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Ectopic calcification, the abnormal calcification of soft
tissues, can have severe clinical consequences espe-
cially when localized to vital organs such as heart
valves, arteries, and kidneys. Recent observations sug-
gest that ectopic calcification, like bone biomineraliza-
tion, is an actively regulated process. These observa-
tions have led a search for molecular determinants of
ectopic calcification. A candidate molecule is osteopon-
tin (OPN), a secreted phosphoprotein invariantly asso-
ciated with both normal and pathological mineral de-
posits. In the present study, OPN was found to be a
natural inhibitor of ectopic calcification in vivo. Glutar-
aldehyde-fixed aortic valve leaflets showed accelerated
and fourfold to fivefold greater calcification after subcu-
taneous implantation into OPN-null mice compared to
wild-type mice. In vitro and in vivo studies suggest that
OPN not only inhibits mineral deposition but also ac-
tively promotes its dissolution by physically blocking
hydroxyapatite crystal growth and inducing expression
of carbonic anhydrase II in monocytic cells and promot-
ing acidification of the extracellular milieu. These find-
ings suggest a novel mechanism of OPN action and
potential therapeutic approach to the treatment of ec-
topic calcification. (Am J Pathol 2002, 161:2035-2046)

Biomineralization is an exquisitely regulated physiologi-
cal process normally restricted to bones and teeth. Under
certain pathological conditions, however, calcium salts
may deposit in soft tissues with detrimental effects. Al-
though most soft tissues can undergo ectopic calcifica-
tion as a result of injury, aging, disease or metabolic
imbalance, blood vessels, heart valves, and the kidney
seem particularly susceptible. Ectopic calcification of
blood vessels is widespread in individuals with athero-
sclerosis, diabetes, and end-stage renal disease and is
correlated with several poor outcomes. In arteries, calci-
fication is positively correlated with atherosclerotic
plaque burden and increased risk of myocardial infarc-

tion,’ increased ischemic episodes in peripheral vas-
cular disease® and increased risk of dissection after an-
gioplasty.® In addition, medial arterial calcification is
strongly correlated with coronary artery disease in type |
diabetics® and is a strong independent marker of future
cardiovascular events in diabetic patients.” In the heart,
calcific aortic stenosis, characterized by mineralization of
aortic valve leaflets resulting in their deterioration and
subsequent mechanical failure, occurs in ~11to 2% of the
elderly population.® Although a common therapy for aor-
tic stenosis is bioprosthetic tissue valve implantation,
these replacement valves also suffer from ectopic miner-
alization, which is the leading cause of implant failure.® In
the kidney, renal stones affect millions yearly, and can
lead to incapacitating pain as well as hydronephrosis and
hydroureter.'©

Recent insights into the mechanisms regulating ec-
topic calcification have predominantly come from studies
of cardiovascular calcification. Similarities to bone miner-
alization were suggested by the finding that bone mor-
phogenetic protein-2 and bone matrix proteins including
osteopontin (OPN), osteonectin, osteocalcin, and matrix
GLA protein are found in calcified vascular tissues."" In
addition, smooth muscle cells and other vascular media
derived-cells demonstrate osteoblast-like properties and
can mineralize their extracellular matrices under appro-
priate conditions in vitro.'>'* Moreover, ectopic bone
formation has occasionally been found in calcified vas-
cular lesions.' Finally, matrix vesicles similar to those
proposed to nucleate mineral in bone have been identi-
fied in calcified vascular tissues.'®~'®

Although these studies suggest cell-mediated regula-
tion of ectopic mineralization, the most compelling data
have come from studies of mutant mice. The matrix GLA
protein-null mouse displays extensive calcification of the
arterial tree, and animals die within 2 months apparently
from aortic rupture.'® In addition, several other mutant
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mouse strains show enhanced susceptibility to ectopic
calcification, including mice deficient in osteoprotegerin;®°
B-glucosidase; carbonic anhydrase I1;>" desmin;? fetuin;?>
the progressive ankylosis gene, ANK;** Npps, a nucleotide
triphosphate pyrophosphohydrolase;?® and an intracellular
mediator of transforming growth factor-g signaling,
Smad6.2® These findings highlight the fundamental im-
portance and potential diversity of mechanisms that are
genetically programmed in animals to prevent ectopic
calcification.

