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Abstract

The ability of the extracellular matrix (ECM) to direct cell fate has generated the potential for
developing a materials-only strategy for tissue regeneration. Previously we described a
nanoparticulate mineralized collagen glycosaminoglycan (MC-GAG) material that efficiently
induced osteogenic differentiation of human mesenchymal stem cells (hnMSCs) and calvarial bone
healing without exogenous growth factors or progenitor cell expansion. In this work, we evaluated
the interactions between MC-GAG and primary human osteoclasts (hOCs). In the absence of
hMSCs, mineralized Col-GAG materials directly inhibited hOC viability, proliferation, and
resorption in contrast to non-mineralized Col-GAG which demonstrated a modest inhibition of
resorptive activity only. Co-cultures containing differentiating hMSCs with hOCs demonstrated
increased hOC-mediated resorption only on Col-GAG while MC-GAG co-cultures continued to
inhibit resorption. Unlike Col-GAG, hMSCs on MC-GAG expressed increased amounts of
osteoprotegerin (OPG) protein, the major endogenous osteoclast inhibitor. Interestingly, OPG
expression was found to be antagonized by small mothers against decapentaplegicl/5 (Smad1/5)
phosphorylation, an obligate pathway for osteogenic differentiation of hMSCs on MC-GAG, and
potentiated by extracellular signal-regulated kinase (ERK1/2) phosphorylation. Collectively, these
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results suggested that the MC-GAG material both directly inhibited the osteoclast viability,
proliferation, and resorptive activity as well as induced hMSCs to secrete osteoprotegerin, an anti-
osteoclastogenic factor, via a signaling pathway distinct from osteogenic differentiation.

Keywords

bone regeneration; bone resorption; collagen glycosaminoglycan; nanoparticle; osteoclast;
osteoprotegerin

Introduction

The major axis controlling bone homeostasis via osteoclast regulation is mediated by the
receptor activator of nuclear factor-xB (RANK), receptor activator of nuclear factor-xB
ligand (RANKL), and osteoprotegerin (OPG) (Lee et al., 2011; Maxhimer, Bradley, & Lee,
2015). RANK, a tumor necrosis factor superfamily receptor, is essential to osteoclast
differentiation and activation upon binding to its cognate ligand, RANKL (Anderson et al.,
1997; Kong et al., 1999). Both /n vitro and in vivo genetic studies have demonstrated that
RANK or RANKL deficiencies result in uncontrolled bone formation (Lee et al., 2011; J. Li
et al., 2000; Yun et al., 2001). As a decoy receptor, OPG is the endogenous negative
regulator of RANK/RANKL interactions (Maxhimer et al., 2015). In the absence of OPG,
uncontrolled bone resorption and osteoporosis occurs (Simonet et al., 1997; Yun et al.,
2001). Thus, the relative quantities of RANKL and OPG have been hypothesized to be
important to both the locoregional or organismal balance towards bone formation or
resorption (Kadriu et al., 2017). Targeted therapies to this axis are now being investigated for
treatment of osteoporosis and other pathologic conditions to yield a net osteogenic state
(Faienza et al., 2018; Flick et al., 2003). Similarly, temporary alterations of the
RANKL/OPG relative quantities may also be utilized for augmentation of bone regenerative
therapies.

In addition to the major regulatory axis, components of the extracellular matrix (ECM) are
known to direct changes in osteoclastogenesis and osteoclast activity (Barrow et al., 2011,
Kram, Kilts, Bhattacharyya, Li, & Young, 2017; M. Li et al., 2018). Collagen I, the major
species in bone ECM and the basis for the majority of bone ECM-based regenerative
materials, is the ligand for the osteoclast-associated receptor (OSCAR), the co-receptor
necessary for osteoclast activation (Barrow et al., 2011). Fibronectin has been described to
both positively and negatively regulate osteoclast activation by several groups (Gramoun et
al., 2010; M. Li et al., 2018). Glycosaminoglycans (GAGSs) such as hyaluronan have also
been known to serve anti-osteoclastogenic effects via Toll-like receptor 4 (TLR4) and
inhibition of macrophage-colony stimulating factor (M-CSF) activated signaling pathways
(Chang et al., 2007). Additionally, collagen-based coatings that contain sulfated GAGs have
been differentially reported to inhibit osteoclast activation (Salbach, Kliemt, et al., 2012;
Salbach, Rachner, et al., 2012; Salbach-Hirsch et al., 2013; Salbach-Hirsch et al., 2014).
Kram and colleagues demonstrated that expression of the small leucine rich proteoglycans
(SLRP) biglycan and fibromodulin by osteoprogenitors attenuated the abilities for osteoclast
precursor cells to differentiate through sequestration of RANKL in mouse genetic models
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(Kram et al., 2017). Lastly, mineral content has also been found to have an anti-
osteoclastogenic effect indirectly through OPG secretion by differentiating osteoprogenitors
(Jiao et al., 2015). Thus, ECM components not only have direct effects on osteoclast
regulation but also indirectly through differentiation of osteoprogenitors.

