the immune system 

 Pro-infl ammatory key cytokine 

 IL-8  Monocytes, macrophages, fi broblasts, 
keratinocytes, and endothelial cells 

 Chemotaxis on neutrophils 

 IL-12  Cells of the immune system  Promotion of a Th1 cell 
response 

 IL-17  Th17 cells, neutrophils, dendritic 
cells, periodontal ligament cells 

 Pro-infl ammatory cytokine and 
increase in tissue degradation 

 IL-18  Cells of the immune system, 
osteoblasts, fi broblasts 

 Pro-infl ammatory cytokine 

 IL-23  Monocytes, macrophages, and 
dendritic cells 

 Promotion of Th17 cell 
differentiation 

 IL-33  Intracellular expression in monocytes, 
and endothelial and epithelial cells 

 Pro-infl ammatory cytokine 

 TNF-α  Various cells of the periodontium and 
the immune system 

 Pro-infl ammatory key cytokine 

 IFN-γ  Th1 cells, natural killer cells  Promotion of phagocyte 
activity and expression of 
pro-infl ammatory cytokines 

 Pro-infl ammatory 
lipid mediators 

 –  Promotion of 
osteoclastogenesis and 
recruitment of neutrophils 

  Anti-infl ammatory  

 IL-4  Th2 cells  Promotion of Th2 and B cell 
differentiation and reduction in 
tissue degradation 

 IL-10  Cells of the immune system  Anti-infl ammatory key 
cytokine 

(continued)
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 Mediator/enzyme  Cell source  Main effect 

 IL-13  Th2 cells  Anti-infl ammatory effect on 
monocytes and promotion of B 
cell differentiation and 
antibody production 

 TGF-ß  Treg, macrophages, neutrophils  Reduction of pro-infl ammatory 
cytokines and tissue-degrading 
enzymes 

 Anti-infl ammatory 
lipid mediators 

 –  Resolution of infl ammatory 
process 

  Control of bacterial attack  

 Complement system  Monocytes/macrophages, fi broblasts, 
epithelial and endothelial cells, 
osteoblasts 

 C3a – attraction of leukocytes; 
C3b – “complement 
opsonization” 

 NO  Neutrophils, macrophages, gingival 
tissue 

 Control of the bacterial attack; 
toxic effect on various cells 
and promotion of soft tissue 
degradation 

   C3  complement component 3,  IFN  interferon,  IL  interleukin,  MMP  matrix metalloproteinases,  NO  
nitric oxide,  OPG  osteoprotegerin,  RANK  receptor activator of NF-kB,  RANKL  receptor activator of 
nuclear factor “kappa-light-chain-enhancer” of the activated B cell ligand,  Th  T helper cells,  TIMP  
tissue inhibitors of metalloproteinase,  TGF  transforming growth factor,  TNF  tumor necrosis factor  

12.1.7         Cells Involved in the Pathogenesis of Periodontal Disease 

12.1.7.1     Gingival Fibroblasts and Periodontal Ligament Cells 
  Gingival fi broblasts  and  periodontal ligament cells  constitute the main cellular 
component of the gingiva and periodontal ligament, respectively, and are responsi-
ble for maintenance of tissue integrity. Both cell types can be considered as multi-
potent cells, possessing an  osteogenic potential  (Kook et al.  2009 ; Lee et al.  2009 ; 
Mostafa et al.  2011 ; Rodrigues et al.  2007 ), and hence may constitute a potential 
cellular source during bone wound healing. However, this osteogenic potential is 
diminished in the presence of tissue-degrading pro-infl ammatory proteases, i.e., 
MMPs, during chronic infl ammation (Hayami et al.  2008 ; Joseph et al.  2010 ).  