One molecule that consistently co-localizes with ec-
topic calcification is OPN. OPN is an acidic phosphopro-
tein normally found in bone, teeth, kidney, and epithelial
lining tissues. OPN’s expression is increased under con-
ditions of injury and disease in many tissues, and it is
closely associated with the calcified deposits found in
numerous pathologies including atherosclerotic lesions,
aortic stenosis, kidney stones, and tumors.?” OPN is a
multifunctional protein containing several structural do-
mains including an integrin-binding (RGD) adhesive do-
main and aspartic acid-rich calcium-binding regions. In
addition, OPN can be highly phosphorylated on serine
and threonine residues. The combination of electroneg-
ative glutamic and aspartic acid residues, serine/threo-
nine kinase substrate sites, and the putative calcium-
binding motifs endow OPN with the ability to bind
significant amounts of Ca®* (50 mol calcium to 1 mol
osteopontin).?® These properties likely contribute to
OPN'’s ability to bind and regulate apatite crystal growth,
the predominant calcium-phosphate mineral phase
found in bones and teeth as well as at sites of ectopic
calcification. Indeed, in vitro studies support a role for
OPN as an inhibitor of apatite growth in both cell-free and
cell-dependent in vitro models.'®2°-3" On the other hand,
the co-localization of OPN with biomineralization in hard
tissues, and its ability to bind and potentially orient cal-
cium suggest that OPN might function to promote calci-
fication in vivo.®? To determine the role of OPN in ectopic
calcification, we developed a model of ectopic calcifica-
tion in OPN-replete and -deficient mice. Our studies in-
dicate that OPN is a potent inhibitor of ectopic calcifica-
tion, and suggest a novel function for OPN in controlling
mineral-dissolving inflammatory cell function at sites of
ectopic calcification.

Materials and Methods

Mouse Ectopic Calcification Model

OPN mutant mice were generated in a 129/SvJ X Black
Swiss background and genotyped as previously de-
scribed by Liaw and colleagues.®® Animals were main-
tained in a specific pathogen-free environment, and fed
standard chow and water ad libitum. Hybrid mutant mice
were backcrossed onto the Black Swiss background for
>7 generations. OPN homozygous wild-type (+/+), het-
erozygote (+/—), and homozygous null mice on the fixed
Black Swiss background were used in these studies.
Porcine aortic valve leaflets (kindly provided by St. Jude
Medical, Inc., Minneapolis, MN) were aseptically dis-

sected from porcine aortic valves obtained from the
local abattoir, fixed in 0.6% glutaraldehyde in phosphate-
buffered saline (PBS), pH 7.4, and stored in 0.6% glutar-
aldehyde in PBS, pH 7.4 until use. Four-mm? biopsy
punches of glutaraldehyde-fixed aortic valve leaflets
(GFAVs) were prepared, washed extensively in sterile
PBS, and subcutaneously implanted into the dorsal side
of anesthetized 5- to 6-week-old, female OPN +/+, +/—,
or —/— mice (two GFAVs per mouse). At the indicated
times, mice were euthanized, and implants removed for
either histological analysis or calcium quantitation. All
protocols were approved by the animal use committee,
University of Washington, Seattle, WA.

Histological Analysis

Explants were fixed with methyl Carnoy’s solution (3:1,
methanol:acetic acid) and embedded in paraffin. Immu-
nostaining was performed in 5-um sections with goat
anti-rat OPN antibody (OP199)** at 10 ug/ml, macro-
phage-specific rat anti-mouse BM-8 (Accurate Chemical
& Scientific Corp., Westbury, NY) at 6 pwg/ml, or sheep
anti-human carbonic anhydrase Il (CAll) (Biodesign In-
ternational, Kennebunk, ME) at 5 pg/ml, and counter-
stained with methyl green as previously described.3® Cal-
cium phosphate deposition was visualized by Alizarin
Red S staining and von Kossa staining.®® Transmission
electron microscopy was performed as described by
Wada and colleagues.'®

Image Analysis

Four to 8 OPN+/+, +/— and —/— mice were subcutane-
ously implanted with two GFAVs as described above. At
each time point, implants and adherent host tissues were
retrieved, fixed, and embedded as described above. For
each recovered specimen (two per mouse), two histolog-
ical sections were prepared at least 50 um apart, for a
total of four sections per animal. OPN, BM-8, and CAll
staining in sections was performed as described above
and quantitated using the Prolmage Analysis Program.
The area containing the GFAV implant and the associ-
ated foreign body capsule was circumscribed and the
percentage of this area stained with each antibody de-
termined and averaged to generate the percent area
stained per implant per mouse. The percent area stained
per implant per mouse for four to eight mice were aver-
aged to obtain the average percent area stained for each
genotype * SE.

Calcium Quantitation

Explants were freeze-dried to constant weight and decal-
cified with 0.6 N HCI overnight at room temperature.
Calcium quantitation was performed by the o-cresol-
phthalein complexone as directed in the Sigma Diagnostic
kit (Sigma, St. Louis, MO) and normalized to dry weight, as
previously described.'® Accuracy of the kit was con-
firmed by atomic absorption spectroscopy (kindly per-
formed by Baxter Health Care Corporation, Irvine, CA).



GFAV Explant pH Analysis

GFAV explants were freeze-dried then immersed in Uni-
versal Indicator Solution (Fisher Scientific, Pittsburgh,
PA). The pH of the GFAV solution was determined by
three different, blinded readers by comparing the color of
this solution to the manufacturer’s provided graded color
scale. Accuracy of the color indicator solution was deter-
mined using an MI-408 needle pH microelectrode (Micro-
electrodes, Inc., Bedford, NH). Control experiments indi-
cated that tissue lyophilization did not significantly alter
pH of GFAV using either the dye or microelectrode mea-
surement method (data not shown).

