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Abstract

Bovine lactoferricin (LfcinB) is a multi-functional peptide derived from proteolytic cleavage of
bovine lactoferrin. LfcinB was found to antagonize the biological effects mediated by angiogenic
growth factors such as vascular endothelial growth factor (VEGF) and fibroblast growth factor 2
(FGF-2) in endothelial cells. However, the effect of LfcinB on human articular cartilage remained
unknown. Here, our findings demonstrate that LfcinB restored the proteoglycan loss promoted by
catabolic factors (interleukin-1 g) IL-1p and FGF-2 in vitro and ex vivo. Mechanistically, LfcinB
attenuated the effects of IL-1p and FGF-2 on the expression of cartilage-degrading enzymes
(MMP-1, MMP-3, and MMP-13), destructive cytokines (IL-1p and IL-6), and inflammatory
mediators (iNOS and TLR2). LfcinB induced protective cytokine expression (IL-4 and IL-10), and
downregulated aggrecanase basal expression. LfcinB specifically activated ERK MAPK and Akt
signaling pathways, which may account for its anti-inflammatory activity. We also revealed that
LfcinB exerted similar protective effects on human synovial fibroblasts challenged by IL-1B, with
minimal cytotoxicity. Collectively, our results suggest that LfcinB possesses potent anti-catabolic
and anti-inflammatory bioactivities in human articular tissues, and may be utilized for the
prevention and/or treatment of OA in the future.
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INTRODUCTION

Osteoarthritis (OA) is a debilitating disease characterized by self-perpetuating degradation
of articular cartilage, osteophyte formation (Jeffery, 1975), subchondral bone remodeling
(Kusakabe, 1977), and frequently at the clinical stage, synovitis and synovial angiogenesis
(Haywood et al., 2003). Although its etiology remains poorly understood, numerous studies
have identified a series of cellular molecular events which contribute to the onset or
progression of OA, including enhanced expression of collagenases (Shlopov et al., 1997)
and aggrecanases (Bondeson et al., 2008), and activation of pro-inflammatory cytokine-
mediated pathways (Attur et al., 1998). In the osteoarthritic state, human articular
chondrocytes fail to maintain the delicate metabolic balance, which leads to progressive
extracelluar matrix (ECM) disruption, stressful cellular environment, and eventually,
apoptosis of chondrocytes (Sharif et al., 2004). Inflamed synovium is also known to drive
OA progression via synovial fibroblast/macrophage-based mechanisms (Abramson and
Attur, 2009). Destructive cytokines and growth factors as well as fragments from
degenerated cartilage matrix are present in excess in OA synovial fluid. These factors
stimulate cell populations in the synovial lining, including synovial fibroblasts, to produce
inflammatory mediators and proteolytic enzymes. Such paracrine/autocrine loops facilitate
disease advancement, typically in an irreversible manner.

Members of the matrix metalloproteinase (MMP) family (MMP-1, MMP-3, and MMP-13)
and members of a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS) family (ADAMTS4, ADAMTSD) are recognized as essential participants in
cartilage degradation. Both MMP-1 and MMP-13 are able to cleave the triple helix of
fibrillar collagen (type I, Il and I11), thereby rendering the chains more susceptible to further
degradation by other MMPs. Particularly, MMP-13 cleaves not only type-Il collagen most
efficiently among all collagenases (Mitchell et al., 1996), but also aggrecan, an essential
component of cartilage proteoglycans (Fosang et al., 1996). MMP-3 (stromelysin) possesses
a broad substrate spectrum, including aggrecan, type Il collagen, and proMMP-1 (Kato et
al., 1998). ADAMTSA4 catalyzes the cleavage of core protein of aggrecan, versican and
brevican, whereas ADAMTSS5 specifically targets aggrecan core protein for degradation
(Bondeson et al., 2008). Enhanced activity of ADAMTS4 and ADAMTSS5 has been
associated with OA (Malfait et al., 2002). Moreover, ablation of ADAMTS4 and
ADAMTS5 conferred considerable protection on cartilage against proteoglycan degradation
in several animal model-based studies (Glasson et al., 2005; Majumdar et al., 2007).

Inflammation-related cytokines have been implicated into the initiation and progression of
OA. Chondrocytes upregulate the expression of cartilage-degrading enzymes and
inflammatory mediators upon pro-inflammatory cytokine stimulation, which profoundly
disturbs cartilage homeostasis. For example, IL-1p potently drives the production of
destructive proteases and inhibits proteoglycan synthesis in articular chondrocytes (Daheshia
and Yao, 2008; Pfander et al., 2004). By contrast, several anti-inflammatory cytokines have
been proposed to mediate protective effects in articular joint. For instance, IL-10 has been
demonstrate to downregulate IL-18 and TNF-a expression, as well as TNF-a.-induced
PGE2 release in OA synoviocytes (Alaaeddine et al., 1999). Overexpression of IL-10
significantly enhances collagen type Il expression, and antagonizes TNF-a-mediated
aggrecan repression in human articular chondrocytes(Li et al., 2011). Together with
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promising /in vivoresults, IL-10 appears to play a chondroprotective role in joints (De
Rienzo et al., 2009).

