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Abstract
Bone abnormalities are frequent co-morbidities of type 1 diabetes [T1D] and are principally
mediated by osteoblasts and osteoclasts which in turn are regulated by immunologic mediators.
While decreased skeletal health in T1D involves alterations in osteoblast maturation and function,
the affect of altered immune function on osteoclasts in T1D-associated bone and joint pathologies
is less understood. Here T1D-associated osteoclast-specific differentiation and function in the
presence and absence of inflammatory mediators was characterized utilizing bone marrow-derived
osteoclasts [BM-OCs] isolated from non-obese diabetic [NOD] mice, a model for spontaneous
autoimmune diabetes with pathology similar to individuals with T1D. Differentiation and
osteoclast-mediated bone resorption were evaluated along with cathepsin K, MMP-9, and immune
soluble mediator expression. The affect of LPS, a pro-inflammatory cytokine cocktail, and NOD-
derived conditioned supernatants on BM-OC function was also determined. Although NOD BM-
OCs cultures contained smaller osteoclasts, they resorbed more bone concomitant with increased
cathepsin K, MMP-9 and pro-osteoclastogenic mediator expression. NOD BM-OCs also displayed
an inhibition of LPS-induced deactivation that was not a result of soluble mediators produced by
NOD BM-OCs, although a pro-inflammatory milieu did enhance NOD BM-OCs bone resorption.
Together these data indicate that osteoclasts from a T1D mouse model hyper-respond to RANK-L
resulting in excessive bone degradation via enhanced cathepsin K and MMP-9 secretion
concomitant with an increased expression of pro-osteoclastic soluble mediators. Our data also
suggest that inhibition of LPS-induced deactivation in NOD-derived BM-OC cultures is most
likely due to NOD osteoclast responsiveness rather than LPS-induced expression of soluble
mediators.
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Introduction
Bone and joint abnormalities are frequent co-morbidities of type 1 diabetes [T1D] (Khazai et
al., 2009; McCabe, 2007; Paula and Rosen). T1D originates from a complex etiology with
intrinsic genetic risk factors and extrinsic environmental factors. T1D-associated bone and
joint pathologies likewise may originate from shared intrinsic genetic factors or from
extrinsic sources of activation. Furthermore, bone and joint pathology may develop
secondary to autoimmune inflammation or as a consequence of hyperglycemia. The
complexity of T1D itself and added complexity of bone and joint co-morbidities necessitates
well-controlled and innovative approaches to assess the totality of potential causes.

Physiological bone remodeling is a highly coordinated process that orchestrates five
sequential phases: activation, resorption, reversal, formation and termination (Raggatt and
Partridge, 2010). In addition to traditional bone cells including osteoclasts and osteoblasts
which are responsible for bone resorption and formation, respectively, immune cells have
also been implicated in the regulation of this process. Thus, alterations in immune function
have been implicated in many bone diseases (Raggatt and Partridge, 2010). While decreased
skeletal health in T1D involves alterations in osteoblast maturation and function, the role of
osteoclasts in inflammation-induced bone and joint loss is less understood (McCabe, 2007).

Osteoclast differentiation is regulated by macrophage colony-stimulating factor [M-CSF]
and the receptor activator of nuclear factor kappa B ligand [RANK-L]. Resorption of bone is
initiated by binding of the osteoclasts to the mineralized bone surface via alpha v beta 3
[αvβ3] integrins forming a sealing zone membrane and a resorption lacuna (Del Fattore et
al., 2008). Vesicles containing osteoclastic enzymes such as tartrate-resistant acid
phosphatase [TRAP], the serine protease cathepsin K, and matrix metalloproteinase-9
[MMP-9] induce collagen degradation after bone demineralization by the vacuolar H+-
ATPase (Hayman, 2008). Osteoclasts are also negatively regulated through soluble
mediators including calcitonin and osteoprotegerin [OPG] (Takayanagi, 2007).

Activation of osteoclast-mediated bone resorption can be augmented by infection and
inflammation, as well as hormonal alterations (Takayanagi, 2007). Lipopolysaccharide
[LPS], a cell wall component of gram negative bacteria, has been found to be highly
immunogenic and induces the production of pro-inflammatory cytokines by various immune
cells. Osteoclasts and their precursors, which share the same lineage as macrophages and
dendritic cells, express many innate immune receptors including toll-like receptors [TLRs]
and thus can respond to bacterial components (Dumitrescu et al., 2004; Jiang et al., 2003;
Matsuo and Irie, 2008). In a co-culture of osteoclasts and osteoblasts, LPS, the ligand for
TLR4, augments bone resorption (Jiang et al., 2003). However, when supporting cells such
as osteoblasts or other immune cells are absent, LPS inhibits bone resorption in osteoclast
pure cultures, although the exact mechanism(s) is not known (Liu et al., 2009). In addition,
pro-inflammatory cytokines including TNF-α, IL-1β, and IL-6 stimulate differentiation and
activation of osteoclasts with IL-1β and TNF-α being directly involved in activating
resorption (D et al., 2004; Grey et al., 1999). In both murine and human T1D, macrophages
and dendritic cells have been shown to be hyperactive to TLR stimulation resulting in
excessive pro-inflammatory cytokine production (Ghosh et al., 1998; Poligone et al., 2002;
Sen et al., 2003). In addition, individuals with T1D are less able to clear bacterial infections
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thereby allowing bacterial components to accumulate further amplifying the inflammatory
process (Mealey and Rose, 2008).