Cell Culture and Western Blot Analysis

HL-60 cells (American Type Culture Collection, Rockuville,
MD) were maintained in RPMI media (Life Technologies,
Inc., Grand Island, NY) containing 5% fetal bovine serum,
100 U/ml penicillin (Life Technologies, Inc.), and 100
mg/ml streptomycin (Life Technologies, Inc.). Primary hu-
man monocytes were differentially isolated from human
blood,3”38 and maintained in RPMI containing 5% autol-
ogous human serum. Preparation of protein extracts, gel
electrophoresis, and Western blotting were performed as
previously described®® using 5 upg/ml of sheep anti-
human CA Il (Biodesign International, Kennebunk, ME).

Statistical Analysis

Data were analyzed for statistical significance using anal-
ysis of variance statistics with Fischer’s protected least
significance difference test. Calculations were performed
using the computer program StatView version 4.11 (Aba-
cus Concepts, Berkeley, CA).

Results

OPN Inhibits Calcification of GFAV Leaflets

in Mice

Four-mm? pieces of GFAV were subcutaneously im-
planted into mice carrying either the OPN homozygous
wild-type (OPN+/+), heterozygous (OPN+/-), or ho-
mozygous null (OPN—/—) alleles.®® At 7, 14, 30, and 90
days, implants were removed and assayed for mineral
deposition, protein accumulation, and cell recruitment. In
all animals, a robust foreign body response was induced
by GFAV implantation. This host response was charac-
terized by accumulation of macrophages, formation of
giant cells, and fibrous encapsulation by days 14 and 30
(Figure 1; A to C). There were no obvious differences in
quantity of the foreign body response between the differ-
ent genotypes as determined by hematoxylin and eosin
staining (Figure 1; A to C and data not shown), and this
response was similar to the foreign body response typi-
cally observed after GFAV implantation in rats*® and rab-
bits.*! However, differences in the quality of the foreign
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body response, especially in terms of macrophage num-
ber, was noted between genotypes as described below.

As shown in Figure 1; D to |, OPN was highly ex-
pressed in host cells surrounding the GFAV implant in
OPN-+/+ mice at days 14 and 30. In contrast, OPN+/—
mice showed little OPN staining at day 14 (Figure 1G),
even when examined at high magnification (data not
shown), but showed marked accumulation at day 30
(Figure 1H). Staining of adjacent sections with macro-
phage-specific marker, BM-8 (not shown), indicated that
cells expressing OPN were predominantly of macro-
phage origin, and included a subset of mononuclear
macrophages as well as multinucleated giant cells (Fig-
ure 1F). In addition, punctate OPN staining was also
observed within the GFAV implant itself, especially in the
30-day OPN+/+ mice (Figure 1, E and F). This staining
was co-localized with GFAV mineral deposits as deter-
mined by alizarin red staining of an adjacent section
(data not shown, as well as the double-staining experi-
ment shown in Figure 3, G and H, described in detail
below). Levels of OPN associated with GFAV increased
in OPN+/+ and OPN+/— mice with increasing time of
implantation (Figures 1 and 2A). As expected, no OPN
was detected in OPN—/— mice at any time point exam-
ined (Figures 11 and 2A).

To determine whether OPN expression influenced the
propensity of GFAVs to calcify in mice, implants were
analyzed for calcium mineral deposition using histo-
chemical and biochemical methods. The OPN null muta-
tion affected both the extent and temporal appearance of
calcification as measured by total calcium content (Fig-
ure 2B), alizarin red S staining (Figure 3), and von Kossa
staining (not shown). None of the mice showed significant
calcification at day 7. This did not appear to be because
of a sensitivity problem, as we were unable to detect
calcification using the sensitive fluorescent stain, calcein,
in these samples (data not shown). Low levels of calcifi-
cation were observed in GFAV implants at day 14 and
day 30 in OPN+/+ mice (Figure 2B and Figure 3, A and
B), and these levels were not statistically different. In
contrast, significant calcification was observed in both
OPN+/— and OPN—/— mice at day 14, at levels fourfold
to fivefold greater than that observed at day 14 in
OPN+/+ mice (Figure 2B and Figure 3, C and E). Finally,
it did not appear that calcification was restricted to the
OPN-deficient mice, as GFAVs implanted for 90 days in
OPN wild-type mice showed considerable calcification,
although still less than OPN null mice (OPN+/+ = 3000 =
600 mmol Ca/L/g protein versus OPN+/— = 1900 * 500
mmol Ca/L/g protein versus OPN—/— = 6900 = 250 mmol
Call/g protein). Hence, these studies indicate that OPN
plays a role in modulating GFAV calcification in vivo.