Bovine lactoferricin (LfcinB) is a 25-residue multi-functional peptide derived from acidic
hydrolysis of bovine lactoferrin (bLf), an ~80 kDa iron-binding glycoprotein. LfcinB has
bactericidal, antifungal, antiparasitic, antitumor, antiviral and immunomodulatory activities
(Gifford et al., 2005). LfcinB interacts with heparan sulfate, thus to prevent viral entry
(Andersen et al., 2004). Furthermore, LfcinB inhibits FGF-2/vascular endothelial growth
factor (VEGF45)-stimulated angiogenesis via competitive binding to heparin-like structures
on endothelial plasma membrane (Mader et al., 2006). The multifunctional nature of LfcinB
has rendered it an intriguing target in drug development and mechanistic research. Recently,
we reported that LfcinB mediates anabolic and anti-catabolic effects in bovine intervertebral
discs (Summers and Anderson, 1972). This finding incurred the question whether LfcinB
also confers protection on human synovial joint.

In the present study, we aimed to characterize the bioactivities of LfcinB in human articular
cartilage and synovium. Using primary chondrocytes, cartilage explants, and primary
synovial fibroblasts, we determined whether LfcinB antagonizes IL-1p or FGF-2 in
proteoglycan metabolism and regulation of multiple critical genes, including MMP family
members, pro-inflammatory cytokines, anti-inflammatory cytokines, and inflammatory
mediators.

MATERIALS AND METHODS

Reagents

Human recombinant FGF-2 was purchased from National Cancer Institute (Bethesda, MD).
Human recombinant IL-1p was purchased from PeproTech (Rocky Hill, NJ). LfcinB was
purchased from Biosynthesis (Lewisville, TX). Anti-MMP-13 antibody was purchased from
Millipore (Billerica, MA). Anti-MMP-1 and anti-MMP-3 antibody were purchased from
AbD Serotec (Raleigh, NC). Anti-ADAMTS4, anti-ADAMTSS5, and anti-TLR2 antibody
were purchased from Thermo Fisher Scientific (Rockford, IL). Anti-GAPDH antibody was
purchased from Abcam (Cambridge, MA). Anti-phospho-ERK1/2 (Thr202/Tyr204), anti-
phospho-Akt (Ser473), anti-ERK1/2, anti-Akt antibodies were obtained from Cell Signaling
Technology (Danvers, MA).

Chondrocyte Isolation and Culture

Human femoral articular cartilage (age ranging from 40 to 75) was obtained through the Gift
of Hope Organ and Tissue Donor Network (EImhurst, IL) with prior approval by the local
ethics committee and consent from families. Each specimen was graded for gross
degenerative changes based on a modified 5-point scale of Collins (Muehleman et al., 1997).
Osteoarthritic femoral cartilage was obtained from patients (age ranging from 40 to 70)
through the Orthopedic Tissue and Implant Repository Study (Chicago, IL) with consent
from the patients. Human tissues were handled according to the guidelines of the Human
Investigation Committee of Rush University Medical Center. The cells were released by
enzymatic digestion with pronase and collagenase as previously described (Im et al., 2003;
Loeser et al., 2003). Alginate beads and monolayers were made for long-term and short-term
culture, respectively. For monolayer culture, isolated chondrocytes were counted and plated
onto 12-well plates at 8x10° cells/cm? as previously described (Im et al., 2007; Im et al.,
2003). Cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12 (1:1)
containing 10% fetal bovine serum and antibiotics (complete media) for 3 days before the
treatments. Prior to treatments, chondrocytes were starved in serum-free DMEM/F-12 (1:1)
for 24 hours. Media were replaced again with fresh serum-free DMEM/F-12 (1:1) 2 hours
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before stimulation. Cells were treated with LfcinB (50 and 100 pg/mL), in the presence or
absence of FGF-2 (100 ng/mL) or IL-1p (10 ng/mL). Cells were harvested after 24 hours,
and subjected to analytical procedures as described below. For alginate bead culture, grade 0
or 1 chondrocytes were suspended in 1.2% alginate at 2x10° cells/mL, and beads were
formed in CaCl, solution, as previously described (Gruber et al., 2006). Cells were cultured
in DMEM/F-12 medium (1:1), supplemented with 1% mini-1TS+ premix (BD Biosciences,
San Jose, CA) and 0.1% ascorbic acid, for 7 days prior to experiments. Cells were
maintained for 7 days to allow for extracellular matrix assembly, before being treated with
LfcinB (10 and 20 pg/mL), in the presence or absence of FGF-2 (50 ng/mL) or IL-1p (1 ng/
mL). Triplicates were set up for each condition. Media were changed every other day over a
21-day period, before DNA and DMMB analyses.