Since individuals with T1D respond to inflammation in such an aberrant fashion, it is
entirely possible that these individuals would be more susceptible to severe bone loss than
T1D-free individuals given the effects of these soluble mediators on osteoclast activation
and function. Similarly, given the phylogenetic relationship of osteoclasts to macrophages
and dendritic cells and the aberrant TLR-responsiveness of these cell types in T1D, we
postulate that TID-derived osteoclasts have heightened sensitivity to stimulation resulting in
augmented differentiation and activation. Non-obese diabetic [NOD] mice, a model for
spontaneous autoimmune diabetes with pathology similar to individuals with T1D, have an
osteoporotic phenotype (Botolin and McCabe, 2007). In addition, NOD mice are more
susceptible to spontaneous and induced arthritis (Lawlor et al., 2001). Therefore in the
present study, we characterized T1D-associated osteoclast-specific differentiation, activation
and function in the presence and absence of inflammatory stimuli utilizing the NOD mouse
model.

Materials and Methods
Mouse Models

NOD/LtJ [NOD], NOR/LtJ [NOR], C57Bl/6J [C57Bl/6], and Balb/cJ [Balb/c] mice were
maintained in a specific pathogen-free [SPF] environment at the breeding facilities of the
University of Florida. The NOD mouse spontaneously develops an autoimmune-mediated
destruction of the β-cells within the islets of Langerhans of the pancreas producing very
similar pathology as seen in individuals with T1D, where by 10 weeks of age severe insulitis
is apparent, but mice are normoglycemic (Anderson and Bluestone, 2005). The NOR mouse
model has a similar genetic background as the NOD mouse but does not develop insulitis
and diabetes due to the dispersal of C57Bl/6 genome within diabetes susceptibility loci
(Prochazka et al., 1992). Thus the C57Bl/6 strain serves as an additional genetic background
control as well as an immunological control along with the Balb/c strain. C57Bl/6 mice are
considered Th1 responders while Balb/c mice respond predominately in a Th1-directed
manner (Lohoff et al., 1998) as do NOD mice (Anderson and Bluestone, 2005).

Blood glucose levels were measured at time of sacrifice with the Ascensia Contour Blood
Glucose Meter (Bayer). Bone marrow was harvested from female mice of all strains at 10-12
weeks [wks] of age. Pancreata were also harvested from NOD and NOR mice. All
experimental procedures were conducted in accordance with the guidelines of the University
of Florida Institutional Animal Care and Use Committee.

Osteoclast Differentiation
Femora and tibiae were surgically isolated, excess tissue removed, and marrow expelled
from bones using a syringe with α-MEM complete media (Sigma-Aldrich) [10% fetal
bovine serum (Mediatech), 1% L-glutamine (Thermo Scientific), 1% penicillin/
streptomycin/amphotericin B (Fisher)]. Cells were seeded in T75 flasks at a concentration of
1.5×106 cells/mL supplemented with 5ng/mL recombinant murine M-CSF [rmM-CSF]
(Peprotech) and allowed to culture for 24hrs at 37°C and 5% CO2. Non-adherent cells were
removed and 5.9×105 cells/mL of adherent cells were seeded in 24-well plates on either
glass coverslips (Fisher) or 1 cm2 bovine bone slices cut with an Isomet Low Speed Saw
(Buehler). All cultures were supplemented with 10ng/mL rmM-CSF and 50ng/mL
recombinant murine soluble RANK-L [rmsRANK-L] (Peprotech) and allowed to culture for
6d with complete media refreshed every 3d.
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TRAP Staining
After 6d or d9 of differentiation, cells plated on glass coverslips were fixed with 2%
paraformaldehyde/PBS (Fisher). Cells were washed with PBS and permeablized in 0.5%
Triton X-100/PBS (Fisher). Cells were washed and probed for leukocyte acid phosphatase
(TRAP) [1:1:1:2:4 Fast Garnet GBC Base Solution:Sodium Nitrite Solution:Napthol AS-BI
Phosphate Solution:Tartrate Solution:Acetate Solution] (Sigma Aldrich) after which cells
were washed and mounted on glass slides with MOWIOL 4-88 solution (Calbiochem).
TRAP positive cells [purple in color] were counted according to number of nuclei present:
mononuclear cells [1 nucleus], multinucleated osteoclasts [2-10 nuclei], and giant
osteoclasts [11+ nuclei] using light microscopy at 40x magnification. Whole coverslips were
counted for each cell type. Percentage of total nuclei was calculated by the number of nuclei
in each cell type divided by total number of nuclei counted.

Osteoclast Stimulation
After 6d of differentiation, media was refreshed with α-MEM complete media
supplemented with 10ng/mL rmM-CSF and 50ng/mL rmsRANK-L. Cells were allowed to
resorb bone for 72hrs in the presence or absence of the following: 1) 1ug/mL Escherichia
coli LPS [LPS] (Sigma), 2) pro-inflammatory cytokine cocktail [10ng/mL recombinant
human TNF-α [rhTNF-α] (R&D Systems) + 10ng/mL recombinant murine IL-1β [rmIL-1β]
(Peprotech) + 100ng/mL rmIL-6 (Peprotech)], 3) NOD conditioned media [from M-CSF and
RANK-L stimulated bone resorption cultures], or 4) C57Bl/6 conditioned media [from M-
CSF and RANK-L stimulated bone resorption cultures]. Cultures were permeablized with
1% Triton X-100 and supernatants stored at −80C until cathepsin K ELISA, collagen type I
telopeptide ELISA, MMP-9 ELISA, and Luminex cyto/chemokine analyses were
performed. Bone was made devoid of cells with 10% sodium hypochlorite/PBS after which
they were washed with PBS and stored in Trump’s fixative (Fisher) at 4C until scanning
electron microscopy [SEM] could be performed. All bone resorption outcome measures
were normalized to number of TRAP+ cells [outcome measure x (total number of TRAP
+cells/total number of cells plated)], mononuclear cells [outcome measure x (total number of
mononuclear cells/total number of TRAP+cells)] and multi-nucleated cells [outcome
measure x (total number of mononuclear cells/total number of TRAP+cells)].

