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Lipopolysaccharide Binding Protein and CD14, Cofactors
of Toll-like Receptors, Are Essential for Low-Grade
Inflammation-Induced Exacerbation of Cartilage Damage
in Mouse Models of Posttraumatic Osteoarthritis

Yoonkyung Won, Jeong-In Yang, Seulki Park, and Jang-Soo Chun

Objective. Osteoarthritis (OA) is initiated by pathogenic factors produced by multiple stimuli, including mechanical
stress, metabolic stress, and/or inflammaging. This study was undertaken to identify novel low-grade inflammation-
associated pathogenic mediators of OA.

Methods. Candidate pathogenic molecules were screened using microarray data obtained from chondrocytes
exposed to OA-associated catabolic factors. In mice with OA generated by destabilization of the medial meniscus
(DMM), low-grade inflammation was induced by a high-fat diet or endotoxemia. Functions of candidate molecules
in OA pathogenesis were examined using primary-culture chondrocytes from mice with DMM-induced OA, following
intraarticular injection of adenovirus expressing the candidate gene. Specific functions of candidate genes were
evaluated using whole-body gene-knockout mice.

Results. Bioinformatics analysis identified multiple candidate pathogenic factors that were associated with low-
grade inflammation, including components of the Toll-like receptor (TLR) signaling pathways (e.g., TLR-2, TLR-4,
lipopolysaccharide binding protein [LBP], and CD14). Overexpression of the individual TLR signaling components in
mouse joint tissue did not alter cartilage homeostasis. However, the low-grade inflammation induced by a high-fat diet
or endotoxemia markedly enhanced posttraumatic OA cartilage destruction in mice, and this exacerbation of cartilage
destruction was significantly abrogated in LBP~~and CD14™~ mice. Additionally, LBP and CD14 were found to be necessary
for the expression of matrix-degrading enzymes in mouse chondrocytes treated with proinflammatory cytokines.

Conclusion. LBP and CD14, which are accessory molecules of TLRs, are necessary for the exacerbation of
posttraumatic OA cartilage destruction resulting from low-grade inflammation, such as that triggered by a high-fat

diet or endotoxemia.
INTRODUCTION

Osteoarthritis (OA) is a whole-joint disease characterized
by cartilage destruction, synovial inflammation, osteophyte for-
mation, and subchondral bone remodeling (1). Among these
OA manifestations, articular cartilage degradation is the cen-
tral feature of OA. Although it is well understood that multiple
cell types of joint tissue are involved in the disease process, the
study of the pathogenesis of OA has largely focused on chondro-
cytes. OA cartilage destruction can be caused primarily by the
up-regulation of matrix-degrading enzymes and/or the down-
regulation of cartilage extracellular matrix (ECM) molecules (2).
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Among the matrix-degrading enzymes, matrix metalloprotein-
ase 3 (MMP-3), MMP-13, and ADAMTS-5 have been shown to
play important roles in cartilage destruction in experimental OA
(8-5). The expression levels of matrix-degrading enzymes and
cartilage ECM molecules are regulated by multiple pathogenic
factors produced by chondrocytes and other cell types in joint
tissue. These factors include proinflammatory cytokines such
as interleukin-1(3 (IL-1pB), IL-6, and tumor necrosis factor (TNF)
(6). We previously identified cellular catabolic mediators in chon-
drocytes, including the transcription factor hypoxia-inducible
factor 2a (HIF-2q) (7), and the zinc importer ZIP8 (8). These
cellular mediators exert catabolic functions in OA pathogenesis
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by up-regulating matrix-degrading enzymes and/or down-
regulating ECM molecules in articular chondrocytes (7,8).

OA-causing pathogenic factors can be produced by mechan-
ical stress (9), metabolic stress (10), and/or inflammaging (11),
which are all associated with low-grade inflammation. Stud-
ies in humans and in animal models have demonstrated that
low-grade inflammation plays a crucial role in OA pathogenesis
(12,13). Innate immune pathways that involve pattern-recognition
receptors, such as the Toll-like receptor (TLR) pathways, are cru-
cial in OA inflammation (12-15). Indeed, studies have shown
that inflammation-induced catabolic processes, including up-
regulation of matrix-degrading enzymes and down-regulation of
cartilage ECM molecules, are tightly controlled by TLR-dependent
immune responses (16,17). TLR signaling pathways are com-
posed of multiple components, including the various TLRs; acces-
sory molecules (cofactors), such as lipopolysaccharide binding
protein (LBP) and CD14; upstream agonists, such as serum amy-
loid A (SAA) protein; and various downstream mediators, such as
NF-kB-related molecules (14,15).