12.1.7.2     Osteoblasts, Osteoclasts, and Osteocytes 
  Osteoblasts  are derived from mesenchymal cells of the bone marrow, are lining the 
bone surfaces, and are responsible for bone formation.  Osteoclasts  are multinucle-
ated monocyte/macrophage lineage cells of hematopoietic origin with the capacity 
to resorb bone and are found close to resorption lacunae (called Howship’s lacu-
nae).  Osteocytes  are previous osteoblasts that became entrapped within the bone 
matrix and reside in lacunae connecting to each other via long cytoplasmic exten-
sions. Osteocytes can regulate the activity of osteoclasts and osteoblasts, resulting 
in bone loss, through expression of RANKL and sclerostin; specifi cally, sclerostin 
expression reduces osteoblast differentiation (Kim et al.  2014 ,  2015 ). 

Table 12.1 continued
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 Osteoblast and osteoclasts are controlling together bone remodeling and homeo-
stasis, i.e., the lifelong constant coupling of bone formation and resorption (Fuller 
et al.  1998 ; Lacey et al.  1998 ; Quinn et al.  1998 ; Yasuda et al.  1998 ). As mentioned 
earlier, differentiation and activation of osteoclasts are regulated by the RANKL/
RANK/OPG system in combination with M-CSF. In periodontitis, osteoclastogenesis 
is constantly upregulated due to a high RANKL expression by resident and immune 
cells. Indeed, RANKL levels have been shown to correlate well with the cathepsin K 
levels; cathepsin K is a protease expressed by osteoclasts and is responsible for degra-
dation of the organic matrix of bone. In addition, LPS from periodontal pathogens 
seems to impair osteoblastic cell differentiation partially due to TNF-α upregulation 
(Kadono et al.  1999 ; Roberts et al.  2008 ; Tomomatsu et al.  2009 ; Wang et al.  2010 ).  

12.1.7.3     Neutrophils 
  Neutrophils  (syn. polymorphonuclear leukocytes) differentiate in the bone marrow 
before entering the blood fl ow and are the most abundant leukocytes in the blood, 
accounting for about two thirds of all blood leukocytes. This constant mature state 
of neutrophils in the blood circulation allows an immediate immune response when-
ever and wherever necessary; if bacterial invasion occurs, neutrophils can exit the 
blood fl ow and migrate into the affected tissue following a chemical gradient, i.e., 
chemotaxis. In the periodontium, neutrophils enter the tissues constantly from the 
terminal blood circulation and exit into the gingival crevicular fl uid, where they 
form a “defense wall” against potential invaders. 

 Neutrophil involvement in the pathogenesis of periodontal disease may be consid-
ered as either  hyporesponsive  or as  hyperresponsive . Hyporesponsive neutrophils (e.g., 
due to defects in chemotaxis, transendothelial migration, or phagocytosis) weaken the 
fi rst host defense mechanism and the bacterial attack might overwhelm host immunity. 
In contrast, an intense response of hyperresponsive neutrophils not only degrades the 
microbial invaders but also causes collateral tissue damage. A hyperresponsive neutro-
phil response is characterized by excessive release of toxic products, an elevated oxida-
tive burst, and increased secretion of degrading enzymes (e.g., MMPs) (Gustafsson 
et al.  2006 ; Nussbaum and Shapira  2011 ; Ryder  2010 ; Shaddox et al.  2010 ). 

 Further, neutrophils can interfere directly and indirectly with the bone metabo-
lism, being a source of pro-infl ammatory cytokines (e.g., IL-1, TNF-α) that further 
upregulate the immune response and cause an increased degradation of soft and 
mineralized periodontal tissue. Neutrophils also promote the adaptive immune 
response via chemotactic effects on Th17 cells, which in turn release high amounts 
of the pro-infl ammatory cytokine IL-17 (Pelletier et al.  2010 ). In addition, activated 
neutrophils can express – but not secrete – on their cell surface RANKL; hence, in 
close proximity to osteoclast precursors, they can directly activate and promote 
osteoclastogenesis (Bloemen et al.  2010 ; Chakravarti et al.  2009 ).  