As shown in Figure 3, calcium deposits visualized by
alizarin red staining were deposited along the periphery
as well as throughout the interior of the implant. Calcifi-
cation occurred predominantly in foci within the GFAV
leaflet. OPN, in addition to being localized to cells of the
foreign body reaction, was found associated with these
punctate-mineralized deposits within the GFAV implant
as shown by double staining with antibody to OPN and
alizarin red S for mineral (Figure 3, G and H). By trans-



2038  Steitz et al
AJP December 2002, Vol. 161, No. 6

C 30d-/-

Figure 1. Immunolocalization of OPN on and around GFAV implants. GFAV implants and adherent tissues were removed after 14 days (A, D, G) or 30 days (B,
C,E, F, H, and D from OPN+/+ (A, B, D-F), OPN+/— (G, H), or OPN—/— (C, D mice. Samples were fixed, embedded in paraftin, and stained with H&E (A—C)
or analyzed for OPN accumulation using the anti-OPN antibody, OP199, followed by DAB detection substrate (brown) and counterstained with methyl green
(D-D. v, GFAV; f, foreign body response; ¢, calcium deposits; G, giant cells; M, macrophages. Arrowheads demarcate the interface between the GFAV tissue
and the host foreign body response. Scale bars: 250 um (A—C); 100 um (D-E); 15 pm (F); 50 um (G); 30 wm (H-D.

mission electron microscopy, the foci of mineralization
within the GFAV implant were found to be associated
predominantly with cell remnants including membranous
debris resembling matrix vesicles (Figure 4). This local-
ization is consistent with reports describing experimental
and patient GFAV mineralization on remnant cell mem-
branes and organelles.** ** Taken together, these stud-
ies implicate OPN, most likely derived from infiltrating
macrophages and giant cells, as an inhibitor of ectopic
calcification in this model system. Co-localization of OPN
protein with mineralization within the GFAV suggest that
OPN binding to nascent sites of mineralization may be
one mechanism by which OPN exerts its anti-calcific
effect.

OPN Promotes Regression of Ectopic
Calcification

Comparison of calcification with OPN levels in GFAV at
day 14 after implantation indicated that OPN was an
inhibitor of ectopic calcification. These findings are con-
sistent with previous in vitro studies showing that OPN
can bind to and block hydroxyapatite crystal growth.?®
However, examination of the OPN mutants at day 30 after

implantation suggested that simple physical inhibition
alone could not explain the inhibitory effect of OPN on
ectopic calcification in this model system. By 30 days,
significant levels of OPN accumulated in OPN+/— mice
throughout the GFAV implant and was similar to levels
observed in OPN+/+ mice (Figure 2A, and immunostain-
ing data not shown). Strikingly, OPN accumulation in
OPN+/— mice at day 30 was concurrent with a significant
reduction in GFAV mineralization from the levels ob-
served at day 14 (Figure 2B and Figure 3, C and D). If
OPN acted simply as a crystal poison, one would expect
little difference in the day 14 and day 30 calcification
values after implant in the OPN+/— mice. Thus, these
findings suggested that OPN additionally acted to pro-
mote regression of ectopic calcification.

Macrophage Number and Phagocytosis Do Not
Correlate with Extent of Mineralization in GFAV
Implants in OPN Mutant Mice

Because OPN binding alone cannot mediate the disso-

lution of calcium phosphate, we hypothesized that the
observed mineral regression was the result of an OPN-
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Figure 2. Quantitation of OPN and mineral deposition associated with GFAV
implants. A: OPN accumulation was quantitated using the Pro Image Analysis
Program as described in Materials and Methods. Data are represented as
percent area. B: Calcium deposition was quantitated from acid-hydrolyzed
GFAV explants using Sigma’s Calcium Diagnostic Kit and confirmed by
atomic absorption spectroscopy. Numbers represent the average = SE (n =
4to 8). * P <0.005.

regulated cell-mediated dissolution of mineral. The only
known mechanisms capable of removing calcium phos-
phate crystals are phagocytosis and acidification.*® To
address the former possibility, we examined macro-
phage accumulation in our model. In all genotypes and
time points examined, BM-8-positive cells accumulated
in the foreign body reaction, preferentially along the edge
of the GFAV implant (Figure 5; A to C, and data not
shown). However, few, if any, macrophages were able to
penetrate the GFAV at any time point examined (Figure 5;
D to F, and data not shown). This is consistent with
previous studies demonstrating the effect of glutaralde-
hyde fixation in blocking tissue degradation, and is one of
the main reason that glutaraldehyde crosslinked valves
are used clinically.*® Because macrophages were un-
able to enter the GFAV, phagocytosis of mineral deposits
within the implant is unlikely to account for the observed
mineral loss in heterozygous mice.

