Short Communication

The American Journal of Pathology, Vol. 175, No. 2, August 2009
Copyright © American Society for Investigative Pathology
DOI: 10.2353/ajpath.2009.080957

Inhibition of Receptor Activator of NF-kB Ligand
by Denosumab Attenuates Vascular Calcium

Deposition in Mice

Susann Helas,*t Claudia Goettsch,*

Michael Schoppet,* Ute Zeitz,® Ute Hempel,”
Henning Morawietz, !l Paul J. Kostenuik,**
Reinhold G. Erben,$ and Lorenz C. Hofbauer*t

From the Divisions of Endocrinology, Diabetes, and Bone
Diseases,* and Vascular Endothelium and Microcirculation,)
Department of Medicine III, the DFG Research Center,! Center for
Regenerative Therapies Dresden, and the Institute of
Physiological Chemistry," Technical University, Dresden,
Germany; the Department of Internal Medicine and Cardiology,*
Philipps-University, Marburg, Germamny; the Department of
Biomedical Sciences,S University of Veterinary Medicine, Vienna,
Austria; and Amgen Inc.,** Thousand Oaks, California

Osteoporosis and vascular calcification frequently co-
incide. A potential mediator of bone metabolism and
vascular homeostasis is the triad cytokine system,
which consists of receptor activator of nuclear fac-
tor-kB (RANK) ligand (RANKL), its receptor RANK,
and the decoy receptor osteoprotegerin. Unopposed
RANKL activity in osteoprotegerin-deficient mice re-
sulted in osteoporosis and vascular calcification. We
therefore analyzed the effects of RANKL inhibition by
denosumab, a human monoclonal antibody against
RANKL, on vascular calcium deposition following glu-
cocorticoid exposure. Prednisolone pellets were im-
planted into human RANKL knock-in (huRANKL-KI)
mice, which unlike wild-type mice are responsive to
denosumab. No histomorphological abnormalities or
differences in aortic wall thickness were detected be-
tween wild-type and huRANKL-KI mice, regardless of
treatment with prednisolone, denosumab, or both.
However, concurrent treatment with denosumab re-
duced aortic calcium deposition of prednisolone-
treated huRANKL-KI mice by up to 50%, based on
calcium measurement. Of note, aortic calcium depo-
sition in huRANKL-KI mice was correlated negatively
with bone mineral density at the lumbar spine (P =
0.04) and positively with urinary excretion of deoxy-
pyridinoline, a marker of bone resorption (P = 0.01).

In summary, RANKL inhibition by denosumab re-
duced vascular calcium deposition in glucocorticoid-
induced osteoporosis in mice, which is further evi-
dence for the link between the bone and vascular
systems. Therefore, the prevention of bone loss by
denosumab might also be associated with reduced
vascular calcification in certain conditions. (Am J
Patbol 2009, 175:473—478; DOI: 10.2353/ajpath.2009.080957)

Osteoporosis is frequently associated with vascular
calcification, and there is a positive association
between the severity of aortic calcification and bone
loss.” Bona fide bone tissue has been detected in areas
of vascular calcification, including bone trabeculae,
bone marrow, osteoblast- and osteoclast-like cells,
and various bone-related extracellular matrix pro-
teins,>® suggesting that vascular calcification has simi-
larities with osteogenesis.* However, the molecular mech-
anisms, the involved signaling pathways of vascular
calcification, and their cross talk with bone metabolism
are still poorly defined.

Receptor activator of nuclear factor (NF)-«B ligand
(RANKL) is an essential cytokine for osteoclast differ-
entiation and activation that binds to its cellular recep-
tor, receptor activator of NF-«kB (RANK). Osteoprote-
gerin (OPG) is a soluble decoy receptor for RANKL,
which inhibits osteoclastogenesis.® Patients on sys-
temic glucocorticoid therapy commonly develop osteo-
porosis, at least in part due to an increased RANKL-
to-OPG ratio, which translates into an increased number
and activity of osteoclasts.®® Interestingly, a number of
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in vitro studies have also implicated glucocorticoids in
the induction of vascular calcification, mainly by pro-
moting osteogenic transdifferentiation of vascular wall-
derived cells.”®

To inhibit RANKL effects in metabolic bone diseases
of humans, denosumab, a fully human monoclonal an-
tibody with a high affinity and specificity for RANKL
was developed. Denosumab inhibits the differentiation,
activity, and survival of osteoclasts. Consistently, de-
nosumab treatment of postmenopausal women with
low bone mass decreased biochemical markers of
bone resorption and increased bone mass at various
skeletal sites.®'° To test the effects of RANKL inhibition
by denosumab in a murine model, human RANKL
knock-in (huRANKL-KI) mice were developed.'' Ho-
mozygous huRANKL-KI mice exclusively express a
chimeric murine/human RANKL protein that is endog-
enously regulated and is fully inhibited by deno-
sumab.’" In a previous study using huRANKL-KI mice,
we demonstrated that prednisolone treatment caused
bone loss by enhancing bone resorption, resulting in
reduced bone strength.'® Here, we used this model to
test the hypothesis that denosumab would reduce
prednisolone-induced vascular calcification in the
aorta, and that this reduction might be related to the
extent to which denosumab inhibited bone resorption.