12.1.7.4     Monocytes 
  Monocytes  are myeloid cells of the hematopoietic system, which migrate from the 
bone marrow with the blood stream in a quite immature state that enables them to 
further differentiate according to given requirements. For example, monocytes can 
enter the tissue and differentiate into  macrophages , which are typical phagocytosing 
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cells. Macrophages can kill pathogens by producing antimicrobial substances (e.g., 
myeloperoxidase, reactive oxygen species, reactive nitrogen species) and can ingest, 
process, and present antigens to T cells. Further, macrophages are contributing to 
infl ammatory tissue damage by secretion of pro-infl ammatory cytokines (e.g., IL-1, 
TNF-α). Another possible differentiation pathway of monocytes – in the presence 
of M-CSF and RANKL – is into osteoclasts, and thereby they are also contributing 
to bone resorption (Bar-Shavit  2008 ; Faust et al.  1999 ; Massey and Flanagan  1999 ). 

 Interestingly, monocytes from periodontally diseased patients may present dis-
tinct differences comparing to mononuclear cells from periodontally healthy indi-
viduals. Specifi cally, in vitro studies suggest that a  hyper-reactive phenotype  may 
exist in periodontitis patients, which upon stimulation with bacteria or LPS releases 
increased amounts of pro-infl ammatory cytokines and generates more oxygen radi-
cals comparing to monocytes from healthy subjects (Gustafsson et al.  2006 ). 
Further, discrepancies in  peripheral osteoclastogenesis  have been reported, with 
monocytes from periodontitis patients spontaneously forming osteoclasts without 
stimulation with M-CSF and/or RANKL. Hence, it has been suggested that the 
priming of the osteoclast precursors in periodontally diseased patients may already 
take place – at least partly – in the peripheral blood (Brunetti et al.  2005 ; Tjoa et al. 
 2008 ).  

12.1.7.5     Dendritic Cells 
 Peripheral  dendritic cells  are professional antigen processing and presenting cells; 
after antigen incorporation, they prime naive T cells in the lymph nodes (Wolff 
 1972 ), and this naive T cell stimulation is promoted in the presence of RANKL 
(Anderson et al.  1997 ). In the presence of RANKL and M-CSF, dendritic cells dif-
ferentiate into mature osteoclasts, while in the absence of RANKL, they differenti-
ate into mature dendritic cells and support the adaptive immunity by processing and 
presenting antigens. However, once differentiated into mature dendritic cells, they 
do not posses any longer their osteoclastogenic potential (Liu et al.  2010 ). 

  Langerhans cells  are dendritic cells located above the basal layer of epithelial 
cells, e.g., in the skin and oral mucosa. Increased numbers of Langerhans cells have 
occasionally been observed in the gingiva of periodontitis patients, comparing to 
what observed in healthy individuals (Ford et al.  2010 ).  

12.1.7.6     Natural Killer Cells 
  Natural killer cells  are a subset of lymphocytes and play an important role in the 
innate immunity. Natural killer cells express primarily IFN-γ but exhibit additional 
antimicrobial action by expression of defensins, which are specifi c antimicrobial 
peptides. Interestingly, tissue infi ltration with activated natural killer cells has been 
observed in AgP but not CP lesions (Nowak et al.  2013 ). It has been suggested that 
this difference is due to the differences among the infecting periodontal pathogens. 
Specifi cally, infection with  A. actinomycetemcomitans , which is characteristically 
present in localized AgP, induces via dendritic cells activation of natural killer cells 
and subsequent IFN-γ expression, while infection with  P. gingivalis , which is a key 
periodontal pathogen in CP, does not (Chalifour et al.  2004 ; Gonzales  2015 ; Kikuchi 
et al.  2004 ; Nowak et al.  2013 ).  
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12.1.7.7     T Cells 
  T cells  are part of the adaptive immunity, derive from the hematopoietic stem cells 
in the bone marrow, but migrate and mature in the thymus. They can be subdivided 
based on the expression of the co-receptors CD8 or CD4.  CD8   +    T cells , also called 
cytotoxic T cells, control intracellular antigens (e.g., viruses) and may play a role in 
periodontitis in the presence of coinfection with herpes virus; recognition of herpes 
virus by the immune system induces a strong CD8 +  T cell activation and mobiliza-
tion (Gonzales  2015 ; Slots  2010 ). 