Flow Cytometry for Osteoclast Culture Purity
After 6d of differentiation media was refreshed with α-MEM complete media supplemented
with 10ng/mL rmM-CSF and 50ng/mL rmsRANK-L in the presence or absence of 1ug/mL
non-pure E. coli LPS for 72hr. Cells were allowed to dissociate from the bottom of UpCell
(ThermoScientific) coated plates at room temperature. Suspended cells were washed with
FACS Buffer [1x PBS + 5% FBS + 0.372g EDTA] and allowed to incubate with the
following primary [1:200] and secondary antibodies [1:200]: goat anti-mouse calcitonin
receptor [CTR] (Santa Cruz) with anti-goat Alexa Fluor 647 (Invitrogen) and biotin-
conjugated rat anti-mouse RANK (eBioscience) with PerCP-Cy5.5-conjugated streptavidin
(eBioscience). Cells were acquired on a FACSCalibur flow cytometer (BD Biosciences) and
analyzed using FCS Express (De Novo Software).

Cell Viability Assays
Viability was assessed using a colorimetric MTT Cell Growth Assay (Millipore, Billerica,
MA) at d6 and d9 post-differentiation described above. MTT assay was performed
according to manufacturer’s instructions and absorbance was quantified with a
spectrophotometer set at a dual wavelength reading of 570nm with a reference of 630nm.
Culture media alone was used as a negative control while cells lysed with 1.0% triton were
used as a positive control.
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Scanning Electron Microscopy
Bone slices were sputter-coated with gold and visualized with S-4000 FE-SEM scanning
electron microscope (Hitachi). Three random scanning electron micrographs [8-bit
grayscale] of bone slices were acquired at 40× magnification with a 2048×1594 resolution
and pits were defined as “scalloped” areas with clearly identifiable borders. Identical
procedures were applied to every image from all experimental groups utilizing NIH ImageJ
software to quantify the surface area resorbed. Prominent repeating elements in the
frequency domain were identified and removed after which the inverse fast Fourier
transformation was applied yielding the original image with reduced saw marks. The
CLAHE algorithm (Karel, 1994) was used to increase contrast [block size: 256, histogram
bins: 256, maximum slope: 8], and a Gaussian blur [σ: 2 pixels] was applied to the result.
The rolling ball algorithm (Sternberg, 1983) was applied [radius: 100 pixels] to achieve
background intensity equalization. A threshold value (85) was used to convert the result to a
1-bit image [0: normal bone, 1: region of resorption] used for quantitative analysis. Images
which contained prominent artifacts spanning 5% or more of the total area were not included
for analysis. Percentage of area resorbed was calculated by dividing square microns resorbed
by total square microns.

Collagen Telopeptide ELISA
Collagen carboxy-terminal telopeptides were detected using an ELISA according to
manufacturer instructions (Immunodiagnostic Systems). Supernatants were pre-incubated
with biotin conjugated anti-telopeptide and horseradish-peroxidase [HRP] conjugated anti-
telopeptide and added to an ELISA plate coated with streptavidin [SAV]. Following five
washes, tetramethylbenzidine [TMB] substrate was used to develop reactivity followed by
quenching with H2SO4. Colorimetric reactions were detected using an Epoch microplate
spectrophotometer (Biotek) set at a dual wavelength reading of 450nm with a reference of
655nm. Gen5 Software (Biotek) and a standard curve were used to determine nM
concentrations.

Cathepsin K ELISA
Active cathepsin K was detected using an ELISA according to manufacturer instructions
(Alpco). Supernatants pre-incubated with HRP-conjugated anti-cathepsin K were added to
an ELISA plate pre-coated with polyclonal sheep anti-cathepsin K. Following five washes,
TMB substrate was used to develop reactivity followed by quenching with STOP solution.
Colorimetric reactions were detected using an Epoch microplate spectrophotometer (Biotek)
set at a dual wavelength reading of 450nm with a reference of 655nm. Gen5 Software
(Biotek) and a standard curve were used to determine pM/L concentrations of active
cathespin K.

MMP-9 ELISA
Total MMP-9 was detected using an ELISA according to manufacturer instructions (R&D
Systems). Supernatants were added to an ELISA plate pre-coated with anti-MMP-9.
Following four washes, HRP-anti-MMP-9 was used to detect reactivity. Following five
washes, TMB substrate was used to develop reactivity followed by quenching with HCl.
Colorimetric reactions were detected using an Epoch microplate spectrophotometer (Biotek)
set at a dual wavelength reading of 450nm with a reference of 595nm. Gen5 Software
(Biotek) and a standard curve were used to determine ng/mL concentrations.

Soluble Mediator Analysis
Cytokines and chemokines from resorption supernatants were detected and quantified using
a mouse 22-cyto/chemokine multiplex (Millipore) according to the manufacturer’s
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instructions. Supernatant and antibody-coated beads were allowed to incubate overnight at
4C in a 96-well primed plate. Following three washes, reactivity was probed with
biotinylated detection antibodies and SAV-phycoerythrin [PE]. All incubations occurred
while gently shaking in the dark. Following three washes, beads were resuspended in sheath
fluid and reactivity acquired using a Luminex 200 IS system with Xponent software
(Millipore). Milliplex analyst software (Viagene), 5-parameter logistics and a standard curve
were used to determine pg/ml concentrations. Outcome measures were normalized to
number of mononuclear cells [outcome measure x (total number of mononuclear cells/total
number of TRAP+cells)] and multi-nucleated cells [outcome measure x (total number of
mononuclear cells/total number of TRAP+cells)].