Materials and Methods

Animal Procedures

Denosumab does not bind to murine RANKL that is
produced by wild-type mice, as described by Kostenuik
et al.”" Therefore, huRANKL-KI mice were generated
by gene targeting.’" In brief, huRANKL-KI mice carry
the human instead of the murine exon 5 in their RANKL
gene. This exon encodes most of the extracellular re-
ceptor binding domain of the RANKL molecule. The
chimeric murine/human RANKL protein expressed by
huRANKL-KI mice has normal affinity for each of its
potential binding partners (murine RANK, murine OPG,
and denosumab)."

Eight-month-old mice (wild-type and huRANKL-KI,
n = 6 per group) received subcutaneously implanted
slow-release pellets (Innovative Research of America,
Sarasota, FL) that released a calculated prednisolone
dose of 2.1 mg/kg/d or placebo. HURANKL-KI mice
were subcutaneously injected with placebo (PBS, n = 6) or
denosumab (n = 6) at a dose of 10 mg/kg, twice weekly
for 4 weeks."® All animal procedures were approved by
the Ethical Committee of the University of Veterinary Med-
icine Vienna.

Histology

To analyze aortic histology, cryosections of 4 um were
generated by a Leica CM 3050S microtome (Leica Mi-
cosystems, Wetzlar, Germany) and stained with H&E
(Merck, Darmstadt, Germany). One abdominal and one

thoracic ring were analyzed from each animal. The thick-
ness of each specimen was measured at 10 different
sites of the vascular specimen using Imaged program
(National Institutes of Health, Bethesda, MD).

Assessment of the Aortic Calcium and
Phosphate Content

Calcium content of the aorta was measured using the
calcium liquicolor kit from Greiner Diagnostics (Bahlin-
gen, Germany). In brief, 5 to 6 mm segments of the aorta
were cut into cross-sections of 10 um each. To elute
calcium, the aortic rings were incubated in a 0.5 N HCI
solution over night. Calcium was measured from the su-
pernatant. After 10 minutes of incubation at room tem-
perature, absorbance at 570 nm was measured using
a microplate reader (BioRad, Munich, Germany) and
compared with a standard curve generated by known
calcium concentrations.

Phosphate content of the aorta was measured using
a NH, molybdate-based assay from Greiner Diagnos-
tics. Aortic rings were incubated with a 0.5 N HCI
solution over night. Supernatant was used for phos-
phate measurement. After incubation at room temper-
ature for 10 minutes, the phosphate content was mea-
sured by measuring absorbance at 340 nm with a
microplate reader (BioRad). The results were com-
pared with a standard curve generated by known
phosphate concentrations.

Mineral content in nmol was calculated from linear
regression analysis (y = ax + b, R7 > 0.99) and was
normalized to the length of the aortic specimen in mm. All
samples were analyzed in a blinded manner.

Alizarin Red S Staining for Mineralized Matrix

Mineralized aortic matrix was determined using alizarin
red staining as previously described.'® In brief, aortic
rings were stained with 2% alizarin red S (pH 4.2; Sigma-
Aldrich, Munich, Germany) for 20 minutes at room tem-
perature. Excess dye was removed by washing with dis-
tilled water. Alizarin red S was eluted from the cell matrix
with 100 mmol/L cetylpyridinium chloride (pH 5.2, Sigma-
Aldrich) for 20 minutes at room temperature. Aliquots
were taken and measured with a spectrophotometer at
530 nm in triplicates for each mouse.

Evaluation of Bone Mineral Density and
Biochemical Bone Markers

Bone mineral density of the forth lumbar vertebrae (L4)
was measured using peripheral quantitative computed
tomography with a XCT Research M+ pQCT (Stratec
Medizintechnik, Pforzheim, Germany)."® Urinary creati-
nine concentration was analyzed in a Hitachi 766 Auto-
analyzer (Boehringer-Ingelheim, Ingelheim, Germany),
and total deoxypyridinoline concentration was measured
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Figure 1. Histomorphology of the aorta from wild-type (WT) and human RANKL knock-in (huRANKL-KI) mice treated with prednisolone (Pred), denosumab (Dmab),
or both. Representative sections from the thoracic (A) and abdominal (B) aorta are shown. Scale bar = 50 um. Asterisk denotes aortic lumen. Original magnification,

X40.

after acid hydrolysis by enzyme-linked immunosorbent
assay (Metra Biosystems, Mountain View, CA)."?