  CD4   +    T cells , also called Th cells, primarily assist other cells of the immune 
system in their functions; for example, they assist in B cell maturation. CD4 +  T cells 
differentiate further depending on the presence of specifi c cytokines (Mosmann 
et al.  1991 ); while high IL-12 levels favor  Th1 cell  development, high IL-4 levels 
promote  Th2 cell  differentiation. Th1 and Th2 cells can, in turn, be distinguished by 
differences in their cytokine expression pattern. Th1 cells secrete mainly IFN-γ, 
IL-2, IL-12, and TNF-α and initiate a cellular and pro-infl ammatory immune 
response characterized by presence of phagocytosing cells (Gonzales  2015 ), while 
Th2 cells appear to have a more protective function by expressing IL-4, IL-5, IL-9, 
IL-10, and IL-13 and promoting B cell activation, differentiation, and antibody pro-
duction (Appay et al.  2008 ; Cronstein  2007 ; Gonzales  2015 ; Murphy and Reiner 
 2002 ). In addition to Th1 and Th2 cells,  Th17  and  Treg cells  have been detected in 
periodontally diseased tissues (Cardoso et al.  2008 ; Gaffen and Hajishengallis  2008 ; 
Gonzales  2015 ; Teng  2006b ). Th17 cells differentiate in the presence of IL-23 and 
express IL-6 and mainly IL-17, which – as already described – exerts a strong pro- 
infl ammatory immune response (Cardoso et al.  2008 ; Cheng et al.  2014 ; Ford et al. 
 2010 ; Kotake et al.  1999 ; Sato et al.  2006 ; Yu et al.  2007 ). In contrast,  Treg  develops 
in the presence of TGF-ß and IL-2 and they have a protective role by decreasing 
periodontal disease progression through expression of IL-10 and TGF-ß (Cardoso 
et al.  2008 ; Gonzales  2015 ).  

12.1.7.8     B Cells 
  B cells  belong to the adaptive immunity and they have two main functions: (a) they 
recognize antigens by using a high-affi nity receptor and then process and present 
them to CD4 +  and CD8 +  T cells (Gonzales  2015 ) and (b) they produce and secret 
antibodies for opsonization of invading pathogens. 

 In the gingival tissue in periodontitis lesions, B and T cells are the predomi-
nant mononuclear cell types, with the number of B cells regularly exceeding 
that of T cells. B cells exert a dual role in periodontal disease progression; they 
have a major protective role through opsonization of periodontal pathogens, 
thus facilitating phagocytosis by neutrophils and macrophages, and through 
activation of the complement system (Guentsch et al.  2009 ; Teng  2006a ). For 
example,  A. actinomycetemcomitans  can only be controlled by neutrophils after 
opsonization by IgG, while other opsonizing factors (e.g., C3b, LPS-binding 
proteins, other Ig isotypes) appear not effective against it (Guentsch et al.  2009 ; 
Teng  2006a ). In a longitudinal human trial, patients with active periodontal 
lesions presented lower serum levels of IgG against  A. actinomycetemcomitans  
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and  P. gingivalis  compared to patients that were periodontally stable within a 
regular maintenance program (Rams et al.  2006 ). However, B cells appear to 
play also a major role in alveolar bone loss in periodontitis by expression of 
RANKL after stimulation by periodontal pathogens (Cochran  2008 ; Han et al. 
 2009 ; Han et al.  2006 ; Kawai et al.  2006 ); indeed, B cell deletion resulted in 
remarkably reduced alveolar bone loss (Baker et al.  2009 ). In addition, autore-
active B cells, that produce antibodies against host tissue components (e.g., 
collagen, keratin), have also been detected in tissue samples from periodontitis 
sites (Donati et al.  2009 ; Koutouzis et al.  2009 ). 

