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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 

9 Antibodies for the Treatment of Bone Diseases: Preclinical Data



220

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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