In preliminary experiments, we performed a bioinformat-
ics analysis of various microarray data obtained from OA-like
chondrocytes to identify novel pathogenic factors involved in
OA pathogenesis. We initially identified multiple components of
TLR signaling pathways as being up-regulated in chondrocytes
exposed to OA-associated catabolic factors (IL-13, HIF-2a, and
ZIP8). Accordingly, we selected subsets of TLR signaling com-
ponents and characterized their potential functions in low-grade
inflanmation—associated OA. We found that TLR-2, TLR-4, LBP,
and CD14 have differential functions in OA pathogenesis associ-
ated with low-grade inflammation in mice. In particular, we demon-
strated that LBP and CD14 are necessary for the exacerbation of
posttraumatic OA under conditions of low-grade inflammation.

MATERIALS AND METHODS

Mice and experimental OA. All animal experiments were
approved by the Gwangju Institute of Science and Technology
Animal Care and Use Committee. C57BL/6J-background knock-
out (KO) mice (TLR2™, TLR4™", CD14™") were purchased from
The Jackson Laboratory. BALB/c-background LBP”~ mice were
purchased from The Jackson Laboratory and backcrossed with
C57BL/6J mice. Experimental OA was induced in 12-week-old mice
by destabilization of the medial meniscus (DMM), and the mice were
euthanized at 6, 8, or 10 weeks thereafter (18). We used a high-fat
diet model (19) and a metabolic endotoxemia model (20) to examine
the impact of low-grade inflammation. For the high-fat diet model,
8-week-old mice were fed either a regular diet (10% of total calories
from fat) or a high-fat diet (60% of total calories from fat; Research
Diets). DMM or sham operation was performed on mice at week 4
of exposure to a regular diet or a high-fat diet, and the mice were
euthanized at 6 weeks thereafter. For the endotoxemia model,
DMM- or sham-operated 12-week-old male mice were injected

intraperitoneally with a subclinical low-dose of lipopolysaccharide
(LPS) (5 ng/kg body weight) every 3 days for 4 weeks (21). Mice
were euthanized at 8 weeks after surgery for histologic analysis.

To examine the effects of overexpression of TLR signaling
components injoint tissue, mice were injected intraarticularly (once
weekly for 3 weeks) with 1 x 10° plague-forming units (PFU) (in a
total volume of 10 pl) of the TLR signaling component-expressing
adenoviruses Ad-TLR-2, Ad-TLR-4, Ad-LBP, Ad-CD14, and Ad-
SAA1. Mice were euthanized at 3 or 8 weeks after the first intraar-
ticular injection. Intraarticular injections of Ad-HIF-2a and Ad-ZIP8
were used as positive controls for OA pathogenesis (7,8). All ade-
noviruses were purchased from Vector BiolL.abs.

Skeletal staining, histology, and immunohisto-
chemistry. Skeletons from E18.5 whole-mouse embryos were
stained with Alcian blue and alizarin red (8,22). Mouse knee joint
samples were fixed with 4% paraformaldehyde, decalcified in
0.5M EDTA, embedded in paraffin, sectioned frontally at 5-pm
thickness, and stained with Safranin O (8,22). Osteoarthritis
Research Society International (OARSI) histologic OA severity
grades (scale 0-6) (23) and synovitis scores (scale 0-3) were cal-
culated as the average values obtained from 3 different sections
selected at ~100-pm intervals for each knee joint; each section
was scored by 4 observers under blinded conditions (YW, JIY,
SP, and JSC). OARSI grades were expressed as the maximum
score observed among the medial femoral condyle, medial
tibial plateau, lateral femoral condyle, and lateral tibial plateau
(23). Synovitis was determined by scoring the extent of synovial
inflammation using joint sections stained with Safranin O and
hematoxylin (24), or by detecting synovial infiltration of mono-
cyte chemotactic protein 1 (MCP-1)—positive or F4/80—positive
inflammatory cells (e.g., macrophages) (25). Osteophyte size
was measured using an Aperio ImageScope (Leica) (8,22).
Subchondral bone sclerosis was indirectly examined by mea-
suring the thickness of the subchondral bone plate from 3 joint
sections in each mouse using an Aperio ImageScope (8,22,26).
Alternatively, subchondral bone remodeling was examined by
immunostaining with Osterix to identify osteoblast activation
(27). The following antibodies were used for immunostain-
ing: mouse anti-SAA1 (Hycult Biotechnology), rabbit anti-TLR-2
and mouse anti-CD14 (Novus Biologicals), mouse anti-TLR-4,
rabbit anti-MCP-1 and rabbit anti-Osterix (Abcam), rabbit anti-
LBP (LifeSpan Biosciences), and rat anti-F4/80 (Bio-Rad).