 Interestingly, mice severely affected by a combined immunodefi ciency resulting 
in complete deletion of B and T cells experience less bone loss after challenge with 
 P. gingivalis , comparing with non-immunodefi cient controls, which indicates that 
lymphocytes may not be indispensable in infection control, but they play a major 
role in alveolar bone loss (Baker et al.  1999 ) (Table  12.2 ).

12.1.8         Periodontal Treatment 

12.1.8.1     Standard Treatment 
 Cause-related periodontal treatment consists of  oral hygiene instructions  aiming 
at the effi cient daily removal of the accumulating biofi lm from the teeth surfaces 
and of the  mechanical removal of the infectious agents  already accumulated on 
the root surface, i.e., scaling and root planing. The mechanical removal of the 
biofi lm can be combined with the administration of local or systemic use of che-
motherapeutic agents (e.g., rinsing solutions based on chlorhexidine, hyaluro-
nan, essential oils; antibiotics). In cases where nonsurgical treatment does not 
result in disease resolution, periodontal surgery is performed to achieve better 
access to the root surfaces for effi cient mechanical instrumentation. After effi -
cient control of the infection and establishment of infl ammation-free tissues, 
regular maintenance appointments, including mechanical biofi lm removal and 
reinforcement of oral hygiene attitudes, are essential for long-term stability of 
treatment and for prevention of disease recurrence (Bertl et al.  2015 ; Deas and 
Mealey  2010 ; Zandbergen et al.  2013 ).  

12.1.8.2     “Osteoimmunological Targets” in Periodontal Treatment 
 Although it is nowadays recognized that the host immune response is the major 
cause for periodontal tissue destruction, routine periodontal treatment aims primar-
ily to control the bacterial invasion. In periodontitis, unlike in systemic conditions 
like osteoporosis or rheumatoid arthritis, treatment aiming at  interfering with the 
host’s immune system  (e.g., by applying anti-infl ammatory or antiresorptive agents) 
is associated with two major concerns: fi rstly, any (severe) side effects of systemi-
cally administered medications might not justify the possible – most likely small – 
additional benefi t compared to what achieved with standard periodontal treatment 
alone and secondly any (partial) blocking of the immune system may result in inef-
fi cient immune response against the bacterial attack. 
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 In the following, a brief overview of major new therapeutic targets considered in 
periodontitis treatment is discussed (for summary, see Table  12.3 ). 

   Doxycycline 
  Doxycycline  delivered in  subantimicrobial doses  (e.g., 20 mg doxycycline twice 
daily for 3 months) has been shown to downregulate MMP activity and, more 
recently, also pro-infl ammatory cytokine production, i.e., IL-1, IL-17, and TNF-α. 
A systematic review of the literature and meta-analysis have confi rmed that there 

   Table 12.2    Overview of the dual role of resident and immune cells in periodontal disease 
pathogenesis   

 Cell type  Protective aspect  Destructive aspect 

  Resident cells  

 Gingival 
fi broblasts 

 Osteogenic potential  Source of pro-infl ammatory 
cytokines and RANKL 

 Periodontal 
ligament cells 

 Osteogenic potential  Source of pro-infl ammatory 
cytokines and RANKL 

 Osteoblasts  Bone formation  Source of RANKL 

 Osteoclasts  –  Bone resorption 

 Osteocytes  Regulator of bone homeostasis  Source of RANKL and sclerostin 

  Innate immunity  

 Neutrophils  “Defense wall”  Source of pro-infl ammatory 
cytokines and RANKL; causing 
collateral tissue damage 