Synovial Fibroblast Isolation and Culture

Human synovium was obtained together with articular cartilage through the Gift of Hope
Organ and Tissue Donor Network (EImhurst, IL). Each specimen was digested in 0.05%
trypsin for 30 min, followed by collagenase digestion for 6-8 hours. Isolated synoviocytes
underwent three consecutive passages before the experiments. The purity of synovial
fibroblast preparation was confirmed by the fact that neither CD14 nor CD68 (macrophage
markers) was expressed at detectable mRNA levels. Synovial fibroblasts were maintained as
adherent cultures in DMEM supplemented with 10% FBS. Prior to stimulation, cells were
starved in serum-free DMEM containing 0.2% lactalbumin hydrolysate (Sigma-Aldrich, St.
Louis, MO) for 24 hours, and the media were replaced again before the addition of IL-1p
(50 pg/mL) and LfcinB (50 and 100 pg/mL).

Reverse Transcription and Real-Time Polymerase Chain Reaction

Total RNA from normal and osteoarthritic articular chondrocytes was isolated using Trizol
reagent (Invitrogen, Carlsbad, CA) following the instructions provided by the manufacturer.
Reverse transcription (RT) was carried out with 1 g total RNA using ThermoScript ™ RT-
PCR system (Invitrogen, Carlsbad, CA) for first strand cDNA synthesis. For real-time PCR,
cDNA was amplified using MyiQ Real-Time PCR Detection System (Bio-Rad, Hercules,
CA). Relative gene expression was determined using the AACt method, as detailed by
manufacturer guidelines (Bio-Rad, Hercules, CA). 18S rRNA was used as an internal
control in the reaction for normalization. The standard deviations in samples represent at
least five different donors from independent experiments. The primer sequences are
summarized in Table 1.

Dimethylethylene Blue (DMMB) Assay for Proteoglycan Accumulation and DNA Assay for
Cell Numbers

On day 21 of alginate bead culture, the beads were collected and processed for proteoglycan
assay using the DMMB binding method, as previously described (Gruber et al., 2006).
Using PicoGreen (Molecular Probes, Carlsbad, CA), cell numbers were determined by
quantification of total DNA in cell pellets, as previously described (Im et al., 2003).
Proteoglycan accumulation per cell in the cell-associated matrix (CM) was quantified using
DNA content for normalization (Im et al., 2003).

Immunoblotting

Chondrocytes were prepared using a modified lysis RIPA buffer (Muddasani et al., 2007).
Total protein concentrations were determined by a bicinchoninic acid (BCA) protein assay
(Pierce, Rockford, IL). An equal amount of protein was resolved by 10% SDS-
polyacrylamide gels and transferred to nitrocellulose membrane for immunoblotting as
described previously (Im et al., 2007). Immunoreactivity was visualized using the ECL
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system (Amersham Biosciences, Piscataway, NJ) and the Signal Visual Enhancer system
(Pierce) to magnify the signal.

Cartilage Explant Culture

Full-thickness explants of 4 mm diameters were prepared. Explants then recovered in
DMEM/F-12 (1:1, supplemented with 10% FBS) for 48 hours. Culture media were changed
to DMEM/F-12 (1:1) supplemented with 1% mini-ITS+ premix (BD Biosciences, San Jose,
CA) 48 hours before treatments started. The explants were treated with FGF-2 (100 ng/mL)
or IL-1B (5 ng/mL), in the presence or absence of LfcinB (50 and 100 jg/mL).

Histology and Histomorphometry

After 11-day stimulation, explants were fixed in 4% paraformaldehyde, followed by paraffin
embedding. Sections of 8 um thickness were prepared. The sections were then
deparaffinized, and stained with Safranin Orange dye to assess proteoglycan content in the
ECM. Safranin-O-positive areas, defined as articular cartilage areas, were quantified using
OsteoMeasure software (OsteoMetrics, Decatur, GA), in which the superficial zone and
middle zone were included. Specimens from 3 donors were analyzed.

Cytotoxicity Assay

CellTiter 96 AQyeous One Solution (Promega, Madison, WI) was used to determine the cell
viability of synovial fibroblasts. Cells were plated on 96-well plates at 1x10° cells/well.
Each condition was set up in quadruplet. Assays were performed according to the
manufacturer’s instructions.

Statistical Analysis

Statistical significance was determined by one-way repeated measures ANOVA followed by
Sidak post-hoc test, using the SPSS17 software (IBM Corporation, Somers, NY). P values
lower than 0.05 were considered to be statistically significant in each test. Each value in the
figures is presented as mean + standard deviation.