However, consistent with previous studies,
OPN—/— mice did display an overall defect in macro-
phage recruitment to the GFAV implant. As shown in
Figure 6, OPN—/— mice demonstrated BM-8-positive cell
staining, but at levels 50 to 25% lower than OPN+/+ at 14
and 30 days of implantation, respectively. Although
OPN+/— mice also had lower BM-8-positive cell accu-
mulation at day 30, levels were not significantly different
from those observed in OPN +/+ mice at day 14. Thus,
total macrophage levels did not correlate with the mineral
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loss pattern observed in the OPN+/— mice between day
14 and at day 30 (compare Figure 2B and Figure 6).
Therefore, it seemed unlikely that the loss of mineral was
strictly regulated by macrophage number alone.

OPN Controls GFAV Implant Acidification

These findings led us to investigate whether OPN pro-
motes implant acidification. The ability of cells to dissolve
calcium phosphate mineral by promoting local de-
creases in pH has been described for both macrophages
and osteoclasts.*’ Osteoclasts and macrophages are
derived from a similar hematopoietic origin, and previous
reports suggest multinucleated osteoclasts can be pro-
duced from the fusion of monocytes or macrophages. To
test the acidification hypothesis, GFAVs were explanted
from OPN+/+, OPN+/—, and OPN—/— mice after 14
days of implantation, and pH determined using Fisher’s
universal indicator solution (a mixture of pH sensitive
dyes including phenolphthalein, bromothymol blue,
methyl red, and thymol). As shown in Figure 7, GFAV
explants from OPN+/+ mice at 2 weeks had an acidic pH
(pH 6.0), whereas explants from OPN—/— mice were
more neutral (pH 6.7). These differences in pH were
highly statistically significant (P = 0.0002), and con-
firmed using a needle microelectrode in a second set of
GFAV valves (data not shown). GFAV explants from
OPN+/— mice were intermediate with respect to those
from OPN+/+ and OPN—/— mice with pH 6.2. Because
apatite stability is low at pH less than 7 at 37°C,*° the
observed pH of the explants would be physiologically
relevant with respect to ability to dissolve apatitic mineral
and could explain the observed loss in GFAV mineraliza-
tion. These findings strongly suggest that OPN regulates
the ability of host cells to acidify the GFAV microenviron-
ment, thereby controlling mineral dissolution.

OPN Regulates Expression of CAll in
Macrophages and Multinucleated Giant Cells

To shed light on the mechanism by which OPN might
mediate GFAV acidification, we examined levels of CAll
in the cells surrounding the implants. CAll is an enzyme
that promotes the conversion of carbon dioxide to car-
bonic acid. In osteoclasts, CAll-driven carbonic acid pro-
duction serves as an intracellular source of protons that
are exported from the cell via a vacuolar H*-ATPase
thereby reducing local pH, and promoting mineral disso-
lution.®° To evaluate the acid-producing potential of cells
recruited to the GFAV implant, we examined the pres-
ence of CAIl immunohistochemically. CAll was strongly
expressed by a subset of BM-8-positive mononuclear
cells (arrowheads) as well as all multinucleated giant
cells (arrows) located within the foreign body response
adjacent to the mineralized implant (Figure 8, A and B).
Although the giant cells resembled osteoclasts in being
multinucleated and expressing high levels of OPN, «, s,
and cathepsin K, no characteristic clear zones or ruffled
borders were observed by electron microscopy (Figure
8B and data not shown).
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Figure 4. Transmission electron micrographs showing GFAV ultrastructure after implantation into OPN—/— mice for 30 days. Calcification of implanted valve
tissue generally occurred in close association with intracellular membranous compartments (arrowheads, A), or with similar membranous debris found within
the valve extracellular matrix (arrowheads, B). Calcified deposits typically were spherical in appearance with a peripheral rim of particularly dense organic
material that associated with the mineralized nodules. Membranous structures resembling matrix vesicles (arrows, B) were frequently observed in the vicinity

of calcification sites. Coll, collagen fibrils. Scale bars, 0.5 wm.

Quantitation of CAll immunostaining revealed a miner-
al- and OPN-dependent regulation of CAll expression. At
14 days, OPN was present and GFAV implants showed
little mineralization in OPN+/+ mice (Figure 2). At this
time point, CAll levels were low in OPN +/+ mice (Figure
9). At 30 days, when GFAV mineralization increased and
OPN levels accumulated in OPN +/+ mice (Figure 3),
CAll-expressing cells were dramatically increased (Fig-
ure 7B). Conversely, the OPN—/— mice expressed very
low CAll levels despite the elevated mineral levels at all
observed time points. The OPN-mediated CAll response
appeared accelerated in the OPN+/— mice. At 14 days,
OPN+/— mice demonstrated substantial GFAV mineral-
ization and low levels of OPN (Figure 2), but appeared to
be able to respond to the mineralization by producing
CAll-positive cells (Figure 9).