 Monocytes  Differentiation into macrophages  Differentiation into osteoclasts 

 Macrophages  Phagocytosis of pathogens and 
antigen presentation to T cells 

 Source of pro-infl ammatory 
cytokines; causing collateral tissue 
damage 

 Dendritic cells  Antigen presentation  Differentiation into osteoclasts 

 Natural killer cells  Expression of antimicrobial 
defensins 

 IFN-γ expression 

  Adaptive immunity  

 Th1 cells  Increase in phagocyte activity and 
in vitro inhibition of 
osteoclastogenesis via IFN-γ 

 Expression of IFN-γ, IL-2, IL-12, 
and TNF-α and promotion of 
expression of other pro- 
infl ammatory cytokines 

 Th2 cells  Expression of IL-4, IL-5, IL-9, 
IL-10, and IL-13 and promotion 
of B cell activation 

 Strong Th2 response favors RANKL 
expressing B cells 

 Th17 cells  Activation of neutrophils  Expression of IL-6 and IL-17 and 
promotion of expression of other 
pro-infl ammatory cytokines 

 Treg cells  Expression of IL-10 and TGF-ß  – 

 B cells  Production of antibodies  Source of RANKL and possibility of 
auoantibodies 

   IFN  interferon,  IL  interleukin,  RANKL  receptor activator of nuclear factor “kappa-light-chain- 
enhancer” of the activated B cell ligand,  Treg  regulatory T cells,  Th  T helper cells,  TGF  transform-
ing growth factor,  TNF  tumor necrosis factor  
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seems to be a signifi cant improvement of clinical periodontal parameters after non-
surgical periodontal treatment with adjunctive delivery of doxycycline in subanti-
microbial doses compared to nonsurgical treatment alone (Castro et al.  2016 ; 
Sgolastra et al.  2011 ).  

   Statins 
  Statins  (e.g., simvastatin, atorvastatin) are widely used to control lipid metabolism 
by reducing serum cholesterol levels. Additionally, they appear to have anti- 
infl ammatory and antiresorptive properties. Clinical trials have reported a signifi -
cant positive effect of locally or systemically administered statins as adjunct to 
nonsurgical periodontal treatment, primarily in terms of posttreatment alveolar 
bone levels but also regarding the clinical periodontal parameters (Fajardo et al. 
 2010 ; Pradeep et al.  2012 ; Pradeep et al.  2013 ; Pradeep et al.  2015 ).  

   TNF-α Antagonists 
  TNF-α antagonists  are used in the treatment of rheumatoid arthritis. Preclinical trials 
evaluating the effect of TNF-α antagonists in experimental periodontitis have shown 

    Table 12.3    Overview of potential osteoimmunological targets for periodontitis treatment, evalu-
ated in preclinical and/or clinical studies   