Due to the abilities of components of the ECM to differentially direct cell fate,
understanding the net effects of individual bone regenerative materials require
characterization of interactions with both osteoprogenitors and osteoclast progenitors. We
have previously reported that a nanoparticulate mineralized collagen glycosaminoglycan
(MC-GAG) material induces efficient osteogenic differentiation of primary human
mesenchymal stem cells (hnMSCs) and /n vivo calvarial healing in a rabbit model in an
exogenous growth factor-independent manner (X. Ren et al., 2015; Ren, Tu, et al., 2016a).
We also detailed that an autogenous activation of the canonical bone morphogenetic protein
receptor (BMPR) signaling pathway was necessary for osteogenesis of hMSCs on MC-
GAG, whereas the mitogen activated protein kinase (MAPK) pathways were not required
(Zhou et al., 2017). Our current work aims to characterize the effects of MC-GAG on
osteoclastogenesis and osteoclast activity.

Materials and Methods

Fabrication and chemical crosslinking of non-mineralized and mineralized collagen

scaffolds

Cell culture

Col-GAG and MC-GAG scaffolds were prepared using lyophilization as described
previously (Harley, Leung, Silva, & Gibson, 2007; Harley et al., 2010; Weisgerber, Kelkhoff,
Caliari, & Harley, 2013). Briefly, microfibrillar, type I collagen (Collagen Matrix, Oakland,
NJ) and chondroitin-6-sulfate (Sigma-Aldrich, St. Louis, MO) were combined in suspension
in the absence and presence of calcium salts (calcium nitrate hydrate: Ca(NO3),-4H50;
calcium hydroxide: Ca(OH),, Sigma-Aldrich, St. Louis, MO) in an acetic acid (Col-GAG)
or phosphoric acid (MC-GAG) solution. Using a constant cooling rate technique at a rate of
1 °C/min, the solution was frozen from room temperature to —10 °C using a freeze dryer
(Genesis, VirTis). Following sublimation of the ice phase, scaffolds were sterilized via
ethylene oxide and cut into 8 mm disks for culture.

Crosslinking of scaffolds was performed after rehydration in phosphate buffered saline
(PBS) for 4 hours using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC, Sigma-
Aldrich) and N-hydroxysuccinimide (NHS, Sigma Aldrich) at a molar ratio of 5:2:1
EDC:NHS:COOH where COOH represents the amount of collagen in the scaffold as we
previously described (Olde Damink et al., 1996). Scaffolds were washed with PBS to
remove any of the residual chemical.

Primary human mesenchymal stem cells (hMSCs; Lonza, Inc., Allendale, NJ) were
expanded in proliferation media composed of Dulbecco’s Modified Eagle Medium (DMEM,;
Corning Cellgro, Manassas, VT) supplemented with 10% fetal bovine serum (FBS) (Atlanta
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Biologicals, Atlanta, GA), 2 mM L-glutamine (Life Technologies, Carlsbad, CA), 100
IU/mL penicillin/100 pg/mL streptomycin (Life Technologies).

Osteogenic differentiation of hMSCs on Col-GAG and MC-GAG: 3 x 10° hMSCs
were seeded onto 8 mm discs of CG-GAG and MC-GAG scaffolds in proliferation media. 24
h after seeding, media was switched to osteogenic differentiation media consisting of 10 mM
B-glycerophosphate, 50 ug/mL ascorbic acid, and 0.1 pM dexamethasone. For inhibitor
studies, scaffolds were treated or untreated with dorsomorphin homologue 1 (DMH1;
Sigma-Aldrich) or PD98059 (Cell Signaling Technologies, Beverly, MA) separately, all at a
concentration of 50 pM. Fresh DMH1 and PD98059 were added to each media change every
3 days.

Indirect h(MSC and hOC co-cultures: 2 x 10° hMSCs were seeded onto 6 mm Col-
GAG and MC-GAG scaffolds in proliferation media. 24 h after seeding hMSCs, 6 x 10*
primary human osteoclast precursors (hOCs; Lonza, Inc., Allendale, NJ) were separately
cultured in Osteoclast Precursor Basal Medium (Lonza, Allendale NJ) supplemented with 33
ng/mL macrophage-colony stimulating factor (M-CSF), 66 ng/mL of RANKL, 10 mM B-
glycerophosphate, 50 pg/mL ascorbic acid, 0.1 uM dexamethasone on 24 well Corning
Osteo Assay Surface Microplates (Corning, NY), as the lower chamber of the co-culture.
After 2 h, Col-GAG and MC-GAG scaffolds were transferred to 8 um Transwell inserts
(Corning, NY), the upper chamber of the co-culture. Media were changed every 3 days for 3
weeks.