Primary chondrocyte culture. Mouse articular chondro-
cytes were isolated from the femoral condyles and tibial plateaus
of 5-day-old mice, and maintained as a monolayer in complete
Dulbecco’s modified Eagle’s medium (DMEM) (28). On culture
day 2, cells at passage O were treated with IL-13 (GenScript) in
complete medium or with IL-6 (Merck Millipore) and LPS (Sigma-
Aldrich) under serum-free conditions. For adenoviral overexpres-
sion of target genes, chondrocytes were cultured for 3 days,
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infected with adenovirus for 2 hours at the indicated multiplicity
of infection (MOI), and cultured for an additional 36 hours prior to
further analysis.

Enzyme-linked immunosorbent assay (ELISA). Mouse
sera were collected from sham- or DMM-operated mice fed with
aregular diet or a high-fat diet or administered phosphate buffered
saline (PBS) or LPS, and serum aliquots were stored at —80°C
until analysis. ELISA kits for IL-13, IL-6, TNF, MCP-1, CD14, and
leptin were purchased from R&D Systems, and the ELISA kit for
LBP was purchased from MyBioSource.

Reverse transcription-polymerase chain reaction
(RT-PCR), quantitative RT-PCR, and Western blotting.
Total RNA was extracted from primary-culture chondrocytes
and reverse transcribed, and the resulting complementary DNA
was PCR amplified; primers and experimental conditions are
summarized in Supplementary Table 1 (available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.41679/abstract). For Western blotting, total cell
lysates were prepared using radioimmunoprecipitation assay
lysis buffer (8,22). For detection of secreted proteins (SAAT,
LBP, and CD14), 900 pl of serum-free conditioned medium was
subjected to trichloroacetic acid precipitation, and the proteins
were fractionated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis, transferred to a nitrocellulose membrane, and
detected using anti-SAA1, anti-LBP, and anti-CD14 antibodies.

Bioinformatics analysis of microarray data. Microarray
data from chondrocytes stimulated with IL-13 or overexpressing
HIF-2a or ZIP8 were previously deposited into Gene Expression
Omnibus (GEO) under accession numbers GSE104794 (HIF-2q),
GSE104795 (ZIP8), and GSE104793 (IL-1[3). To identify dysregu-
lated genes in the 3 GEO data sets, the full differential expression
data sets were subjected to gene set enrichment analysis (GSEA)
using GSEA software (Broad Institute). GSEA was performed using
functional gene sets derived from the Molecular Signatures Data-
base (MSigDB) of the canonical pathways, the KEGG pathway data-
base, and gene ontology (GO) biologic process terms. Differentially
expressed genes were selected using a |log, fold change| cutoff of
>1.5and asignificance level of P < 0.05. The genes identified as being
significantly differentially expressed were subjected to pathway
enrichment analysis using Enrichr (http://amp.pharm.mssm.edu/
Enrichr/), with default parameters and annotations obtained from the
Panther, Biocarta, or Reactome pathway databases. We used the
ggplot2 R package to analyze the results of GO enrichment analysis
and differentially expressed genes.

Statistical analysis. For statistical comparison of exper-
imental groups, data were analyzed using the Shapiro-Wilk
normality test and Levene’s test for homogeneity of variance.
Nonparametric data based on an ordinal grading system (OARSI

and synovitis grades) were compared between 2 groups using
the Mann-Whitney U test, whereas the Kruskal-Wallis test was
used to compare nonparametric data from multiple groups. Direct
comparisons between pairs of groups (in the multiple group
comparisons of nonparametric data) were conducted using the
Mann-Whitney U test. Parametric data were compared between
2 independent experimental groups using the 2-tailed t-test.
One-way analysis of variance with the Bonferroni post hoc test
was used to compare parametric data from >3 groups. P values
less than 0.05 were considered significant. Parametric data are
expressed as the mean + SEM; 95% confidence intervals (95%
Cls) are included for nonparametric data.

RESULTS

Up-regulation of TLR signaling components in
chondrocytes stimulated with OA-associated cata-
bolic factors. To identify novel factors in OA pathogenesis, we
screened microarray data obtained from mouse articular chondro-
cytes treated with IL-1[3 or overexpressing OA-associated cellular
catabolic mediators, such as HIF-2a or ZIP8 (7,8). GSEA of KEGG
pathways and GO gene set analysis revealed that genes associ-
ated with the TLR signaling pathway exhibited the most significant
enrichment in mouse chondrocytes stimulated with the examined
catabolic factors (Figures 1A and B, and Supplementary Figures 1A
and B, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41679/abstract). We
further performed enrichment analysis to identify the functional
categories of the differentially expressed genes, and we discov-
ered that genes related to TLR signaling pathways were com-
monly enriched in chondrocytes stimulated with all 3 catabolic
factors (Supplementary Figures 1C and D, http://onlinelibrary.
wiley.com/doi/10.1002/art.41679/abstract).