Histological Analysis of Pancreas
Pancreata were fixed in 10% formalin (Fisher) and embedded in paraffin. 5μm sections were
mounted on glass slides and deparaffinized in xylenes and rehydrated using 100% ethanol
(EtOH), 95% EtOH, 75% EtOH (Fisher), and dH2O. Sections were stained with Harris
hematoxylin, incubated in a bluing solution [1.5% NH4OH (EMD Chemicals) in 70%
EtOH] and stained with eosin [1% aqueous Eosin Y, 1% aqueous phloxyine B (Fisher),
100% EtOH and glacial acetic acid (Mallinckrodt Chemicals)]. Sections were dehydrated
with 70% EtOH, 95% EtOH, 100% EtOH, and xylene (2 times), mounted with Permount
(Fisher) and observed under light microscopy. Islet infiltration was graded on a 0-2 scale,
with 0=no insulitis, 1=peri-insulitis, and 2=insulitis where average insulitis score per
pancreata was determined.

Statistical Analysis
One-way ANOVA with Dunns’s multiple comparisons were used to analyze and determine
statistical significance (p<0.05) as appropriate.

Results
NOD-derived osteoclasts display altered differentiation

In order to determine if increased bone resorption observed in multiple T1D complications is
due to alterations in osteoclast differentiation, the differentiation of bone marrow derived
osteoclasts [BM-OCs] from C57Bl/6, Balb/c, NOR and NOD mice was evaluated. BM-OCs
were allowed to differentiate for 6d and purity of cultures was evaluated using FACS
analysis where the expression of RANK and calcitonin receptor [CTR] was used to define
the osteoclast populations (Fig. 1). In addition, TRAP staining was used to determine the
number of mononuclear cells, multinucleated osteoclasts, and giant osteoclasts (Fig. 2).

While BM-OC cultures from all strains generated similar percentages of RANK+CTR+

where on average cultures were 76.5% pure, NOD BM-OCs consistently had a population of
cells expressing lower levels of CTR [RANK+CTRlo] (Fig. 1 arrow). In addition, while no
differences in the number of mononuclear cells were observed (Fig. 2B), there were
significantly fewer multinucleated and giant osteoclasts observed in NOD-derived osteoclast
cultures when compared to C57Bl/6-, Balb/c-, and NOR-derived cultures (Fig. 2C,D).
Because osteoclast formation is a result of cell fusion events, we also evaluated the
percentage of each osteoclast phenotype type compared to the total nuclei present (Fig 2E-
G). Here again, NOD-derived osteoclast cultures had a significantly lower percentage of
cells which were multi-nucleated compared to those derived from all other strains (Fig.
2F,G). In order to determine if NOD BM-OC cultures simply had a delay in fusion events,
differentiation of BM-OCs was also evaluated at 9d of culture, where no significant
difference in the number of multi-nucleated or giant cells was observed (Fig. 2H). Similarly,
to determine if there was a difference in osteoclast survival an MTT assay was performed at
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6d and 9d of BM-OC culture. Again, no significant difference in cell survival was observed
in NOD derived BM-OCs (Fig. 2I). Taken together, these data indicate a possible defect in
the differentiation of NOD-derived osteoclasts, most likely involving the fusion of
mononuclear cells into multinucleated osteoclasts.

NOD-derived osteoclasts have increased bone resorption capabilities in response to
RANK-L stimulation

Although our differentiation data suggests overall smaller osteoclast size, this data does not
address the bone resorbing function of these cells. In order to determine the bone resorbing
capabilities of NOD-derived BM-OCs, these cells were seeded onto bovine bone slices and
stimulated to resorb bone with RANK-L. To quantify the amount of bone resorbed, SEM
and ImageJ analysis were performed where the total area resorbed and number of resorption
pits by TRAP+ cells was determined (Fig. 3). NOD-derived BM-OCs were found to resorb
more surface area in response to RANK-L stimulation compared to C57Bl/6-, Balb/c-, and
NOR-derived cultures (Fig. 3A, B). In addition, the number of resorption pits was
significantly higher in NOD-derived BM-OCs cultures compared to those from all other
strains (Fig. 3A, E). In order to elucidate activity on a per cell basis, the total area resorbed
and number of resorption pit data was stratified based on number of TRAP+ mononuclear
cells (Fig. 3 C, F) and TRAP+ multinucleated cells (Fig. 3 D, G). Here again the total area
resorbed and the number of resorption pits was significantly higher in NOD-derived TRAP+
mononuclear cells. On the other hand only the total area resorbed was significantly higher in
NOD-derived TRAP+ multinuclear cells. Together these data suggest that irrespectively of
the smaller size, more cells in NOD-derived osteoclast cultures resorbed a greater bone
surface area.

NOD-derived osteoclasts degrade more type 1 collagen than controls via enhanced
cathepsin K and MMP-9 secretion

During bone resorption, the organic portion of bone containing type I collagen is degraded
in the resorption lacunae where vesicles containing collagen telopeptides are transcytosed
out of the osteoclast and released into the extracellular milieu (Bar-Shavit, 2007). Therefore,
in order to further quantify bone resorption, levels of intra- and extra-cellular collagen
telopeptides were evaluated. Similar to our SEM data, RANK-L-stimulated NOD-derived
BM-osteolcast cultures had significantly higher levels of collagen telopeptides than C57Bl/
6-, Balb/c, and NOR-derived cultures (Fig. 4A, D, G) confirming higher bone resorption
activity. Lysosomal cathepsins, such as cathepsin K, and matrix metalloproteinases such as
MMP-9 can degrade type I collagen at an acidic pH created in the resorption lacunae
(Vaananen and Laitala-Leinonen, 2008). Therefore, to investigate mechanisms associated
with the observed increased collagen degradation, the amount of cathepsin K (Fig. 4B, E, H)
and MMP-9 (Fig. 4C, F, I) in the same BM-OC cultures was quantified. Increased levels of
cathepsin K and MMP-9 were detected in RANK-L-stimulated NOD-derived BM-OC
cultures when compared to C57Bl/6-, Balb/c-, and NOR-derived cultures (Fig. 4B, C).
Again, activity was evaluated based on nucleation, where collagen, cathepsin K and MMP-9
was significantly higher in NOD-derived TRAP+ mononuclear cells (Fig. 4D - F) with
collagen, and MMP-9, but not cathepsin K being significantly higher in NOD-derived TRAP
+ multinuclear cells (Fig. 4G - I). These data indicate that RANK-L stimulation of NOD-
derived BM-OC results in increased cathepsin K and MMP-9 release leading to increased
collagen degradation,, with the largest source of bone degradation being TRAP+
mononuclear osteoclasts.