Direct hMSC and hOC co-cultures: 3.5 x 105 hMSCs were seeded onto 8 mm Col-
GAG and MC-GAG scaffolds in proliferation media for 24 h. 6 x 104 hOCs were cultured in
Osteoclast Precursor Basal Medium (Lonza, Allendale NJ) supplemented with 33 ng/mL M-
CSF, 66 ng/mL RANKL, 10 mM B-glycerophosphate, 50 pg/mL ascorbic acid, 0.1 pM
dexamethasone on 24 well Osteo Assay Microplates. 2 h after hOCs were seeded, Col-GAG
and MC-GAG scaffolds were transferred to the Osteo Assay Plates and directly co-cultured
with hOCs. Media were changed every 3 days for 2 weeks.

OPG Enzyme Linked Immunosorbent Assay (ELISA)

Supernatants were collected from hMSC only, osteoclast only, or hMSC and hOC co-
cultures. OPG protein concentrations were determined using the Human OPG DuoSet
ELISA kit (R&D Systems, Minneapolis, MN) according to manufacturer’s instructions.
Briefly, a 96 well microplate was coated with the capture antibody and incubated overnight
at room temperature. After blocking, samples were incubated for 2 h at room temperature
with the detection antibody followed by incubation with streptavidin- horseradish peroxidase
(HRP) for 20 min. The reaction was quenched by adding 100 uL of 2N H,SO,. Plates were
read at 450 and 540 nm wavelengths on the Epoch microplate reader (BioTex, Winooski,
VT).

Microcomputed tomographic (micro-CT) imaging

Scaffolds were fixed using 10% formalin and mineralization was quantified by micro-
computed tomographic imaging (micro-CT) using Scanco 35 (Scanco Medical AG,
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Bruttisellen, Switzerland) in triplicate for each timepoint. Scans were performed at medium
resolution with a source voltage of 70 E (kVp) and | (uA) of 114. The images had a final
element size of 12.5 pm. Images were analyzed using software supplied from Scanco (Image
Processing Language version 5.6) and reconstructed into three-dimensional (3D) volumes of
interest. Optimum arbitrary threshold values of 20 (containing scaffold and mineralization)
and 80 (containing mineralization alone) were used uniformly for all specimens to quantify
mineralized areas from surrounding unmineralized scaffold. Analysis of 3D reconstructions
was performed using Scanco Evaluation script #2 (3D segmentation of two volumes of
interest: solid dense in transparent low-density object) and script #6 (bone volume/density
only bone evaluation) for volume determinations.

Lysates were prepared from scaffolds at 0, 4, 14, and 24 days of culture using SDS sample
buffer and equal amounts were subjected to 4-20% SDS-PAGE (Bio-Rad, Hercules, CA).
Western blot analysis was carried out with antibodies against OPG, RANKL,
phosphorylated small mothers against decapentaplegic 1/5 (p-Smad1/5), total Smad5,
phosphorylated extracellular regulated kinase 1/2 (p-ERK1/2), total ERK1/2, and B-actin
followed by 1:4000 dilutions of HRP-conjugated IgG antibodies (Bio-Rad, Hercules, CA)
and an enhanced chemiluminescent substrate (Thermo Scientific, Rockford, IL). For
detection of p-Smad1/5 and total Smad5, 10 pg of lysate was loaded per lane. For detection
of OPG, RANKL, p-ERK1/2, total ERK1/2, and B-actin, 20 pg of lysate was loaded per
lane. All antibodies were obtained from Cell Signaling Technologies (Beverly, MA) with the
exception of RANKL, OPG and p-actin antibodies which were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Imaging analysis was carried out using ImageJ (NIH,
Bethesda, MD).

Water Soluble Tetrazolium-1 (WST-1) Assay

Culture media was supplemented with cell proliferation reagent WST-1 (Roche, Basel,
Switzerland) at a 1:10 concentration. Scaffolds were incubated for 3-4 hat 37 °Cin a
humidified atmosphere with 5% CO,. Absorbance of the incubation medium was measured
at 450 and 690 nm (Epoch spectrophotometer, BioTek, Winooski, VT).

Tartrate-Resistant Acid Phosphatase (TRAP) Staining

hOCs were detected using Leukocyte TRAP Kit 387-A (Sigma-Aldrich) according to the
manufacturer’s instructions. Briefly, cultured cells were fixed with formaldehyde for 5 min
at room temperature, washed, and air-dried. After staining, TRAP-positive multinucleated
cells were observed under a phase-contrast microscope at 20x magnification and digitally
photographed.

Resorption Pit Assay

Activity of hOCs in single culture or co-cultured with scaffolds with and without hMSCs
was evaluated for resorption pit formation on Osteo Assay microplates. At the completion of
the culture period, culture media was aspirated and 500 uL of 10% bleach solution was
added for 5 minutes at room temperature. The wells were washed with distilled water and
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allowed to dry at room temperature for 3-5 h. Pits were observed using a standard
microscope and digitally photographed. Percentage of resorption for the whole well of the
culture at magnification 2x was calculated by ImageJ.