RESULTS

LfcinB counteracts IL-1f or FGF-2-mediated suppression of proteoglycan accumulation in
adult human articular chondrocytes

First we investigated the effect of LfcinB on proteoglycan accumulation in human articular
chondrocytes. Cells cultured in 3-dimensional alginate beads that allow cells to maintain
chondrocytic phenotype for a long period time were challenged by FGF-2 (50 ng/mL) or
IL-1B (1 ng/mL), in the presence or absence of LfcinB (10 and 20 pg/mL) for 21 days. Then
proteoglycan accumulation in cell-associated matrix was assessed by DMMB assay.
Consistent with documented findings, FGF-2 and IL-f led to a dramatic decrease in
proteoglycan accumulation by approximately 50% and 65%, respectively, compared with
control (Figure 1; /anes 2 & 5). Co-administration of LfcinB dose-dependently rescued
FGF-2- and IL-1B-suppressed proteoglycan accumulation (Figure 1; /anes 3, 4, & 6, 7),
revealing the anti-catabolic activity of LfcinB in primary human articular chondrocytes.
Assessments of DNA content suggest no statistical difference in cell proliferation between
LfcinB-treated groups and the control group. In addition, our weekly cell viability assay
results indicate that LfcinB did not elicit cytotoxicity in articular chondrocytes in our 21-day
culture (data not shown).
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LfcinB suppresses cartilage-degrading enzyme production and iNOS expression in human
articular chondrocytes

Although LfcinB effectively rescued proteoglycan loss by either IL-1p or FGF-2, we did not
notice significant induction of proteoglycan accumulation when the cells were treated with
LfcinB alone (Figure 1; /anes 8 & 9). Thus, we hypothesized that rescuing effects of LfcinB
may be associated with inhibition of catabolism rather than extracellular matrix production.
To test our hypothesis, normal chondrocytes cultured in monolayer were treated with LfcinB
(50 and 100 p.g/mL) for 24 hours. Cartilage-degrading enzyme production and expression
levels were then analyzed by immunoblotting and real-time gPCR. We observed that LfcinB
did not affect cell viability at either concentration (50 and 100 pg/mL, data not shown).
LfcinB significantly downregulated MMP-1, MMP-3, and MMP-13 at both mRNA and
protein levels in a concentration-dependent manner (Figure 2A; p<0.05). Similar inhibitory
effects of LfcinB were also observed in aggrecanase expression (ADAMTS4, ADAMTS5)
at both mRNA and protein levels (Figure 2B). In addition, LfcinB was able to repress
inducible nitric oxide synthase (iNOS) mRNA expression (Figure 2C). In OA chondrocytes,
LfcinB was also able to downregulate the target genes examined above (data not shown).
Treatment with LfcinB had no significant influence on aggrecan expression regardless of the
concentration used (ranging from 10~200 pg/mL) (data not shown).

LfcinB counteracts cytokine-induced cartilage-degrading enzymes in human articular
chondrocytes

We further examined whether LfcinB could counteract specific protease expression in the
presence of FGF-2 or IL-1p. Primary human articular chondrocytes in monolayer were
stimulated with FGF-2 (100 ng/mL) or IL-1p (10 ng/mL), in the presence or absence of
LfcinB (50 and 100 pg/mL). Both FGF-2 and IL-1p significantly augmented the expression
of MMP-1, MMP-3, and MMP-13 at both mRNA (Figure 3A; lanes 2 & 5) and protein
levels (Figure 3B; lanes 2 & 5), compared with control. Co-incubation with LfcinB
significantly counteracted these catabolic effects, with the levels of cartilage-degrading
enzymes returning to the control (untreated) levels at its higher concentration (100 pg/mL)
(Figures 3A & 3B). These phenomena were also reproducibly observed using OA
chondrocytes (data not shown). Together these results demonstrate the potent anti-catabolic
activity of LfcinB in human articular chondrocytes.

LfcinB represses pro-inflammatory cytokine and toll-like receptor 2 and induces anti-
inflammatory cytokines in articular chondrocytes

In addition to upregulating destructive proteases, IL-1f is known to stimulate the expression
of multiple pro-inflammatory cytokines, which perpetuate cartilage destruction and synovial
inflammation via autocrine/paracrine loops (Goldring, 2000). Considering the remarkable
potency of LfcinB in attenuating I1L-1B-mediated effects, we hypothesized that LfcinB
interferes with the inflammatory cytokine induction mediated by IL-1p. To test this notion,
normal chondrocytes were stimulated by IL-1p (10 ng/mL), in the presence or absence of
LfcinB (50 and 100 pg/mL) for 24 hours. Our gPCR analyses recapitulated previous
findings that IL-1p is capable of inducing OA-associated pro-inflammatory cytokines, IL-1p
and IL-6 (Goldring, 2000) (Figure 4A). Co-treatment with LfcinB, however, significantly
inhibited the upregulation of IL-1p and IL-6 (Figure 4A), suggesting an anti-inflammatory
role of LfcinB in human articular chondrocytes. Toll-like receptor (TLR)-mediated actions
have been implicated in OA pathogenesis as an essential component of inflammatory
response to inflammatory cytokines (Kim et al., 2006). Specifically, TLR2 activation leads
to MMP induction and collagenolysis (Zhang et al., 2008), and TLR2 is upregulated upon
IL-1B stimulation in human articular chondrocytes (Su et al., 2005). Treatment with LfcinB
at both concentrations (50 and 100 pg/mL) markedly suppressed IL-1p-induced TLR2
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expression at both mRNA and protein levels, suggesting its potent inhibitory effect on TLR
signaling (Figure 4B; p<0.01).