NOD-derived osteoclasts respond aberrantly to LPS
Inflammatory bone pathologies are often seen in individuals with T1D, including
inflammatory arthritis and periodontitis-associated alveolar bone loss, where inflammatory
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mediators including bacterial components are abundant in these milieus (Hallmon and
Mealey, 1992; Lalla et al., 2007; Mealey and Rose, 2008; Ryan et al., 2003; Somers et al.,
2009; Teng, 2006). Thus, the effect of LPS on T1D-derived osteoclast function was
evaluated. Osteoclasts were seeded onto bovine bone slices and stimulated to resorb bone
with RANK-L in the presence of LPS. LPS-induced deactivation of osteoclast function was
observed in C57Bl/6-, Balb/c-, and NOR-derived cultures indicated by a decrease in the area
resorbed and collagen release as well as decreased cathepsin K and MMP-9 secretion (Fig.
5). However, this LPS-induced deactivation did not occur in the NOD-derived osteoclast
cultures as shown by a lack of decrease in the area resorbed and collagen degradation (Fig.
5A, B). Interestingly, NOD-derived BM-osteoclasts also displayed an increase in LPS-
responsiveness as measured by increases in cathepsin K and MMP-9 secretion compared to
RANK-L stimulation alone (Fig. 5C, D). These data suggest that NOD-derived BM-OCs are
not only unable to be deactivated by LPS but more importantly secrete elevated levels of
bone resorbing mediators in the presence of LPS.

NOD-derived osteoclasts secrete increased soluble osteoclastogenic mediators in
response to LPS

Because osteoclast function is regulated by many soluble immune mediators, the cytokine
and chemokine profile within BM-OC cultures from all strains was evaluated. Increased
amounts of the hematopoietic growth factor GM-CSF and pro-inflammatory cytokines
IL-1β and TNF-α as well as the osteoclast chemoattractants RANTES and IP-10 were
elevated in BM-OCs cultures from all strains following LPS stimulation (Fig. 6). Similarly,
the anti-osteoclastogenic mediator IL-10 was also elevated in BM-OCs following LPS
stimulation (Fig. 6F, L). Interestingly, NOD-derived BM-OCs cultures presented with
significantly higher levels of all mediators, with the exception of IL-10, compared to those
found in C57Bl/6-, Balb/c-, and NOR-derived cultures when normalized to TRAP+
mononuclear cells (Fig. 6A-F). While a similar trend was observed when data was
normalized for multinucleation (Fig. 6G-L), it was interesting to note that GM-CSF
expression was no longer significantly higher (Fig. 6G) and IL-10 levels were significantly
lower (Fig. 6L), in NOD-derived BM-OCs cultures. These data indicate an exacerbated pro-
osteoclastic response to LPS by TRAP+ mononuclear NOD derived BM-OCs.

NOD-derived osteoclasts respond aberrantly to inflammatory mediators
While pro-inflammatory cytokines such as TNF-α and IL-1β act on osteoblasts and
activated T-cells to indirectly stimulate osteoclast differentiation, they also directly activate
osteoclasts to resorb bone (Boyce et al., 2005; Boyce et al., 2006; Zou et al., 2001). Thus in
order to determine if the higher levels of these mediators in NOD derived BM-OC cultures
could be responsible for the abrogation of LPS-induced deactivation of osteoclast function,
BM-OC cultures from all strains were subjected to a cocktail of pro-inflammatory cytokines
and their resorptive function evaluated. As expected, increases in collagen release, cathepsin
K and MMP-9 secretion were observed in BM-OC cultures from all strains in both the
presence of the pro-inflammatory cytokine cocktail and in the absence of LPS (Fig. 7) when
compared to those observed in the absence of the pro-inflammatory cytokine cocktail (Fig.
4). In the presence of a pro-inflammatory cytokine cocktail, NOD-derived BM-OCs display
significantly increased resorptive function when compared to C57Bl/6-, Balb/c-, and NOR-
cultures (Fig.7), similar to responsiveness in the absence of the pro-inflammatory cytokine
cocktail (Fig. 4). In addition, the pro-inflammatory cytokine cocktail did not affect
abrogation of LPS-induced deactivation in NOD-derived BM-OCs. On the other hand,
C57Bl/6-, Balb/c- and NOR-derived cultures had significantly lower levels of collagen,
cathepsin K and MMP-9 in the presence of LPS than in its absence even in the presence of a
pro-inflammatory cytokine cocktail (Fig. 7). These data suggest that the pro-inflammatory
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milieu in NOD-derived BM-OCs is not solely responsible for the LPS-induced hyper-
resorptive response observed.