Statistical analysis

Results

All statistical analyses were performed using SPSS Version 24 (Chicago, IL). Data points
were composed of duplicates of at least three independent experiments, unless otherwise
indicated. Mean measurements of mMRNA expression were analyzed for statistical
significance by analyses of variance (ANOVA) followed by post hoc tests using the Tukey
criterion. A value of p<0.05 was considered significant.

hMSCs undergoing osteogenic differentiation induce expression of osteoprotegerin in a
differential manner on non-mineralized versus mineralized collagen glycosaminoglycan

materials

We have previously demonstrated the capabilities of MC-GAG to induce /n vitrohMSC
osteogenic differentiation and mineralization as well as /77 vivo bone healing beyond that of a
non-mineralized Col-GAG control material (Lee et al., 2015; X. Ren et al., 2015; Ren, Tu, et
al., 2016b; Ren, Weisgerber, et al., 2016; Weisgerber, Caliari, & Harley, 2015; Zhou et al.,
2017). To evaluate the role of MC-GAG in the regulation of osteoclast activation during
osteoprogenitor differentiation, bone marrow-derived primary hMSCs
(CD105+CD166+CD29+CD44+CD14-CD34-CD45-) were cultured in osteogenic
differentiation medium and expression of OPG protein was evaluated (Figure 1A and B).
Over the course of osteogenic differentiation, OPG protein expression was significantly
increased in MC-GAG at day 3, 14, and 24 when compared to hMSCs differentiated on Col-
GAG as assessed by western blot analysis (Figure 1A).

To understand the coordination of osteoclast differentiation and hMSCs undergoing
osteogenic differentiation on Col-GAG and MC-GAG, we devised an indirect /n vitro co-
culture assay. hMSCs seeded on Col-GAG and MC-GAG were cultured in the upper
chamber of Transwell inserts in the absence or presence of primary hOCs plated in the lower
chamber. Co-cultures were induced to simultaneously undergo osteogenic and
osteoclastogenic differentiation with RANKL (66 ng/mL), M-CSF (33 ng/mL), B-
glycerophosphate, and dexamethasone for three weeks and western blot analysis of the
cultures were performed. In the presence of osteoclasts, the expression of phosphorylated
Smad1/5 (p-Smad1/5) increased significantly in both Col-GAG and MC-GAG scaffolds
(Figure 1B). Additionally, the expression of OPG also increased for hMSCs on Col-GAG in
the presence of hOCs but not on MC-GAG in the presence of hOCs while ERK1/2
phosphorylation was decreased in hOC co-cultures.

To determine the effect of hOCs on OPG secretion, OPG ELISAs were performed (Figure
1C). Significant differences in secreted OPG were found between cultures on ANOVA
[F(15,48)=172.56, p<0.001]. OPG was undetected in the absence of hMSCs (hOC Only,
Empty Col-GAG/hOCs, or Empty MC-GAG/hOCs) when compared to co-cultures with
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hMSCs at every timepoint on posthoc comparisons (p<0.001). Between co-cultures of hOCs
with differentiating hMSCs on Col-GAG versus MC-GAG, OPG was elevated in MC-GAG

co-cultures particularly at day 4 (p<0.001). At later timepoints, OPG trended higher in MC-
GAG co-cultures, but was no longer found to be significant.

hOCs augment hMSC mineralization on MC-GAG

To understand the effects of primary human osteoclast differentiation on hMSCs on Col-
GAG and MC-GAG, we evaluated mineralization in hMSCs undergoing osteogenic
differentiation in the absence and presence of hOCs (Figure 2A and 2B). Empty scaffolds,
scaffolds seeded with hMSCs, or co-cultures with hMSCs on scaffolds in Transwell inserts
and hOCs in the lower chamber were evaluated with micro-CT scanning after 3 weeks of
culture in concurrent osteogenic and osteoclastogenic differentiation medium. Overall,
differences in mineralization were found to be present [F(5,8)=22.44, p<0.001]. Posthoc
comparisons between groups did not demonstrate statistically significant differences
between mineralization on empty scaffolds or scaffolds cultured with hMSCs as single
cultures on either material, an expected result at 3 weeks of culture. However, in the
presence of hOCs, a significant increase in new mineral formation was seen in MC-GAG
when compared to empty scaffolds (p=0.02) or scaffolds cultured with hMSCs in single
culture (p=0.004). While co-cultures of hOC and hMSCs cultured on Col-GAG
demonstrated a qualitative increase in mineralization, this difference did not reach statistical
significance. These data suggest that hOCs increase hMSC osteogenic differentiation on
MC-GAG scaffolds via soluble factors in a paracrine fashion.

MC-GAG diminishes hOC activation and resorption directly and indirectly

Next, osteoclasts were evaluated in a direct co-culture system in order to account for both
direct and indirect effects on osteoclast activity (Figure 3A-C). hMSCs were cultured on
Col-GAG or MC-GAG materials that were then co-cultured directly with primary hOCs 24
hours after seeding. The co-cultures were differentiated simultaneously in osteogenic
differentiation medium supplemented with M-CSF (33 ng/mL) and RANKL (33 ng/mL).