A set of anti-inflammatory cytokines, including IL-4 and IL-10, have been demonstrated to
confer protection upon synovium and cartilage (Goldring, 2000; van der Kraan and van den
Berg, 2000). To further characterize the anti-inflammatory property of LfcinB, we sought to
determine whether it is able to stimulate anti-inflammatory cytokine expression. Normal
chondrocytes in monolayer were treated with LfcinB for 24 hours. Our gPCR analyses
revealed that LfcinB significantly induced anti-inflammatory cytokine IL-4 and IL-10
(Figure 4C). In addition, LfcinB-mediated effects on the pro-inflammatory mediators and
anti-inflammatory cytokines examined above also held in OA chondrocytes (data not
shown). Taken together, our results indicate that LfcinB exerts its anti-inflammatory actions
via specific suppression of pro-inflammatory mediators and induction of anti-inflammatory
cytokines.

Considering the anti-inflammatory activity of LfcinB, it was of interest to determine whether
LfcinB directly regulates inflammatory signaling pathways, such as INK MAPK and NF«xB,
in articular chondrocytes. Normal chondrocytes in monolayer were stimulated with LfcinB
(50 pg/mL) for different durations (10, 30 and 60 min). Then we surveyed the activation
status of each well-documented signaling pathway in chondrocytes by immunoblotting. Our
results show that LfcinB rapidly and robustly activated ERK MAPK and Akt pathways
(Figure 5), whereas INK MAPK and NFxB pathways were not notably regulated by LfcinB
within 2 hours after stimulation (data not shown). This finding suggests the possibility that
LfcinB mediates anti-inflammatory effects via ERK and/or Akt pathways in articular
chondrocytes.

LfcinB inhibits IL-1B- or FGF-2-mediated proteoglycan depletion in human articular
cartilage ex vivo organ culture

Encouraged by our /n vitro results from alginate beads and cell culture studies, we further
tested if LfcinB-mediated anti-catabolic effects still hold in an ex vivo organ culture system.
Adult human articular cartilage explants were incubated with FGF-2 (100 ng/mL) or IL-1p
(5 ng/mL), in the presence or absence of LfcinB (50 and 100 pg/mL) for 11 days. Safranin-
O Fast Green staining was chosen to assess alterations in gross proteoglycan content.
Compared with control (Figure 6A; aand &), IL-1p vastly depleted proteoglycan (Figure
6A; b'), and FGF-2 incurred proteoglycan loss to a lesser extent (Figure 6A; 4). This
observation is consistent with our previous reports (Im et al., 2008; Muddasani et al., 2007).
Importantly, co-incubation with LfcinB restored the proteoglycan loss caused by FGF-2 or
IL-1B in a dose-dependent manner (Figure 6A,; ¢, d, ¢ and ¢@). We also performed
histomorphometrical analyses, in which areas with positive proteoglycan staining were
quantified irrespective of staining intensity. Our data show that both IL-1p and FGF-2
decreased proteoglycan staining areas in cartilage explants, and LfcinB co-administration
(50 and 100 p.g/mL) effectively reversed such reduction (Figure 6B; p<0.01). These results
further validated our /n vitro results, and supported the anti-catabolic role of LfcinB in
human articular cartilage.

LfcinB exerts anti-inflammatory effects in synovial fibroblasts

Synovial inflammation serves as a crucial component in OA pathogenesis. Considering the
chondroprotective property of LfcinB, we then asked whether LfcinB also dampens the
inflammatory responses in synovial fibroblasts. To address this question, human primary
synovial fibroblasts were stimulated with IL-18 (50 pg/mL), in the presence or absence of
LfcinB (50 and 100 pg/mL). The concentration of IL-1p was based on our initial
experiments in which synovial cells responded with a greater sensitivity to IL-1p compared
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with articular chondrocytes. For example, IL-1p at the concentration of 10 ng/mL caused
>100~200-fold induction of multiple inflammatory mediators (eg., IL-1p) in synovial cells
(data not shown). Similar to what we observed in articular chondrocytes, stimulation of
synovial cells with IL-1p potently upregulated the expression of MMP-1, MMP-3, and
MMP-13 at mMRNA and protein levels (Figure 7A) These inductions of cartilage degrading
enzymes by IL-1p were effectively attenuated in the presence of LfcinB in a dose-dependent
fashion (Figure 7A; p<0.01 at 100 pg/mL LfcinB). IL-1p also highly upregulated IL-1p,
IL-8, TLR2, and iNOS expression in human synovial fibroblasts, and these responses were
largely inhibited by LfcinB co-treatment (Figure 7B, 7C & 7D). To ensure that LfcinB-
mediated downregulation of inflammatory mediators were not due to diminished cellularity,
we performed cell viability assays in parallel. Incubation of synovial fibroblasts with LfcinB
at various concentrations (0, 10, 50 and 100 pg/mL) for the experimental period (24 hours)
showed no significant influence on cell viability (Figure 7E). Together these results
demonstrate that, in addition to its protective effects on cartilage, LfcinB also acts as an anti-
inflammatory molecule in human synovial fibroblasts.