NOD-derived BM-OC conditioned media leads to increased bone resorption in control
cultures

In order to determine if a soluble mediator was responsible for the abrogation of LPS-
induced deactivation of osteoclast function observed in the NOD BM-OC cultures,
conditioned media from LPS-free NOD BM-OC cultures was added to C57Bl/6-, Balb/c-,
and NOR-derived cultures. As a control, conditioned media from LPS-free C57Bl/6 BM-OC
cultures was added to Balb/c-, NOR and NOD-derived cultures. Again, collagen release,
cathepsin K and MMP-9 secretion were used to evaluate osteoclast function. As expected,
conditioned media from NOD BM-OC cultures caused an increase in resorption and
osteoclastic enzyme production in C57Bl/6-, Balb/c-, and NOR-derived cultures when
compared to conditioned media from C57Bl/6 BM-OC cultures (Fig. 8). Importantly,
conditioned media from NOD BM-OC cultures were unable to inhibit LPS-induced
deactivation in C57Bl/6-, Balb/c-, and NOR-derived cultures (Fig. 8). Similarly, conditioned
media from C57Bl/6 BM-OC cultures were unable to inhibit LPS-induced deactivation in
Balb/c-, and NOR-derived cultures. C57Bl/6 BM-OC conditioned media did not affect the
inhibition of LPS-induced deactivation in NOD-derived BM-OC cultures (Fig. 8). Together
these data suggest that inhibition of LPS-induced deactivation in NOD-derived BM-OC
cultures is most likely due to NOD osteoclast responsiveness rather than excess or absence
of an LPS-induced soluble mediator.

NOD -derived osteoclasts are from pre-diabetic/euglycemic mice
Bone resorption can be influenced by many factors including glucose concentration
(Williams et al., 1997; Wittrant et al., 2008). Thus, in order to determine if hyperglycemia is
contributing to the inhibition of LPS-induced deactivation of NOD-derived BM-OCs, the
stage of T1D progression and blood glucose was evaluated. All strains had normal blood
glucose at time of bone marrow harvest (Fig. 9A). Similarly, the histology of pancreata from
NOD and NOR mice revealed little insulitis with approximately 75% of islets free of
infiltration in the NOD model versus 90% in the NOR (Fig. 9B, C). Therefore, NOD mice
were considered euglycemic and pre-diabetic at the time of marrow harvest, indicating that
the events observed are not due to hyperglycemia or conditions associated with fulminant
disease.

Discussion
Individuals with T1D have increased incidence of inflammatory arthritis as well as
osteoporosis, two diseases principally mediated by a dysregulation in bone remodeling
(Somers et al., 2009; Thrailkill et al., 2005). Bone formation by osteoblasts is decreased in
individuals with T1D which tips the balance of bone remodeling towards that of less bone
deposition (Thrailkill et al., 2005). Here we demonstrate an osteoclast-specific contribution
to altered bone remodeling, where T1D-derived osteoclasts are more osteoclastic in nature
than T1D-free derived osteoclasts suggesting an additional tip in the balance to that of
increased bone resorption.

While NOD BM-OC resorptive capability was heightened in response to RANK-L
stimulation, NOD-derived BM-OCs were found to be smaller in size. In addition, NOD-
derived BM-OCs cultures consistently contained a population of RANKL+CTRlo cells.
Together these data indicate an aberrant maturation process. The fusion of mononuclear
cells into multinucleated and giant cells was decreased suggesting an alteration in cell-fusion
mechanism(s). Many surface receptors including DC-STAMP and MFR/SIRPα, are critical
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for fusion from mononucleated precursors into multinucleated cells. In addition, ADAM8
and ADAM12 which are disintegrins/metalloproteinases secreted prior to fusion, may be
affected in this model (Oursler, 2010). Calcitonin, the ligand for CTR, is responsible for
lowering calcium levels in the blood by inhibiting bone resorption by inducing
morphological changes leading to osteoclast retraction (Naot and Cornish, 2008). In
addition, while still controversial, some studies have demonstrated an effect of calcitonin in
the fusion of osteoclast-precursors (Naot and Cornish, 2008). Thus it is plausible that
expression or function of one or many of these molecules is altered in the NOD model
leading to decreased fusion.

RANK-L stimulation of NOD-derived osteoclasts resulted in increased cathepsin K and
MMP-9 secretion leading to increased collagen degradation. This suggests a hyper-
responsiveness to RANK-L by NOD BM-OCs during homeostatic conditions, whereby
augmented signaling leads to increased resorptive enzyme production (Cappellen et al.,
2002; Mabilleau et al., 2008). In support of this theory, it has been shown by others that
peripheral blood derived osteoclasts from diabetic (both type 1 and type 2) individuals were
less sensitive to the soluble decoy receptor for RANKL, osteoprotegrin [OPG] than those
derived from diabetes-free controls resulting in increased bone resorption, again indicating a
heightened sensitivity in RANK signaling (Mabilleau et al., 2008; Poubelle et al., 2007). In
addition, stratification of the resorption data indicates that TRAP+ mononuclear cells within
the NOD-derived OC cultures are responsible for the augmented resorption.

Bacterial components such as LPS act on osteoblasts and activated T-cells to produce more
RANK-L to stimulate osteoclasts to differentiate and resorb bone (Takahashi et al., 1994;
Teng, 2006). However, LPS can also act on osteoclasts directly by inhibiting the
differentiation of monocytic precursors into bone resorbing osteoclasts and bone resorption
by mature osteoclasts (Liu et al., 2009; Takami et al., 2002). In addition, it has recently been
demonstrated that osteoclasts have the capacity to phagocytose bacteria and act as a
supporting immune cell (Li et al., 2010). While T1D-free derived osteoclasts resorb less
bone in the presence of high amounts of LPS, they do produce pro-inflammatory cytokines
and chemokines. This suggests a shunting of osteoclast precursors to that of an immune cell
phenotype to help fight infection rather than towards mobilization to resorb bone.
Interestingly, in addition to being more resorptive, NOD-derived osteoclasts were also more
inflammatory in nature than the NOR, C57BL/6 or Balb/c models as indicative of increased
soluble mediator secretion. Again, stratification of the data indicates that it is the TRAP+
mononuclear cells which have retained this inflammatory function.