At 14 days of culture, hOC proliferation and viability on the plate were assessed with
WST-1 assays and found to demonstrate significant differences between the conditions by
ANOVA [F(4,10)=26.38, p<0.001] (Figure 3A). Post hoc comparisons between groups
demonstrated that hOC viability and proliferation were significantly diminished in the
presence of empty MC-GAG (p<0.001) but not Col-GAG scaffolds when compared to hOCs
alone. When comparing the differences between empty versus hMSC-seeded materials,
osteogenic differentiation of hMSCs clearly demonstrated an increase in hOC viability
and/or proliferation on both Col-GAG (p=0.004) and MC-GAG (p=0.009) materials.
However, the increase in hOC viability and proliferation in the presence of hMSCs on MC-
GAG was significantly lower compared to hMSCs on Col-GAG (p=0.002).

To evaluate hOC differentiation and activity, TRAP staining and resorption pit assays were
performed for each co-culture condition and corresponding controls (Figure 3B). Both
TRAP staining and resorption were diminished in co-culture with either empty Col-GAG or
MC-GAG. Additionally, live images demonstrated qualitatively small rounded cells as
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opposed to large, differentiated multi-nucleated osteoclasts. When co-cultured with
differentiating hMSCs on Col-GAG, TRAP staining and resorption pits increased.
Simultaneously, an increase in larger, multi-nucleated cells was clearly evident in live cell
imaging. When co-cultured with differentiating hMSCs on MC-GAG, TRAP staining and
resorption pits increased, however this was qualitatively less compared to hOC single culture
or hOCs co-cultured with hMSCs on Col-GAG.

To objectively evaluate the differences in hOC activity, percentages of the area of resorption
were quantified for the different conditions (Figure 3C). Significant differences were found
between the conditions on ANOVA [F(4,10)=53.98, p<0.001]. On posthoc comparisons,
both co-culture conditions of hOC with empty Col-GAG or MC-GAG materials
demonstrated decreased resorptive activity (p=0.04 and p=0.002, respectively). Similar to
the WST-1 results, addition of hMSCs to the materials resulted in augmentation of resorptive
activity. In the presence of hMSCs differentiated on Col-GAG, hOC-mediated resorption
was significantly higher than in the presence of empty Col-GAG (p<0.001) as well as hOC
single cultures (p<0.001). In the presence of hMSCs differentiated on MC-GAG, the
recovery of hOC-mediated resorption was significantly less compared to that mediated by
hMSCs differentiated on Col-GAG (p<0.001) or hOC single cultures (p=0.02).

OPG expression on MC-GAG is upregulated by ERK1/2 activation and antagonized by
canonical BMPR signaling

We previously reported differential regulation of osteogenic differentiation and
mineralization of primary hMSCs on Col-GAG and MC-GAG (X. Ren et al., 2015; Ren,
Weisgerber, et al., 2016; Zhou et al., 2017). MC-GAG demonstrated an autogenous
activation of the BMPR signaling in hMSCs that greatly surpasses Col-GAG. In both
materials, BMPR signaling was essential for mineralization, however, Col-GAG also
requires MEK1/ERK1/2-mediated signaling for mineralization whereas MC-GAG-mediated
mineralization was completely independent of ERK1/2 phosphorylation.

To characterize the mechanism responsible for differential OPG expression by
osteogenically differentiated hMSCs cultured on MC-GAG versus Col-GAG, we utilized
DMH1 and PD98059 small molecule inhibitors for the canonical BMP receptor and MEK1/
ERKZ1/2 signaling pathways, respectively (Figure 4). As we previously reported, in the
presence of DMH1, phosphorylation of Smad1/5 was partially decreased at all timepoints in
either material on western blot analyses (Figure 4A). Due to the massive upregulation of
Smad1/5 phosphorylation in MC-GAG, a smaller inhibition was noted compared to Col-
GAG. No differences in total Smad>5, total ERK1/2, RANKL, or actin were detected. In
contrast, OPG expression was increased in the presence of DMH1 on both Col-GAG and
MC-GAG, particularly at the day 14 timepoint. A small elevation in phosphorylated ERK1/2
could also be seen in the presence of DMH1 specifically in MC-GAG at day 4.

To determine the contribution of the ERK1/2-mediated pathways, primary hMSCs
osteogenically differentiated on Col-GAG or MC-GAG were treated with PD98059 (Figure
4B). As expected PD98059 decreased phosphorylated ERK1/2 at all timepoints in either
material, whereas no effects were noted for phosphorylated Smad1/5, total Smad5, total
ERKZ1/2, or actin. Unlike DMH1, OPG protein expression was decreased in MC-GAG in the
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presence of PD98059 at all timepoints, while no differences were detected on Col-GAG.
Similarly, RANKL expression was also downregulated, particularly at day 24, in the
presence of PD98059 on MC-GAG whereas no differences were detected on Col-GAG. In
combination, these data suggest that the necessary signaling mechanisms for osteogenic
differentiation are both distinct and antagonistic to the mechanisms responsible for
osteoclast regulation in hMSCs differentiated on MC-GAG.