Statistical Analysis

Data are given as the mean = SEM. Statistical analysis
between wild-type and prednisolone-treated wild-type

mice were performed using an unpaired t-test. P val-
ues < 0.05 were considered statistically significant. A
two-way factorial analysis of variance procedure was
used for data analysis of the huRANKL-KI mice for
evaluating the effects of prednisolone and denosumab.
The correlation analyses were performed according to
Pearson with SPSS 15.0 (SPSS, Chicago, IL).

A 2-way ANOVA
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Figure 2. Analysis of aortic calcium and phosphate content. Wild-type (WT) and human RANKL knock-in (huRANKL-KI) mice were treated with prednisolone
(Pred), denosumab (Dmab), or both. A: Aortic calcium content was measured photometrically at 570 nm (72 = 6). B: Aortic phosphate content was measured using
a photometric assay at 340 nm (7 = 6). Mineral content of aortas was evaluated histologically (C) and semiquantitatively (D) using alizarin red S (n = 6). Bars
represent mean = SEM. Insets show results of two-way analysis of variance.
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Results

Morphological Characterization of Aortic Rings

Both untreated wild-type and huRANKL-KI mice exhib-
ited a normal aortic morphology with comparable ap-
pearances of the different vascular wall layers of the
thoracic (Figure 1A) and abdominal aorta (Figure 1B).
Neither treatment of wild-type and huRANKL-KI mice with
prednisolone nor treatment with denosumab over a
4-week period altered the morphology of the aorta. Fur-
thermore, computer-assisted measurement of the aortic
thickness showed no differences between the groups at
both sites (data not shown).

Calcium and Phosphate Content of the Aorta

To examine the effects of denosumab, we measured
calcium and phosphate content in the aorta. Pred-
nisolone treatment of wild-type mice resulted in a trend
toward higher aortic calcium (Figure 2A), as well as phos-
phate content (Figure 2B). Direct colorimetric calcium
measurement demonstrated an increased calcium con-
tent in the aorta of prednisolone-treated huRANKL-KI
mice compared with untreated huRANKL Kl mice (19.3 +
4.35 nmol/mm vs. 12.5 = 2.94 nmol/mm, n = 6), which
was lowered by concurrent treatment with denosumab
(9.6 £ 1.41 nmol/mm, n = 6, P = 0.03). Of note, in
huRANKL-KI mice that did not receive prednisolone, de-
nosumab treatment also reduced calcium content in the
aortic wall compared with PBS-treated animals (n = 6,
P = 0.03, Figure 2 A). The phosphate content within the
aortic wall revealed no significant differences across
the different treatment groups (Figure 2B). To confirm
the effects of denosumab on prednisolone-induced vas-
cular deposition of calcium, we assessed mineralized
matrix in the thoracic vascular wall histologically (Figure
2C) and semiquantitatively (Figure 2D) by alizarin red S
staining. Denosumab reduced aortic mineral deposition
in prednisolone-treated huRANKL-KI compared with un-
treated mice by 42% (n = 6, P = 0.02, Figure 2D).
Histologically, alizarin red staining was mainly located
at the medial layer, and was reduced in prednisolone-
treated huRANKL-KI mice by denosumab treatment (Fig-
ure 2C), whereas von Kossa staining showed no aortic
mineral deposition (data not shown).

Of note, denosumab treatment reduced calcium con-
tent in cardiac tissue, as compared with PBS-treated
huRANKL-KI mice (n = 6, P = 0.01, data not shown). In
the heart, phosphate content was not affected by the
denosumab treatment (data not shown).

Correlation of Calcium Deposition with Bone
Markers

Since bone loss and arterial calcification are closely
linked, we analyzed the correlation of determinants of
bone metabolism with vascular calcium content in the
whole cohort of huRANKL-KI mice analyzed in the current
study. Total bone mineral density of the L4 vertebrae was
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Figure 3. Correlation of calcium deposition in the aortic wall with bone
mineral density and biochemical markers of bone resorption in human
RANKL knock-in mice (huRANKL-KD treated with prednisolone, deno-
sumab, or both. A: Negative correlation between aortic calcium deposition
and total bone mineral density (BMD) at the fourth lumbar spine in
huRANKL-KI mice (r = —0.42, P = 0.04, n = 24). B: Positive correlation
between aortic calcium deposition and urinary deoxypyridinoline/creatinine
excretion in huRANKL-KI mice (» = 0.59, P = 0.01, n = 20). Correlation
analyses were performed according to Pearson.

negatively correlated with aortic calcium content (r =
—0.42, P = 0.04, n = 24, Figure 3A). In addition, urinary
excretion of deoxypyridinoline/creatinine, a biochemical
marker of bone resorption, was positively correlated with
aortic calcium deposition (r = 0.59, P = 0.01, n = 20,
Figure 3B).