Macrophages and monocytes (relatives of the osteoclast) from individuals with T1D secrete
elevated levels of pro-inflammatory cytokines in response to LPS (Foss-Freitas et al., 2008;
Salvi et al., 1997). Here NOD-derived osteoclasts also secreted elevated levels of the pro-
inflammatory and pro-osteoclastic mediators, GM-CSF, RANTES, IP-10, TNF-α and IL-1β
when stimulated with LPS compared to those observed in osteoclast control cultures. Where
GM-CSF can mobilize osteoclast precursor release from the bone marrow, RANTES and
IP-10 can act as chemokines to attract these precursors to the area of inflammation. TNF-α
and IL-1β then augment osteoclast differentiation and function (Gillespie, 2007; Knowles
and Athanasou, 2009; Takayanagi, 2009). In addition, our data describe for the first time
that NOD derived BM-osteoclasts are refractory to LPS-induced inhibition of bone
resorption. Thus one can envision that under a T1D environment, augmented secretion of
these mediators can lead to a positive feedback loop where more osteoclasts are recruited to
the site of inflammation where abrogation of LPS-induced inhibition leads to exacerbated
bone resorption.
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We found that neither addition of a pro-inflammatory cytokine cocktail nor addition of
conditioned media from NOD BM-OC cultures led to inhibition of LPS-induced
deactivation in our control cultures suggesting that soluble factors alone are not responsible
for the aberrant LPS-responsiveness of NOD BM-OCs. Importantly, C57Bl/6 BM-OC
conditioned media did not affect the inhibition of LPS-induced deactivation in NOD-derived
BM-OC cultures suggesting that there is not an absence of a soluble mediator in NOD-
derived BM-OC cultures responsible for LPS-induced deactivation of osteoclasts. Therefore,
we hypothesize that it is the response of the NOD BM-OC to LPS and other mediators that
is the cause of aberrant function rather than an excess or absence of soluble mediator
expression. For instance, hyper-responsiveness in the TLR4, signaling pathway as indicated
by increased translocation of NFκB has been described in macrophages and dendritic cells
isolated from NOD mice (Poligone et al., 2002; Sen et al., 2003; Weaver et al., 2001). In
addition, the receptors for TNF-α [TNFR] and RANK-L [RANK], which originate from the
same super-family of receptors, also utilize the NFκB pathway and thus T1D-associated
alteration in these signaling pathways could potentially alter the bone resorbing function of
osteoclasts (Karin and Gallagher, 2009). These mechanisms are currently under
investigation in our laboratory.

In addition to the inflammatory environment, bone resorption can be influenced by many
factors including glucose concentration. For instance, Graves and colleagues have elegantly
demonstrated in ligature, calvarial and bone fracture models (in the presence and absence of
infection) that hyperglycemia and TNF-α affect fibroblast and osteoblast apoptosis which
contributes to in vivo cartilage and bone loss in models of type 2 diabetes and
hyperglycemia (Alblowi et al., 2009; Alikhani et al., 2007; Desta et al.,; Graves et al., 2005;
He et al., 2004; Kayal et al., 2009; Kayal et al.,; Kayal et al., 2007; Liu et al., 2006; Liu et
al., 2004; Lu et al., 2003; Santana et al., 2003; Siqueira et al.).While our data demonstrates
an osteoclast-specific augmented function in the absence of hyperglycemic contributions, it
is plausible that hyperglycemia may further contribute to osteoclast hyperactivity in T1D.
Indeed, glucose is the primary energy source of the osteoclast and has been shown to
augment osteoclast-mediated resorption via increases in V-ATPase expression (Larsen et al.,
2005; Larsen et al., 2002). Furthermore, lack of insulin, now considered to be a bone
anabolic agent, leads to decreased bone formation in patients with T1D (Thrailkill et al.,
2005).