Discussion

In this work, we investigated the effect of nanoparticulate mineralized collagen
glycosaminoglycan on osteoclastogenesis and osteoclast activity. Through activation of
osteogenic differentiation, MC-GAG and Col-GAG, its non-mineralized counterpart,
induced an elevation of OPG protein expression by osteoprogenitors (Figure 1A). Early in
differentiation, MC-GAG surpassed Col-GAG in the amount of total OPG protein and the
amount of secreted OPG (Figure 1C). The quantity of OPG protein expression was
potentiated by the addition of differentiating osteoclasts in co-culture (Figure 1B). With
respect to differentiating hMSCs, the presence of hOCs on either material augmented the
canonical BMPR signaling pathway as seen by an increase in phosphorylated Smad1/5
(Figure 1) as well as mineralization particularly on MC-GAG (Figure 2). When the
interactions between materials and hOCs were investigated, hOCs cultured in the presence
of either Col-GAG or MC-GAG demonstrated a significant decrease in osteoclast-mediated
resorption in the absence of hMSCs (Figure 3C). While Col-GAG only affected resorption
but not viability or proliferation, MC-GAG appeared to diminish both osteoclast activity and
viability/proliferation (Figure 3A and 3C). The addition of differentiating hMSCs on either
material improved hOC viability/proliferation significantly (Figure 3A). However, while
osteogenic differentiation of hMSCs on Col-GAG augmented osteoclast resorption (Figure
3C), hOCs in the presence of MC-GAG continued to demonstrate diminished resorptive
activity suggesting an indirect inhibitory effect of differentiating osteoprogenitors on MC-
GAG. To mechanistically understand the indirect effects induced by MC-GAG on
osteoclasts through osteogenic differentiation of hMSCs, the canonical BMPR and ERK1/2
pathways were inhibited with respective small molecule inhibitors (Figure 4). Inhibition of
the canonical BMPR pathway resulted in an increase in OPG protein expression by hMSCs
cultured on both Col-GAG and MC-GAG materials. In contrast, inhibition of ERK1/2
phosphorylation downregulated both OPG and RANKL expression on MC-GAG whereas
Col-GAG was not affected. These results suggest several conclusions regarding the direct
and indirect influences of MC-GAG on hOC viability, proliferation, and activity: 1. Col-
GAG and MC-GAG have direct inhibitory effects on osteoclast resorptive activity; 2. MC-
GAG possesses an additional intrinsic ability to directly diminish osteoclast viability and
proliferation that is not present in Col-GAG; 3. Indirectly, the addition of hMSCs
undergoing osteogenic differentiation improves osteoclast viability or proliferation on either
Col-GAG or MC-GAG; 4. Differentiating hMSCs on MC-GAG continue to inhibit the
resorptive activity of hOCs whereas Col-GAG augments hOC-mediated resorption,
correlating to the increased protein expression and secretion of OPG from hMSCs on MC-
GAG. 5. While the canonical BMPR signaling pathway is essential for osteogenic
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differentiation of hMSCs cultured on either Col-GAG or MC-GAG, the MEK1/ERK1/2
pathway regulates OPG and RANKL expression on MC-GAG but not Col-GAG.

The combination of these conclusions suggests differing models in the interactions between
Col-GAG and MC-GAG with osteoprogenitors and osteoclast progenitors (Figures 5 and 6).
With respect to osteoprogenitors, we previously reported that the necessary mechanism for
osteogenic differentiation was an autogenous activation of the canonical BMP receptor
signaling pathway through elevated Smad1/5 phosphorylation for both Col-GAG and MC-
GAG (Figure 5, Mechanism 1; Figure 6, Mechanism 1) (D. Ren et al., 2015; Ren, Tu, et al.,
2016a; Zhou et al., 2017). Whereas Col-GAG also required activation of the ERK1/2
pathway, MC-GAG was independent of ERK1/2 for mineralization. With respect to
osteoclast progenitors, both Col-GAG and MC-GAG had the ability to directly diminish
osteoclast activation and resorptive activity (Figure 5, Mechanism 2A,; Figure 6, Mechanism
2), thus suggesting that the activation of osteoclasts is diminished in the presence of collagen
and glycosaminoglycan in the form of chondroitin-6-sulfate. Unlike Col-GAG, the direct
inhibition of osteoclasts by MC-GAG materials is also accompanied with a diminished
viability and proliferation of osteoclast precursors, suggesting a role for nanoparticulate
mineral content in decreasing osteoclast activity and proliferation. In the presence of
differentiating osteoprogenitors, differing net effects on osteoclast activation are observed
between Col-GAG and MC-GAG (Figure 5, Mechanism 2B; Figure 6, Mechanism 3).
Although both materials induce OPG expression by osteoprogenitors, the quantity of OPG
expression is higher in hMSCs differentiated on MC-GAG which is correlated to a net effect
of continued inhibition of osteoclast-mediated resorption (Figure 5, Mechanism 2B). While
differentiating osteoprogenitors on either material improves the viability and/or proliferation
of osteoclasts, a net effect of increased resorptive activity is only observed in the presence of
Col-GAG (Figure 6, Mechanism 3).