To further examine the possibility that OPN directly
regulates CAll levels in monocytic cells, HL-60 cells, a
promyelocytic leukemia line demonstrating monocyte to
macrophage differentiation,®' and primary human mono-

cyte-derived macrophages were treated with either solu-
ble or immobilized recombinant OPN, respectively. As
shown in Figure 10, OPN induced CAIl protein expres-
sion in both cell types. This activity was mimicked by the
addition of the avB3-crosslinking antibody, LM609, to
HL60 cells.®? Furthermore, RGD peptides inhibited the
ability of OPN to induce CAIl expression in primary hu-
man monocyte-derived macrophages (data not shown).
These findings support the hypothesis that OPN pro-
motes acidification by avB3-mediated CAll induction and
subsequent proton production in monocytic cells.

Discussion

Ectopic calcification contributes to clinically significant
sequelae in patients with valve disease, bioprosthetic
valves, diabetes, end-stage renal disease, and nephroli-
thiasis. Until recently, the study of ectopic calcification
has been restricted to immunochemical description of

Figure 3. Histochemical localization of mineral deposition and OPN in GFAV implants. GFAV implants removed from OPN+/+ (A, B), OPN+/— (C, D), or
OPN—/— (E, F) mice at 14 (A, C, E) or 30 (B, D, F) days after subcutaneous implantation were fixed, embedded in paraffin, and stained for calcium deposition
using Alizarin Red S. G: Sections from 30-day-old OPN +/+ mice stained with antibody directed against OPN (brown) shows cellular staining in host foreign body
response as well as punctate staining within the valve. H: Same section shown in G subsequently stained with Alizarin Red S (red) indicates that OPN is
co-localized with punctate mineral deposits within the GFAVs. Inset: high-power magnification of boxed region shows OPN-positive giant cell and OPN/alizarin
red-positive mineral deposit. v, Valve; f, foreign body response. Arrowheads demarcate interface between GFAV and host foreign body response.
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Figure 5. Analysis of macrophage recruitment to site of GFAV implantation by BM-8 immunohistochemistry. GFAVs and adherent tissues were removed 30 days
after subcutaneous implantation from OPN+/+ (A, D), OPN+/— (B, E), or OPN—/— (C, F) mice and analyzed for macrophage accumulation using an antibody
to the macrophage surface marker, BM-8 (brown staining). v, GFAV. Arrowheads demarcate the interface between the GFAV tissue and the host foreign body

response. Scale bars: 250 um (A—C); 50 um (D-F).

molecules co-localized with the abnormally deposited
mineral. In the present studies, we have demonstrated
that one of these molecules, OPN, is a natural regulator of
ectopic calcification. Mice deficient in OPN through tar-
geted gene deletion showed much greater propensity to
mineralize subcutaneously implanted GFAVs than wild-
type mice. These studies are the first to demonstrate an
inhibitory role for OPN in ectopic mineralization in vivo.
Our studies suggest that OPN not only acts by physical
inhibition of mineral crystal growth, but also mediates an
anti-calcific cellular response to ectopic mineralization
that leads to active dissolution. Consistent with this hy-
pothesis, mice deficientin OPN were characterized by an
inability to acidify GFAV implants, and had decreased
CAll expression by macrophages and giant cells. These
findings suggest a novel mechanism of action for effects
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Figure 6. Quantitation of macrophage levels associated with GFAV implants
and associated foreign body response. BM-8-positive cells in the foreign
body response surrounding GFAV implants at 14 and 30 days after subcuta-
neous implantation were quantitated using the Prolmage Analysis System
and presented as percent BM-8-positive area. Numbers represent the aver-
age £ SE (n = 4 to 8). *, P < 0.005.

of OPN on ectopic mineralization, and open the door for
new therapeutic approaches in treating and perhaps re-
versing ectopic calcification.

To determine the function of OPN in vivo, we developed
a subcutaneous GFAV implantation model in the mouse.
In this model, bioapatites were deposited throughout the
GFAV implant with time. By electron microscopy, crystals
appeared to nucleate and grow early within residual cell
bodies and membrane-bound vesicular cell fragments
resembling matrix vesicles. OPN was expressed by
monocyte-derived macrophages and giant cells in the
surrounding foreign body response, and accumulated at
foci of mineralization within the implants. These findings
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Figure 7. GFAV implant pH analysis. Implanted GFAVs and adherent tissues
were removed from OPN +/+, +/—, and —/— mice at 2 weeks, freeze-
dried, then immersed in Universal Indicator Solution (Fisher Scientific). The
pH of each implant was independently determined by three different ob-
servers comparing the color of the GFAV solution to the manufacturer’s
provided color scale. Numbers represent the average pH = SE (12 = 4 to 9).
* P < 0.005.
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Figure 8. Carbonic anhydrase II expression in macrophages and giant cells
associated with GFAV implantation. A and B: Carbonic anhydrase 11 (CAI)
expressing multinucleated and mononuclear cells were co-localized in the
foreign body response surrounding GFAV explants using an anti-human CAIL
antibody (brown stain) and anti-BM-8 antibody (blue stain). A, Inset: Higher
magnification of boxed region showing that CAIl-positive cells make up a
subset of the responding BM-8-positive macrophages, as well as BM-8-
negative giant cells. f, foreign body response; v, GFAV. Arrows indicate
giant cells and arrowheads indicate macrophages.