DISCUSSION

The antibacterial, antiviral, antitumor, and immunomodulatory activities of LfcinB have
been studied in a variety of tissues (Gifford et al., 2005; Mader et al., 2007; Zhang et al.,
2007). Here, we for the first time characterize the biological effects of LfcinB in adult
human articular cartilage and synovium. LfcinB significantly reversed the catabolic effects
of FGF-2 and IL-1p by restoring proteoglycan loss in articular cartilage, antagonizing
production of multiple matrix-degrading enzymes as well as inflammatory mediators while
inducing anti-inflammatory cytokines in both articular cartilage and synovial fibroblasts.
Collectively, our findings suggest that LfcinB elicits potent anti-catabolic and anti-
inflammatory actions on human articular cartilage and synovium.

Our findings support the potent inhibitory action of LfcinB on FGF-2-mediated catabolic
effects, including matrix-degrading enzyme expression, iNOS expression, and proteoglycan
depletion. Interestingly, Mader and colleagues found that LfcinB inhibits FGF-2- and
vascular endothelial growth factor (VEGF)-induced angiogenesis by competing for binding
to heparan sulfate proteoglycans (HSPGs) on the surface of mice and human umbilical vein
endothelial cells (Mader et al., 2006). In cartilage, these highly abundant, negatively charged
HSPGs are found in the ECM and play an intricate role in growth factor signaling by
forming complexes with the growth factor and its receptor. For example, HSPGs are
required for binding of FGF-2 to FGF receptor (FGFR) to transduce the signal into the cell
(Tumova et al., 2000).

More specifically, it has been shown that syndecan-4 facilitates binding of FGF-2 to FGF
receptor (FGFR) to activate downstream signaling (Richardson et al., 1999; Volk et al.,
1999). Therefore, we conjecture that LfcinB may compete with FGF-2 for HSPG binding on
the chondrocyte cell surface, which serves as one possible mechanism for the LfcinB-
mediated antagonism against FGF-2 signaling in human articular cartilage. Indeed, we have
preliminary evidence that pre-incubation of LfcinB with exogenous heparin or heparan
sulfate abolishes its signature transcriptional regulation in human articular chondrocyte as
well as chondrocyte-like cells (disc cells) (unpublished data). Further studies are warranted
to elucidate which HSPG member accounts for the counteractive effect of LfcinB on FGF-2
in chondrocytes.

Similarly, a study by Vallés et al. unveiled a critical role of heparan sulfate in IL-1 receptor
(IL-1R) complex formation and subsequent signal transduction (Valles et al., 1999). More
recently, Wang et al reported the involvement of syndecan in IL-1f signaling in
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chondrocyte-like nucleus pulposus cells (Wang et al., 2011). Thus, it is possible that LfcinB
inhibits IL-1p signaling v/a disrupting its receptor complex assembly. Furthermore, LfcinB
did not regulate the expression of IL-1R type I or type Il (a decoy receptor) in our
experimental system, suggesting LfcinB may not desensitize chondrocytes in response to
IL-1B through beheading its signaling (data not shown).

The anti-catabolic and anti-inflammatory capacity of LfcinB in articular cartilage uncovered
its potential in prevention and/or treatment of cartilage degeneration. The upregulation of
matrix-degrading enzymes, such as MMP-13, ADAMTS4, and ADAMTS5 have been
identified as a major contributor to joint degradation and OA (van den Berg, 2011). Hence
the active participation of these proteases renders them targets of interest in OA treatment
(De Rienzo et al., 2009; Li et al., 2011). Our data demonstrate that LfcinB can potently
inhibit the expression of these key proteases. Our findings also revealed the capacity of
LfcinB in repressing pro-inflammatory mediators IL-1p and IL-6 that account for cartilage
erosion viaautocrine/paracrine mechanisms. Simultaneously, LfcinB significantly induced
anti-inflammatory cytokines (IL-4 and IL-10) that may dampen the inflammatory signaling
pathways. Thus, LfcinB seems to confer protection on articular joint through coordinating
anti-catabolic and anti-inflammatory processes to shut down detrimental paracrine/autocrine
loops.