Direct inhibitory effects of Col-GAG and MC-GAG on hOC-mediated resorption are likely
to be related to glycosaminoglycan content. Similar to our results, chondroitin sulfate has
been previously reported to inhibit resorptive abilities of osteoclasts, but not the viability,
proliferation, or maturation in two-dimensional cultures (Cantley, Rainsford, & Haynes,
2013; Salbach, Kliemt, et al., 2012). The mechanism of this effect has been suggested to be
related to the sulfation status of GAGs such that a dose dependent suppression of osteoclast
activation occurs in highly sulfated GAGs (SGAGS) (Salbach, Kliemt, et al., 2012). Two
reasons for SGAG-mediated osteoclast suppression have been reported in the literature.
Similar to reports on growth factor sequestration by SGAGs in tendon regeneration
(Hortensius & Harley, 2013), sSGAGs have also been reported to prevent RANKL from
interacting with its cognate receptor (Ling, Murali, Stein, van Wijnen, & Cool, 2010).
Secondly, separate from RANKL sequestration, a direct inhibitory effect of SGAGs on
osteoclast adherence and spreading has also been reported (Baud’huin et al., 2011). Both
effects are likely to be important in our current system. In terms of RANKL sequestration,
we have found that the inhibitory effects on osteoclasts can be overcome with increases in
RANKL concentration. We have also found that both Col-GAG and MC-GAG-mediated
osteoclast inhibition require direct contact of the material with cells such that indirect
cultures (via Transwell inserts) demonstrate no statistically significant effects on resorption
(unpublished observations, JCL).
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MC-GAG also demonstrated an additional direct effect of reducing hOC viability and
proliferation. As the major difference in composition between Col-GAG and MC-GAG is
the presence of nanoparticulate calcium phosphate in the latter, one potential explanation
would be negative regulation by calcium or phosphate ion-induced signaling pathways. High
levels of extracellular calcium ion have been identified to induce osteoclast apoptosis
dependent on L-type voltage gated calcium channels but not the calcium sensing receptor
(Lorget et al., 2000). Similarly high extracellular phosphate concentrations have also been
identified to inhibit osteoclastogenesis as well as induce osteoprogenitors to upregulate
osteoprotegerin, thereby acting as both a direct and indirect inhibitor of osteoclastogenesis
and osteoclast activation (Kanatani, Sugimoto, Kano, Kanzawa, & Chihara, 2003).
Conversely, both calcium and phosphate ions are known to be activators of osteogenic
differentiation (Barradas et al., 2012; Dvorak et al., 2004; Shih et al., 2014).Thus, bone
regenerative materials that include mineral content are likely to be able to utilize the
dichotomy of osteogenic activation and osteoclast inhibition imparted by calcium and
phosphate ion signaling.

A second inhibitory effect on osteoclast activity was also produced indirectly by
osteoprogenitors differentiated on MC-GAG. The correlation of increased OPG expression
by osteoprogenitors on MC-GAG suggests that the anti-resorptive effect may be due to an
alteration in the relative equilibrium between RANKL and OPG within this system. The
balance of RANKL and OPG has been suggested to be responsible for the net effect towards
bone formation or resorption on the locoregional or organismal environment (Gori et al.,
2000; Kadriu et al., 2017). Tanaka and colleagues have demonstrated that the RANKL/OPG
ratio changes over time following injury with an low ratio in the early stages, favoring bone
formation, followed by a higher ratio, favoring bone resorption and remodeling, later after
injury (Tanaka, Mine, Ogasa, Taguchi, & Liang, 2011). The increase OPG secretion in MC-
GAG was higher than Col-GAG only early in differentiation (day 4). Thus, further in vivo
studies evaluating the effects of MC-GAG on local osteoclast differentiation may be
necessary to understand the ultimate net effects of MC-GAG on OPG over time.