While many contributing factors to the inflammatory bone loss in patients with T1D have
been surmised, the totality of osteoclast-mediated pathology was previously unknown.
Dissecting osteoclast function and its role in T1D-associated bone pathologies can lead to
adjunct treatment for patients with T1D that cannot respond to conventional anti-osteoclast
therapies. In the present study, we have shown that a T1D genetic background leads to a
hyper-reactive osteoclast phenotype which responds to bacterial components and pro-
inflammatory cytokines in an aberrant fashion resulting in excessive bone degradation via
enhanced cathepsin K and MMP-9 secretion concomitant with an increased expression of
pro-osteoclastic soluble mediators.
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Figure 1. Flow cytometric analysis of osteoclast culture purity
BM-OCs were stimulated with RANK-L for 72hrs on UpCell plates. Cells were probed for
RANK (PerCP-Cy5.5) and calcitonin receptor [CTR] (AlexaFluor647) and acquired using a
FACSCalibur flow cytometer. FCS Express software was used to determine forward and
side scatter population of analyzed BM-OCs (circled in upper panel) and percentage of pure
RANK+CTR+ BM-OCs (lower panel). Black arrow indicates novel population of RANK+
cells expressing low levels of CTR [RANK+CTRlo] NOD BM-OCs. Data shown as
representative scatter plots of each mouse strain.
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Figure 2. NOD-derived osteoclasts display altered differentiation
(A) 6d post-differentiation, BM-OCs were imaged with light microscopy at 40x
magnification. Representative images of (I) mononuclear cells, (II) multinucleated OCs, and
(III) giant OCs. (B-D) Number of TRAP+ BM-OCs per coverslip were enumerated using
40x magnification. (E-G) Data shown as percentage of total nuclei TRAP+. C57Bl/6 (black
bars, n=18), Balb/c (dark grey bars, n=16), NOR (light grey bars, n=16), NOD (white bars,
n=16). (H) 6d and 9d post-differentiation, multinucleated and giant BM-OCs NOD mice
were quantified. (I) 6d and 9d post-differentiation cell-viability of C57Bl/6 and NOD BM-
OC cultures was assessed by MTT assay. *p value < 0.05. One-way ANOVA with Dunn’s
multiple correction.
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Figure 3. NOD-derived osteoclasts have increased bone resorption capabilities in response to
RANK-L stimulation
BM-OCs were stimulated with RANK-L for 72hrs on bovine bone slices which were
sputter-coated with gold and imaged with SEM. (A) Representative SEM and computer-
quantified areas of resorption (blue) at 40x magnification. Image J software was used to
determine (B- D) area of resorption and (E-G) number of resorption pits (light blue outlines
= borders of resorption areas) normalized to (B, E)TRAP+ cells, (C, F) TRAP+
mononuclear cells and (D, G)TRAP+ multinucleated cells. C57Bl/6 (black bars, n=18),
Balb/c (dark grey bars, n=16), NOR (light grey bars, n=16), NOD (white bars, n=16). *p
value ≤ 0.05. One-way ANOVA with Dunn’s multiple correction.
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Figure 4. NOD-derived osteoclasts degrade more type 1 collagen than controls via enhanced
cathepsin K and MMP-9 secretion
BM-OCs were stimulated with RANK-L for 72hrs on bovine bone slices. Supernatants were
collected after 1% Triton X-100 solubilization and ELISA used to quantify: (A, D, G)
collagen I telopeptide (B, E, H) cathepsin K (C, F, I) MMP-9 normalized to (A-C) TRAP+
cells, (D-F) TRAP+ mononuclear cells and (G-I) TRAP+ multinucleated cells. C57Bl/6
(black bars, n=18), Balb/c (dark grey bars, n=16), NOR (light grey bars, n=16), NOD (white
bars, n=19). *p value ≤ 0.05. One-way ANOVA with Dunn’s multiple correction.
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Figure 5. NOD-derived osteoclasts respond aberrantly to LPS
BM-OCs were stimulated with RANK-L in the presence or absence of E. coli LPS for 72hrs
on bovine bone slices. Supernatants were collected after 1% Triton X-100 solubilization and
bones were sputter-coated with gold and imaged with SEM. (A) Area of resorption (B)
collagen I telopeptide (C) cathepsin K and (D) MMP-9 were evaluated using (A) SEM and
(B-D) ELISA. Data are expressed as percent expression during RANK-L stimulation
calculated by [(value in the presence of LPS/value in the absence of LPS) x 100] C57Bl/6
(black circles, n=18), Balb/c (dark grey circles, n=16), NOR (light grey circles, n=16), NOD
(white circles, n=19). Dashed line = expression levels in the absence of LPS. *p value ≤
0.05. NOD vs. all strains. One-way ANOVA with Dunn’s multiple correction.
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Figure 6. NOD-derived osteoclasts secrete increased soluble osteoclastogenic mediators in
response to LPS
BM-OCs were stimulated with RANK-L in the presence (+) or absence (-) of E. coli LPS for
72hrs on bovine bone slices. (A, G) GM-CSF (B, H) IL-1β (C, I) TNF-α, (D. J) RANTES,
(E, K) IP-10 and (F, L) IL-10 levels were evaluated in the permeabilized supernatants using
Milliplex technology. (A-F) Data shown as pg/mL normalized to TRAP+ mononuclear cells.
(G-L) Data shown as pg/mL normalized to TRAP+ multinucleated cells. C57Bl/6 (black
bars, n=13), Balb/c (dark grey bars, n=15), NOR (light grey bars, n=14), NOD (white bars,
n=17). Open bars = absence of LPS, hatched bars = presence of LPS. *p value ≤ 0.05. One-
way ANOVA with Dunn’s multiple correction.
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Figure 7. Pro-inflammatory cytokines do not inhibit LPS-deactivation of OCs
BM-OCs were stimulated with RANK-L in the presence or absence of E. coli LPS and a
pro-inflammatory cytokine cocktail [TNF-α, IL-1β, and IL-6] for 72hrs on bovine bone
slices. Supernatants were collected after 1% Triton X-100 solubilization and ELISA used to
quantify: (A) collagen I telopeptide (B) cathepsin K (C) MMP-9. C57Bl/6 (black bars, n=5),
Balb/c (dark grey bars, n=5), NOR (light grey bars, n=6), NOD (white bars, n=5). Open bars
= absence of LPS, hatched bars = presence of LPS. *p value ≤ 0.05. ^p value indicates <0.05
NOD vs. all other experimental groups in the absence of LPS. One-way ANOVA with
Dunn’s multiple correction
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Figure 8. NOD-derived soluble mediators do not inhibit LPS-deactivation of OCs
BM-OCs were stimulated with RANK-L in the presence or absence of E. coli LPS and
either NOD conditioned media [NOD c.s.] or C57Bl/6 conditioned media [C57Bl/6 c.s.] for
72hrs on bovine bone slices. Supernatants were collected after 1% Triton X-100
solubilization and ELISA used to quantify: (A) collagen I telopeptide (B) cathepsin K (C)
MMP-9. C57Bl/6 (black bars, n=5), Balb/c (dark grey bars, n=5), NOR (light grey bars,
n=6), NOD (white bars, n=5). Open bars = absence of LPS, hatched bars = presence of LPS.
*p value ≤ 0.05 NOD c.s vs C57Bl/6 c.s.; ^p value ≤ 0.05 no LPS vs LPS NOD c.s φp value
≤ 0.05 no LPS vs. LPS C57Bl/6 c.s. One-way ANOVA with Dunn’s multiple correction.
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Figure 9. NOD-derived BM-OCs are from pre-diabetic/euglycemic mice
(A) Blood glucose was measured at time of sacrifice. C57Bl/6 (black circles, n=10), Balb/c
(dark grey circles, n=10), NOR (light grey circles, n=19), NOD (white circles, n=23) (B)
Pancreata from NOR (n=5) and NOD (n=5) were fixed, embedded, sectioned, H&E stained
and scored using light microscopy based on percentage of lymphocyte infiltration (insulitis).
no insulitis = black, peri-insulitis = hatched, intra-insulitis = white. (C) Representative
sections of scoring technique. (i) no insulitis (ii) peri-insulitis (iii) intra-insulitis.
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