IL-1 induces TLR2 and TLR4 in chondrocytes (Kim et al., 2006; Su et al., 2005), and both
TLRs are increased in OA cartilage /n situ, which mediates innate immune response, thereby
triggering inflammatory and immune attacks (Kim et al., 2006; Scanzello et al., 2008).
Moreover, microbe-associated and endogenous TLR2 and TLR4 ligands [e.g.,
lipopolysaccharides (LPS), low molecular weight hyaluronan] stimulate catabolic responses
in chondrocytes (Liu-Bryan and Terkeltaub, 2010; Schelbergen et al., 2011). In our study,
LfcinB had no statistically significant influence on the basal expression of TLR4, suggesting
the specific antagonistic action of LfcinB against TLR2 signaling (data not shown). TLR2
also directly contributes to inflammatory and oxidative stress-induced degenerative
processes in chondrocytes by stimulating nitric oxide (Liu-Bryan et al., 2005). Our results
show that LfcinB markedly attenuates IL-1p-induced expression of both iNOS and TLR2 in
articular chondrocytes as well as synovial fibroblasts, suggesting LfcinB may also be
involved in alleviation of oxidative stress in joint tissues.

Further studies are warranted to delineate the mechanisms whereby LfcinB exerts
stimulatory and repressive effects on its target genes. Our data revealed that, although
LfcinB does not directly impact on the inflammatory JINK MAPK or NFxB pathway, it may
promote anti-inflammation v7a ERK and/or Akt signaling. In particular, LfcinB appears to
trigger a non-canonical ERK pathway, because it does not modulate the activity of Elk-1, a
classical target downstream of ERK (data not shown). This observation also explains why
LfcinB represses MMP-13 expression instead of inducing it. Aside from defining the roles
of ERK and Akt pathways in target gene regulation, elucidation of transcriptional
mechanisms utilized by LfcinB is also of importance to our understanding of its mode of
action.

To sum up, we have shown that LfcinB exerted anti-catabolic and anti-inflammatory effects
against FGF-2 and IL-1p challenges in human articular cartilage and synovium. LfcinB
seems to hold promise as a disease-modifying molecule in prevention and/or treatment of
degenerative joint diseases. Additionally, considering its well-documented antimicrobial
activities, LfcinB may also bring therapeutic benefits to septic arthritis. The present study
warrants further investigation to uncover the cellular molecular mechanisms utilized by
LfcinB in human articular chondrocytes, and also provides grounds for assessment of the
potency of LfcinB in OA animal models.
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Figure 1. LfcinB counteracts | L-1p/FGF-2-mediated effects on proteoglycan accumulation in
human articular chondrocytes

Chondrocytes were cultured in alginate beads for 7 days and subjected to different treatment
conditions for 21 days, before dimethylmethylene blue (DMMB) assay for proteoglycan
content. The gross proteoglycan amount in each group was normalized by DNA content
determined by a PicoGreen method. *p<0.05; **p<0.01.
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Figure 2. LfcinB suppresses cartilage-degrading protease production and iNOS expression in
human articular chondrocytes

(A) Chondrocytes in monolayer were incubated with LfcinB (50 and 100 pg/mL) for 24
hours. Total RNA was extracted for quantification of MMP-1, MMP-3, and MMP-13
transcripts using qPCR. Conditioned media were collected for immunoblotting of MMP-1,
MMP-3, and MMP-13. (B) Chondrocytes in monolayer were treated with LfcinB (50 and
100 pg/mL) for 24 hours. Total RNA was extracted for quantification of ADAMTS4 and
ADAMTS5 mRNA levels. Conditioned media were collected for immunoblotting of
ADAMTS4 and ADAMTSS. (C) Chondrocytes were treated with LfcinB (50 and 100 pg/
mL) for 24 hours. Total RNA was extracted for quantification of iNOS transcripts. *p<0.05;
**n<0.01.
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Figure 3. LfcinB counter acts cytokine-induced cartilage-degrading enzymesin human articular
chondrocytes

(A) Chondrocytes were treated with IL-1p (10 ng/mL) or FGF-2 (100 ng/mL), in the
presence or absence of LfcinB (50 and 100 pg/mL), for 24 hours. Total RNA was then
extracted for qPCR analyses of MMP-1, MMP-3, and MMP-13 transcripts. (B) In parallel,
conditioned media were used for immunoblotting of secreted MMP-1, MMP-3, and
MMP-13. *p<0.05; **p<0.01; ***p<0.001.
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Figure4. LfcinB downregulates pro-inflammatory factors and induces anti-inflammatory
cytokinesin articular chondrocytes