are consistent with observations made in GFAV implan-
tation models in rats and rabbits.*?*"3 Although accel-
erated, all of these models mimic the human pathology
observed during native and bioprosthetic aortic valve
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Figure 9. Quantitation of CAII expression in GFAV implants and associated
foreign body response. CAII expression surrounding GFAV implants was
examined immunohistochemically as in Figure 8 at 14 and 30 days after
subcutaneous implantation into OPN +/+, +/—, and —/— mice. Quantita-
tion was performed using the Prolmage Analysis Program. Data are pre-
sented as percent CAll-positive area. Numbers represent the average * SE
(n=4108).* P<0.005.
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Figure 10. Effect of OPN on CAII expression in cultured macrophages.
HL-60 cells were treated with either 40 nmol/L of soluble recombinant OPN,
equal volume vehicle control, 15 pg/ml of LM609 mouse IgG (a5 agonist),
or mouse IgG (mIgG) control for 24 hours. Primary human monocytes (hMo)
were plated on tissue culture plates immobilized with 100 nmol/L of recom-
binant OPN or poly-p-lysine (Sigma) for 48 hours. Cell lysates were prepared,
quantitated, and analyzed for CAII expression by immunoblotting.

failure both in levels of mineral deposition (~100 ug
calcium/mg tissue), presence of inflammation, and OPN
accumulation.®*5% |n fact, the subcutaneous implantation
model in rats and rabbits has become a standard pre-
clinical animal model used to analyze the effectiveness of
potential bioprosthetic valve anti-calcific agents.®®

Using the GFAV subcutaneous model in mice bearing
targeted deletion of the OPN gene, we show that OPN is
a potent, endogenous inhibitor of ectopic calcification.
OPN levels in mutant mice were inversely proportional to
calcification levels. OPN—/— mice showed not only more
GFAV calcification at all time points studied, but they also
became calcified at earlier time points than OPN+/+ or
OPN+/— mice. These findings are consistent with previ-
ous in vitro studies showing that OPN inhibits hydroxyap-
atite growth in solution and in calcifying smooth muscle
cell cultures.’®2°39 |n those studies, OPN was found to
bind tightly to hydroxyapatite, suggesting that it acted as
a physical inhibitor of crystal growth by binding to grow-
ing crystal faces. Evidence for this mechanism was seen
in our studies as OPN was found to co-localize with
mineral deposits within the calcifying GFAVs. However,
our studies also provide new mechanistic insights into the
role of OPN in controlling ectopic calcification that could
not be predicted based on the in vitro findings. Although
significant calcification was observed in GFAVs in
OPN+/— mice at 2 weeks, by 4 weeks calcification had
regressed to levels observed in wild-type mice. This de-
crease in calcification correlated with an increase in OPN
accumulation between 2 and 4 weeks in GFAVs of
OPN+/—= mice. These data indicate that OPN does not
merely physically inhibit ectopic calcification, but pro-
motes dissolution as well.

How does OPN promote regression of GFAV calcifica-
tion? Our studies indicate that OPN contributes to the
regulation of pH in the implant environment. We found
that OPN—/— mice, and to a lesser extent, OPN+/—
mice, were defective in their ability to acidify the GFAV
implants when compared to OPN+/+ mice. Because
bioapatites are unstable below pH 7 at body tempera-
ture,*® this failure to acidify likely contributes to the in-
creased mineralization observed in OPN—/— mice. Fur-
thermore, OPN regulation of implant pH could explain the
reversal of calcification observed between 2 and 4 weeks
in OPN+/— mice, because OPN levels accumulate al-
most to wild-type levels in OPN+/— mice by 4 weeks.

We were able to measure pH differences within the
microenvironment of the GFAVs because of the encap-
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sulation caused by the foreign body reaction that follows
GFAV implantation. Avascular foreign body capsules
such as those observed in our studies are well known to
essentially wall off the foreign body, thereby isolating the
implants physically and chemically from the surrounding
host tissues.®® Such encapsulation of foreign bodies is
thus a major problem in the development of blood chem-
istry-sensing devices such as glucose sensors.®” Thus,
what is typically considered a detrimental foreign body
response enabled us to monitor pH within the microenviron-
ment of the GFAV implant in these studies. Finally, the
finding that macrophage levels as well as the ability of
macrophages and giant cells to express CAll were depen-
dent on OPN genotype indicates that OPN may be involved
in regulating the foreign body reaction in general.