TLR signaling pathways regulate inflammation-induced cat-
abolic processes, such as the expression of matrix-degrading
enzymes, during OA pathogenesis (12,13). Accordingly, we ana-
lyzed the microarray data in the context of TLR signaling compo-
nents, including TLRs and their cofactors, upstream stimulators,
and downstream targets (14,15) (Supplementary Table 2, http://
onlinelibrary.wiley.com/doi/10.1002/art.41679/abstract). Exposure
of chondrocytes to OA-associated catabolic factors selectively
up-regulated certain TLR signaling components, including TLR-2,
TLR-3, and TLR-4; accessory molecules, such as LBP and CD14;
upstream agonists, such as SAA protein; and downstream medi-
ators, such as NF-kB-related molecules (Figure 2A and Sup-
plementary Table 2, http://onlinelibrary.wiley.com/doi/10.1002/
art.41679/abstract). We validated these microarray data by gRT-
PCR analysis of chondrocytes treated with IL-1(3, Ad-HIF-2a, or
Ad-ZIP8. We also extended our analysis to include chondrocytes
treated with IL-6 or LPS. IL-6 plays a key role in systemic inflamma-
tion and OA pathogenesis (29,30), and LPS is thought to contrib-
ute to OA by stimulating TLR signaling (20). All of these catabolic
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Figure 1. Transcriptional profiling of mouse chondrocytes treated with osteoarthritis-associated pathogenic catabolic factors. Microarray data

were obtained from primary-culture mouse articular chondrocytes that had been treated for 36 hours with interleukin-1(3 (IL-1() (1 ng/ml) or
infected with 800 multiplicities of infection of control adenovirus, Ad-HIF-2a, or Ad-ZIP8. A, Enrichment plot of the top 15 most significant KEGG
terms with normalized enrichment scores (NES). Gene ratio is the number of core enriched genes divided by number of genes in a given KEGG
gene set after filtering out the genes that were not found in the expression data set. B, Gene set enrichment analysis of microarray signals on
KEGG pathways. NOD = nucleotide-binding oligomerization domain; RIG-1 = retinoic acid-inducible gene 1; CoA = coenzyme A; FDR = false

discovery rate; TLR = Toll-like receptor.

stimulators caused significant up-regulation of TLR-2, LBP, CD14,
and all of the SAA family members. In contrast, up-regulation of
TLR-4, CD36, CD44, and LY96 was less marked or insignificant
(Figures 2B and C, and Supplementary Figures 2A-E, http://online
library.wiley.com/doi/10.1002/art.41679/abstract). These results
collectively suggest that the significantly up-regulated TLR signal-
ing components may contribute to OA pathogenesis.

Stimulation of TLR signaling pathways enhances
posttraumatic OA in mice. Prior to characterizing the role
of individual TLR signaling components in OA pathogenesis,
we clarified whether conditions that stimulate TLR signaling