(A) Chondrocytes in monolayer were stimulated by IL-1p (10 ng/mL), in the presence or
absence of LfcinB (50 and 100 pg/mL), for 24 hours. Total RNA was extracted for
quantification of IL-1p and IL-6 transcripts using gPCR. (B) Chondrocytes were incubated
with IL-1p8 (10 ng/mL), in the presence or absence of LfcinB (50 and 100 pg/mL) for 24
hours. TLR2 transcripts were quantified by g°PCR. Immunoblotting was performed to assess
TLR2 protein levels. (C) Chondrocytes were treated with LfcinB (50 and 100 pg/mL) for 24
hours, followed by qPCR analyses of IL-4 and IL-10 mRNA levels. *p<0.05; **p<0.01;
***p<0.001.
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Figure5. LfcinB activates ERK MAPK and Akt pathwaysin articular chondrocytes

Cells in monolayer were incubated with LfcinB (50 pg/mL) for various durations (10, 30,
and 60 min), before whole cell lysates were prepared. Immunoblotting was performed using
anti-phospho-ERK and anti-phospho-Akt antibodies to reveal pathway activation. Total
ERK and total Akt levels were used as loading controls.
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Figure 6. LfcinB inhibits | L-1B/FGF-2-mediated proteoglycan depletion in articular cartilage ex
VIVO

(A) Full-thickness cartilage explants with 4 mm diameters in serum-free media (plus mini-
ITS™+ Premix) were treated with FGF-2 (100 ng/mL) or IL-1p (5 ng/mL), in the presence
or absence of LfcinB (50 and 100 g/mL), for 11 days. The explants were fixed in 4%
paraformaldehyde and embedded in paraffin. Safranin O Fast Green staining was adopted to
assess gross proteoglycan content in the extracellular matrix. (a & a’) Control; (b) FGF-2
(100 ng/mL); (c) FGF-2 plus LfcinB (50 pg/mL); (d) FGF-2 plus LfcinB (100 pg/mL); (b°)
IL-1B (5 ng/mL); (c’) IL-1p plus LfcinB (50 pg/mL); (d’) IL-1p plus LfcinB (100 pg/mL).
(B) Stained sections were analyzed for proteoglycan staining-positive areas using
OsteoMeasure software. Superficial zone and middle zone were included into analyses, and
cartilage areas were calculated based on sections from 3 different donors. **p<0.01.
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Figure 7. LfcinB exerts anti-catabolic and anti-inflammatory effectsin synovial fibroblasts

(A) Synovial fibroblasts in monolayer were stimulated by IL-1f (50 pg/mL), in the presence
or absence of LfcinB (50 and 100 pg/mL), for 24 hours. Then gPCR was performed to
quantify MMP-1, MMP-3, and MMP-13 transcripts. In parallel, immunoblotting was carried
out to assess the intracellular protein levels of MMP-1, MMP-3, and MMP-13. GADPH was
used as loading controls. (B) Synovial fibroblasts were incubated with IL-1f (50 pg/mL), in
the presence or absence of LfcinB (50 and 100 pg/mL), for 24 hours. The mRNA levels of
IL-1B and IL-8 were measured by gPCR. (C) Synovial fibroblasts were treated with IL-1
(50 pg/mL), in the presence or absence of LfcinB (50 and 100 pg/mL), for 24 hours,
followed by gPCR analyses of TLR2 transcripts. (D) Synovial fibroblasts were incubated
with IL-1p (50 pg/mL), in the presence or absence of LfcinB (50 and 100 pg/mL), for 24
hours. The mMRNA levels of INOS were quantified by gPCR. (E) Synovial fibroblasts were
plated on 96-well plates at 1x10° cells/well. Then cells were incubated with LfcinB (10, 50
and 100 pg/mL) for 24 hours. Each condition was set up in quadruplet. Assays were
performed using CellTiter 96 AQeous One Solution. *p<0.05; **p<0.01.
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Table 1
gPCR primer sequences
Gene Primer Seq. (5'—3) Refe,;lgn?:leNo. AnnTeﬂing
185 RNA | F O L e AR NR_003286.2 |  60°C
e ) s
wrs | £ SSoroeAToCCecATATeAeTIA | i sooias | soc
wirss | EACCETSGASCATTCATGTTICCTA. |y arers | soc
e el D
b el e
wos | eSS | oo | s
F: AAACGTTAACAATCCGGAGGCTGC
TLR2 R: NM_003264.3 60 °C
TGTTGTGAAAGTAAACAAGGAACCAG
1B | B GCATCGTGCACATAAGOCTCGTTA | NM0008T62 | - 55°C
L6 | R TCGTOAGCAGGCTGGATTTGT |+ | NM_0006003 | - 60°C
I8 | R GOGTGGAAAGGTTTGGAGTATGTC | NM 0005843 | 60°C
L4 | R AGGTGATATCOCACTTGTOTOCGT | NM_0005892 | - 60°C
IL10 F: TTAAGGGTTACCTGGGTTGCCAAG | \1 0005722 60 °C

R: AGTTCACATGCGCCTTGATGTCTG
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