To determine the mechanism by which OPN might
regulate implant acidity, we examined CAll levels in cells
surrounding the GFAV implant. CAll is found in most
cells, but is highly expressed in osteoclasts, the major
mineral resorbing cell in the body. CAll enzymatically
converts carbon dioxide to carbonic acid. In osteoclasts,
CAll-driven carbonic acid production serves as an intra-
cellular source of protons that are exported from the cell
via a vacuolar H*-ATPase thereby reducing local pH,
and facilitating mineral dissolution.®® Furthermore, CAII
deficiency in humans and mice leads to soft tissue cal-
cifications, in addition to osteopetrosis.?’ We found that
CAIll was expressed in a subset of macrophages, as well
as most giant cells, associated with the foreign body
response to GFAV implants. Although the giant cells re-
sembled osteoclasts by being multinucleated and ex-
pressing high levels of OPN, CAll, &, B3, and cathepsin K,
no structures resembling clear zones or ruffled borders
characteristic of actively resorbing osteoclasts were ob-
served. Thus, these cells represent a previously unchar-
acterized cell type that may be particularly important for
resorption of ectopic mineralization.

We found that CAIl expression in macrophages and
multinucleated giant cells surrounding the GFAV implants
correlated with two parameters: OPN levels and pres-
ence of mineral in the implant. These data suggest that
OPN localization to bioapatite within the implant may be
required for localized up-regulation of CAll levels in ad-
jacent macrophages/giant cells. In support of a direct
effect of OPN on CAll expression, we found that OPN
induced CAIll protein levels in monocytic HL60 as well as
primary human peripheral blood-derived macrophages.
Furthermore, the effect of OPN on CAIll expression in
HL-60 cells was mimicked by an «,B5 crosslinking anti-
body (LM609), and blocked by RGD peptides (data not
shown), suggesting that OPN may act through «,B5 to
control CAll expression in monocytic cells.

These findings have led us to propose a new, dual
model for OPN function in regulating ectopic calcification
(Figure 11). According to this model, OPN, elaborated by
stromal or inflammatory cells at sites of ectopic mineral-
ization, binds to bioapatites and initially physically inhibits
crystal growth. Binding of OPN to bioapatite simulta-
neously provides a recognition site and/or concentration
gradient for macrophages and giant cells thereby lead-
ing to localized accumulation and up-regulation of CAlIl,
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Figure 11.Model for mechanisms of OPN action in regulating ectopic
calcification. It is proposed that OPN made by stromal or inflammatory cells
at sites of ectopic mineralization binds to mineral and initially physically
inhibits crystal growth. Binding of OPN to bioapatite then provides a recog-
nition site or concentration gradient for macrophage and giant cells leading
to localized accumulation as well as up-regulation of CAII via cell surface
receptors. This leads to increased proton efflux, acidification of the local
microenvironment, and dissolution of the bioapatite.

increased proton efflux, and acidification of the local
microenvironment. Local acidification would then lead to
dissolution of residual bioapatite. Although our studies
support this model and indicate that OPN may directly
interact with monocytic cell to induce CAIll expression
and proton release via a receptor mediated pathway,
further studies are needed to definitively show that this
mechanism is operative during regression of GFAV im-
plant calcification, or other types of ectopic mineraliza-
tion, in vivo. Finally, OPN promotes receptor-mediated
recruitment and migration of additional macrophages,
thereby further enhancing mineral regressive mechanisms.

OPN has also been implicated in osteoclastic resorp-
tion of bone. Osteoclasts are monocyte-derived, multinu-
cleated giant cells that resorb bone matrix and mineral by
elaborating proteases and protons, respectively, into a
sealed microenvironment known as the resorption lacu-
nae.®® OPN is concentrated at cement lines and lamina
limitantes in bone,®® is a major ligand for «, 85 receptors
on osteoclasts,®® and is thought to play a role in initial
osteoclast recognition and attachment to bone.®" Indeed,
OPN promotes cytoskeletal rearrangements® as well as
osteoclast differentiation®® necessary for osteoclastic re-
sorption in vitro, and OPN—/— mice display a deficit in
bone resorption after ovariectomy,®* mechanical unload-
ing,®® and PTH treatment.®® Although «,85 is known to
regulate osteoclastic resorption,®” the mechanisms by
which a, B facilitates this process are still under investi-
gation. Given these similarities, it is interesting to specu-
late that control of CAIl may also be involved in OPN/
a,Bs-mediated osteoclastic bone resorption.

Finally, our findings are among the first to provide
evidence that regression of ectopic calcification can oc-
cur in vivo. Consistent with this idea, osteoclast-like cells
have been detected in mineralized atherosclerotic le-
sions,®® native cardiac valves,®® and bioprosthetic
valves.”® Of particular interest, a recent study of 102
symptomatic patients with coronary vascular calcification



found that 15% of patients showed evidence of regres-
sion of calcification based on electron beam computed
tomography (EBCT) calcium scores measured at base-
line and ~6 months later.”" Along with our findings, these
studies suggest provocative new physiological mecha-
nisms controlling ectopic mineralization and suggest
novel therapeutic approaches in treating and perhaps
reversing ectopic calcification.
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