Discussion

The huRANKL-KI mouse model enabled us to test the
specific effects of RANKL inhibition by denosumab, a
fully human monoclonal antibody against RANKL in
mice."" Here, we analyzed the effects of denosumab on
the vascular system of glucocorticoid-treated huRANKL-KI
mice and found that denosumab reduced calcium de-
position in the aortic wall without affecting vascular archi-
tecture or histomorphology. Previously, we found that
denosumab treatment prevented glucocorticoid-induced
bone loss, suppressed bone resorption, and maintained
bone strength.’® While systemic glucocorticoid treatment
is not associated with the rapid and severe arterial cal-
cification or ossification observed in rats treated with
warfarin or supraphysiological doses of vitamin D,"® it



caused substantial bone loss due to enhanced bone
resorption along with calcium accumulation in the aorta.
These vascular changes were subtle, accompanied by
normal morphology, and may be among the earliest
pathological changes in the multistep process of vas-
cular calcification. As reported recently, these subtle
changes may precede apoptosis and osteogenic trans-
formation of vascular smooth muscle cells, although we
did not assess these endpoints in our study.'® Despite
the increase in osteoclastic bone resorption induced by
prednisolone, we did not observe alterations in serum
mineral concentrations with our experimental design,’
suggesting that the changes in aortic calcium content
occurred in the absence of a disturbed systemic mineral
homeostasis. Thus, the vascular changes we describe
might be more typical of early clinical changes, in con-
trast to the rapid and gross abnormalities seen with war-
farin treatment or vitamin D excess in vivo.'® Of note,
normal vessel morphology does not exclude osteogenic
transdifferentiation or apoptosis of vascular cells, which
we did not specifically address. It is clear that a limitation
of our study is its short duration. However, the major
reason to limit the study to just 4 weeks was to minimize
the potential appearance of antibodies against the fully
human denosumab protein in these immunocompetent
huRANKL KI mice.""

The huRANKL-KI mouse model allowed us to study the
concurrent processes of osteoporosis and vascular cal-
cification, and its potential reversibility via the specific
inhibition of RANKL, a cytokine that has been implicated
in both disorders. Selective inhibition of bone resorption
with bisphosphonates was also able to inhibit vascular
calcification in rats, which is further support for the hy-
pothesis that vascular calcification is linked to bone
loss."” Our study demonstrates a positive correlation be-
tween aortic calcium deposition and urinary excretion of
deoxypyridinoline, a biochemical marker of bone resorp-
tion, and a negative correlation between aortic calcium
deposition and bone mineral density, suggesting that an
increased efflux of mineral from bone caused by en-
hanced bone resorption is associated with increased
vascular calcification.

Other animal models with targeted deletion of a single
gene leading to a combined phenotype of osteoporosis and
vascular calcification include mice deficient in fetuin-A, '® an
important circulating calcification inhibitor, or mice defi-
cient in Klotho, a regulator of phosphate homeostasis.'®
In recent years, OPG deficiency has been implicated in
the process of vascular calcification, and animal models
suggest a protective role for OPG in the vascular sys-
tem.'*2921 OPG can also bind and inhibit the cytotoxic
ligand tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL).?? The differential effects of OPG as an
inhibitor of RANKL versus TRAIL are unclear. Recom-
binant OPG was recently shown to bind to recombinant
TRAIL, whereas denosumab showed no TRAIL bind-
ing.® The current study therefore provides the first vas-
cular calcification data obtained with a RANKL-specific
inhibitor.

Many human studies have assessed systemic OPG
serum levels in patients with vascular diseases and car-
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diovascular risk factors such as arterial hypertension or
diabetes mellitus.® In these studies, high OPG serum
levels were found in patients with advanced arterial dis-
ease and were thought to represent an insufficient coun-
terregulatory mechanism to prevent further vascular
damage. The current data are consistent with other inter-
ventional studies, which suggested that RANKL, rather
than RANKL inhibition, was responsible for the exacer-
bation of vascular disease.®?%:24

In conclusion, we demonstrate a reduction of vascular
calcium deposition in glucocorticoid-induced osteopo-
rotic mice by administering denosumab, a specific inhib-
itor of RANKL that does not recognize TRAIL. Whether
denosumab treatment of patients with osteoporosis
also confers vascular protective effects remains to be
determined.
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