 Target  Agent  Mode of action 

  Preclinical trials  

 RANKL/RANK/OPG 
system 

 OPG/OPG analogues  Blockade of RANKL-RANK 
binding 

 –  Lipid mediators  Pro-resolving and 
anti-infl ammatory 

 Sclerostin  Sclerostin antibody  Improved bone formation 

 Osteoclasts  Bisphosphonates  Reduced osteoclast activity and 
bone turnover 

 Cathepsin K  Cathepsin K inhibitors  Reduced bone loss 

 iNOS  iNOS inhibitors  Reduced NO production 

 Mitogen-activated 
protein kinases 

 Mitogen-activated protein 
kinases inhibitors 

 Anti-infl ammatory and 
antiresorptive 

 –  Melatonin  Antioxidant and free radical 
scavenger 

 Angiotensin II receptor  Angiotensin II receptor blocker  Anti-infl ammatory 

  Clinical trials  

 MMPs  Doxycycline  Inhibition of MMPs 

 TNF-α  TNF-α-antagonists  Anti-infl ammatory and 
antiresorptive 

 –  Statins  Anti-infl ammatory and 
antiresorptive 

 –  Vitamin D and calcium  Regulation of bone homeostasis 
and immune system 

   iNOS  inducible NO-synthases,  MMP  matrix metalloproteinases,  NO  nitric oxide,  OPG  osteopro-
tegerin,  RANK  receptor activator of NF-kB,  RANKL  receptor activator of nuclear factor “kappa- 
light- chain-enhancer” of the activated B cell ligand,  TNF  tumor necrosis factor  
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reduced neutrophil infi ltration and periodontal infl ammation levels (Di Paola et al. 
 2007 ; Gonçalves et al.  2014 ). However, reduced neutrophil infi ltration may impair 
pathogen clearance. For example, increased  A. actinomycetemcomitans  load and 
infl ammatory marker levels have been detected in a TNF-α knockout mouse model; in 
particular, knockout mice presented reduced activation, migration, and phagocytosing 
activity of neutrophils and macrophages in periodontal lesions (Garlet et al.  2007 ). In 
a case-control study, however, patients with rheumatoid arthritis taking TNF-α-
antagonists presented better periodontal indices and lower gingival crevicular fl uid 
levels of TNF-α, compared to patients taking another medication (Mayer et al.  2009 ).  

   Lipid Mediators 
 Pro-resolving  lipid mediators , i.e., lipoxins, resolvins, and protectins, as adjunct to 
periodontal therapy, would theoretically reduce the amount of tissue degradation by 
actively promoting infl ammation resolution. Indeed, the extent of tissue breakdown 
during experimental periodontitis and disease resolution was signifi cantly improved 
in preclinical trials involving local application of resolvins (Hasturk et al.  2007 ; Van 
Dyke et al.  2015 ).  

   OPG 
 Systemic and local administrations of  OPG  or  OPG analogues  in experimental 
periodontitis models have shown signifi cant alveolar bone loss prevention, due to 
blocking RANKL binding to RANK and, hence, interfering with the process of 
osteoclastogenesis (Jin et al.  2007 ; Lin et al.  2011 ; Tang et al.  2015 ; Teng et al. 
 2000 ). However, systemic long-term administration of a RANKL inhibitor may 
entail unwanted systemic side effects on physiologic bone turnover and on the 
immune system, considering the fact that RANK is not only expressed on osteo-
clasts and their precursors but also on monocytes/macrophages and dendritic cells 
(Ferrari-Lacraz and Ferrari  2011 ; Kong et al.  1999 ).  

   Sclerostin Antibody 
 In a preclinical trial in rats, administration of a  sclerostin antibody  signifi cantly 
improved bone healing in periodontal defects, by blocking the inhibitory effect of 
sclerostin on osteogenesis (Taut et al.  2013 ).  

   Bisphosphonates 
  Bisphosphonates  reduce osteoclast activity and thereby the amount of bone resorption 
and are regularly used in the treatment of osteoporosis or tumor-associated osteolysis. 
Systemic application of bisphosphonates appears not applicable in periodontitis treat-
ment, due to the interference with the physiologic bone turnover, but also because it 
might cause severe side effects, i.e., bisphosphonate-related osteonecrosis of the jaw; 
in fact, periodontitis itself appears as risk factor for developing bisphosphonate-related 
osteonecrosis of the jaw. Yet, it has been demonstrated in preclinical trials of experi-
mental periodontitis models that local administration of bisphosphonates results in 
reduced alveolar bone destruction and in enhanced alveolar bone regeneration (De 
Almeida et al.  2015 ; Furlaneto et al.  2014 ; Thumbigere- Math et al.  2014 ).  
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   Vitamin D and Calcium 
 Vitamin D plays important role in bone homeostasis and also exerts additional 
immune regulatory properties; for instance, vitamin D defi ciency is associated with 
reduced calcium levels in the bone and bone volume loss. Indeed, a moderate posi-
tive effect of  vitamin D  and  calcium  supplement intake has been described in cross- 
sectional and cohort studies (Garcia et al.  2011 ; Miley et al.  2009 ). However, there 
are currently no randomized controlled clinical trials on vitamin D and calcium 
supplementation during nonsurgical periodontal treatment.  