Although OPG is generally considered a marker of osteogenic differentiation, mechanisms
governing OPG expression in osteoprogenitors on Col-GAG and MC-GAG are clearly
distinct from the necessary pathways for mineralization. Whereas both Col-GAG and MC-
GAG requires Smad1/5 phosphorylation for hMSC mineralization, the canonical BMPR
pathway antagonized OPG expression such that inhibition by DMH1 resulted in higher
levels of OPG. Both OPG and RANKL expression in hMSCs depended upon ERK1/2
phosphorylation for MC-GAG but not Col-GAG. These data suggested that osteogenic
differentiation and expression of osteoclast regulatory proteins may be separately modulated
by specific extracellular matrix compositions in regenerative materials. Future materials-
based regenerative strategies for controlled augmentation of osteogenesis with concurrent,
temporary downregulation of osteoclastogenesis are underway.
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Figure 1. OPG isexpressed and secreted at higher levelsby hMSCson M C-GAG compared to
Col-GAG in the absence and presence of differentiating hOCs.

A) Western blot of primary hMSCs cultured on Col-GAG or MC-GAG materials for 0, 3,
14, and 24 days in osteogenic differentiation medium for OPG and B-actin. B) Western blot
for p-Smad1/5, total Smad5, p-ERK1/2, ERK1/2, OPG, and B-actin of hMSCs differentiated
on Col-GAG or MC-GAG for 3 weeks in the absence and presence of differentiating
primary hOCs. C) OPG ELISA of hOCs only, hOCs co-cultured with empty Col-GAG
(Empty Col-GAG + hOCs), empty MC-GAG (Empty MC-GAG + hOCs), hMSCs
differentiated on Col-GAG (Col-GAG + hMSCs/hOCs), or hMSCs differentiated on MC-
GAG (MC-GAG + hMSCs/hOCs) for 4, 7, 11, and 14 days. Bars represent mean
concentrations in pg/mL, errors bars represent standard deviation. Significant posthoc
comparisons following ANOVA indicated with p values.
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Figure 2. hMSC mineralization on Col-GAG and MC-GAG isincreased in the presence of
differentiating hOCs.

A) Representative micro-CT images and B) quantitative analysis of empty scaffolds,
scaffolds cultured with hMSCs only, or scaffolds cultured with hMSCs in co-culture with

hOC (hMSC/OC) for 3 weeks. Significant posthoc comparisons following ANOVA
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Figure 3. Empty MC-GAG and M C-GAG with differentiating hM SCs diminish the viability,
proliferation, and resor ption of hOCs.

A) WST-1 proliferation and viability assays of primary hOCs in single culture (OC Only),
co-cultured with empty Col-GAG or MC-GAG (Empty Scaffold), or co-cultured with Col-
GAG or MC-GAG loaded with hMSCs (Scaffold/hMSCs) after 14 days. B) TRAP staining
(upper row), resorption pits (middle row), and live images (lower row) of hOCs in single
culture (OC Only) or co-cultured with empty or hMSCs-loaded Col-GAG or MC-GAG. C)
Quantitative analysis of pit assays as percentage of total area of well in differentiated
osteoclasts without hMSCs (OC Only) and osteoclasts co-cultured with Col-GAG and MC-
GAG as empty scaffolds (Empty Scaffold) or scaffolds loaded with differentiating hMSCs
(Scaffold/hMSCs). Significant posthoc comparisons following ANOVA indicated with p
values.
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Figure 4. Western blot of intracellular signaling molecules expressed by hM SCs cultured on Col-
GAG and MC-GAG in the absence and presence of DMH1 or PD98059

Western blot of phosphorylated Smad1/5 (P-Smad1/5) and total Smad (Smad5),
phosphorylated ERK1/2 (P-ERK1/2) and total ERK1/2 (ERK1/2), OPG, RANKL, and -
actin in hMSCs cultured on Col-GAG and MC-GAG at day 0, 4, and 24 days of culture with
and without A) 50 uyM DMH1 or B) 50 uM PD98059.
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Figure 5. Mechanismsinduced by M C-GAG on osteoprogenitors and osteoclast progenitors.
MC-GAG induces osteogenic differentiation of primary hMSCs via an autogenous activation

of the canonical BMPR signaling pathway with phosphorylation of Smad1/5/8 (Mechanism
1, green arrow). MC-GAG directly inhibits viability, proliferation, and resorptive activity of
osteoclasts even in the absence of differentiating hMSCs (Mechanism 2A, red lines). MC-
GAG also upregulates OPG expression through an ERK1/2 dependent pathway, correlating
to an indirect inhibition of resorptive activity but not viability or proliferation in co-culture
with differentiating hMSCs (Mechanism 2B, red arrows and lines).
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Figure 6. Mechanismsinduced by Col-GAG on osteoprogenitors and osteoclast progenitors.
Col-GAG induces osteogenic differentiation of primary hMSCs via both an autogenous

activation of the canonical BMPR signaling pathway with phosphorylation of Smad1/5/8
and phosphorylation of ERK1/2 (Mechanism 1, green arrows). Col-GAG directly inhibits
resorptive activity of osteoclasts even in the absence of differentiating hMSCs (Mechanism
2, red line). Although OPG expression is present in hMSCs differentiated on Col-GAG, a net
activation of osteoclast mediated resorption occurs through unclear mechanisms
(Mechanism 3, blue dashed line).
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