   Cathepsin K Inhibitors 
 Cathepsin K inhibitors are considered as promising drugs in osteoporosis treatment. 
Recently,  inhibition of cathepsin K  was shown to reduce the extent of the immune 
response and of alveolar bone loss in experimental periodontitis in mice (Bartold 
et al.  2010 ; Hao et al.  2015 ).  

   iNOS Inhibitors 
  iNOS inhibitors  (e.g., mercaptoethyl guanidine, aminoguanidine) are shown 
in vitro to reduce NO production by human gingival fi broblasts, while, in an exper-
imental periodontitis model, they decreased the level of periodontal infl ammation 
and bone loss (Chang et al.  2014 ; Daghigh et al.  2002 ; Di Paola et al.  2004 ; Lohinai 
et al.  1998 ).  

   Mitogen-Activated Protein Kinase 
 Mitogen-activated protein kinases are intracellular molecules involved in signal 
transduction during infl ammation and production of pro-infl ammatory cytokines. 
Administration of  mitogen-activated protein kinases inhibitors  in an experimental 
periodontitis model reduced the infl ammatory response and thereby also the alveo-
lar bone loss (Kirkwood et al.  2007 ; Rogers et al.  2007 ).  

   Melatonin 
  Melatonin , a hormone primary involved in the control of the circadian rhythm, acts 
also as an antioxidant, immune modulator, and free radical scavenger. It has been 
demonstrated that the levels of salivary melatonin are decreased in periodontal dis-
ease, while systemic melatonin administration during experimental periodontitis 
reduced the level of pro-infl ammatory cytokines and the extent of alveolar bone 
destruction (Arabacı et al.  2015 ; Bertl et al.  2013 ; Kara et al.  2013 ).  

   Angiotensin II Receptor Blockers 
  Angiotensin II receptor blockers  (e.g., azilsartan, olmesartan, telmisartan) exert an 
anti-infl ammatory effect by suppressing TNF-α-induced IL-6 gene promoter activity. 
In an experimental periodontitis model, angiotensin II receptor blocker administra-
tion resulted in reduced tissue degradation, including reduced levels of MMPs and 
RANKL, increased levels of OPG, reduced levels of IL-1, TNF-α, and increased 
levels IL-10 cytokines (Araújo et al.  2013a ,  b ,  2014 ) compared to controls 
(Table  12.3 ).
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12.1.9          Summary 

 Periodontal disease is initiated by oral pathogens that provoke a response from the 
immune system, which exerts a two-sided effect: on one side, it controls the infec-
tion and protects the organism from bacterial invasion, but on the other side, it 
causes collateral tissue destruction within the periodontium. This dual effect is 
refl ected in the often two-sided duties of cells and mediators involved in periodon-
titis pathogenesis. Interestingly, it appears that the intensity of the immune response 
is not the main relevant factor for periodontal infection control but is decisive for the 
extent of periodontal tissue destruction. Thus, the stronger the immune response is, 
the larger the damage caused in the periodontal tissues (Trombone et al.  2009 ). In 
contrast, a defi cient immune response also leads to increased tissue damage due to 
failure in controlling the infection. The increased knowledge on the interactions 
between cells of the immune system and the resident cells in the periodontal tissues 
and on the involved enzymes and cytokines offers new exciting targets for the treat-
ment of periodontal disease; yet, evaluation of most of these targets is still on the 
preclinical level (Fig.  12.6 ).

  Fig. 12.6    Graphic presentation of the enzymes, mediators, and cells involved in periodontitis 
pathogenesis, including their interactions and their effects on the soft and mineralized peri-
odontal tissues       
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