pathways modulate OA pathogenesis in mice, in experiments
using 2 models: high-fat diet-induced low-grade inflammation (19)
and LPS-mediated low-grade inflammation (endotoxemia) (20).
In mice, a high-fat diet is known to cause low-grade inflammation
and can exacerbate the progression of OA (19). Consistently, we
found that mice that were fed a high-fat diet exhibited significant
exacerbation of DMM-induced OA manifestations, such as carti-
lage destruction, osteophyte formation, and synovial inflammation,
without marked effects on subchondral bone plate thickness or the
Osterix-staining pattern indicative of osteoblast activation (Supple-
mentary Figures 3A, B, and E, available on the Arthritis & Rheumatology
website at http://onlinglibrary.wiley.com/doi/10.1002/art.41679/abstract).
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Figure 2. Osteoarthritis-associated catabolic factors up-regulate subsets of Toll-like receptor (TLR) signaling components in chondrocytes.
A, Chondrocytes were treated with interleukin-1(3 (IL-13) (1 ng/ml) or infected with 800 multiplicities of infection of adenoviruses Ad-HIF-2a or
Ad-ZIP8. Vehicle and control adenovirus were used as controls. Heatmap shows expression of TLR signaling components in the chondrocytes
after treatment. B and C, Primary-culture chondrocytes were treated for 36 hours with IL-13 (1 ng/ml), IL-6 (100 ng/ml), lipopolysaccharide
(LPS) (10 ng/ml), or 800 multiplicities of infection of control adenovirus, Ad-HIF-2a, or Ad-ZIP8. Levels of mRNA for the TLR-2 and TLR-4 genes
(B) as well as for other genes (C) were determined by quantitative reverse transcription—polymerase chain reaction analysis (n = 6 per group).
Each symbol represents an individual mouse; bars show the mean + SEM. * = P < 0.05; ** = P < 0.005; *** = P < 0.001, by one-way analysis
of variance with Bonferroni post hoc test. FC = fold change; LBP = lipopolysaccharide binding protein; NS = not significant.
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Systemic low-grade inflammation was determined by measur- was markedly increased in mice that were administered LPS
ing circulating levels of inflammation markers, such as cytokines (Supplementary Figures 4E and F, http://onlinelibrary.wiley.com/
(IL-13, IL-6, TNF), a chemokine (MCP-1), an adipokine (leptin), doi/10.1002/art.41679/abstract), indicating that local inflammatory
and TLR components (LBP and CD14). A high-fat diet under our responses occurred in the joint tissue of these mice. Unexpectedly,
experimental conditions had differential effects on the serum lev- with a high-fat diet, LPS administration caused significant increases
els of these inflammation markers. We observed a decrease in in the circulating levels of inflammation markers such as IL-13, IL-6,
IL-6 levels, an increase in LBP levels, and no significant change in TNF MCP-1, LBPR, and CD14 (Supplementary Figure 4D, http://online
IL-1B3, TNF, MCP-1, and CD14 levels (Supplementary Figure 4A, library.wiley.com/doi/10.1002/art.41679/abstract). Collectively, our
available on the Arthritis & Rheumatology website at http://online results suggest that conditions that stimulate low-grade inflamma-
library.wiley.com/doi/10.1002/art.41679/abstract). Consistent with tion and TLR signaling pathways can enhance posttraumatic OA
the synovitis score, a high-fat diet in mice subjected to DMM cartilage destruction in mice, but may not affect the other OA man-
markedly enhanced the synovial infiltration of MCP-1- or F4/80— ifestations examined.
positive inflammatory cells (Supplementary Figures 4B and C,
http://onlinelibrary.wiley.com/doi/10.1002/art.41679/abstract), Overexpression of individual TLR signaling compo-
indicating that a high-fat diet enhanced inflammatory responses in nents in joint tissue is not sufficient to cause OA in mice.
joint tissue. To examine the possible functions of the up-regulated TLR sig-

Metabolic endotoxemia, which is a low-level elevation of gut- naling components in OA pathogenesis, we used adenovirus-
derived endotoxin (LPS) in blood, also causes low-grade inflamma- mediated overexpression in mouse joint tissue. Our group
tion and activates TLR signaling pathways (20). However, no direct previously described adenoviruses that could effectively deliver
evidence has been published to date regarding the in vivo role of circu- transgenes to joint tissue (7,8,22). Here, we confirmed that
lating LPS in OA pathogenesis. We therefore examined the effects of intraarticular injection of individual adenoviruses caused marked
intraperitoneal injection of a subclinical low dose of LPS (21) in DMM- overexpression of SAA1, TLR-2, TLR-4, LBP, or CD14 in artic-
operated mice and found that this treatment significantly enhanced ular cartilage (Supplementary Figure 5A, available on the Arthri-
DMM-induced OA cartilage destruction (Supplementary Figures tis & Rheumatology website at http://onlinelibrary.wiley.com/
3C and D, http://onlinelibrary.wiley.com/doi/10.1002/art.41679/ doi/10.1002/art.41679/abstract). While overexpression of the
abstract). However, other OA manifestations, such as osteophyte previously characterized catabolic factors (HIF-2a or ZIP8) (7,8)
formation and subchondral bone sclerosis (i.e., subchondral bone caused cartilage erosion, osteophyte formation, and subchon-
plate thickness and Osterix staining for osteoblast activation), were dral bone sclerosis, we found that overexpression of SAAT,
not modulated by LPS administration (Supplementary Figures 3C-E, TLR-2, TLR-4, LBP, or CD14 did not cause any OA-like change
http://onlinelibrary.wiley.com/doi/10.1002/art.41679/abstract). in the joint tissue (Figure 3A). This suggests that overexpression
Although synovitis scores were similar in mice administered PBS of these individual TLR signaling components is not sufficient to
or LPS, the synovial infiltration of MCP-1- or F4/80—positive cells cause OA development in mice.

2 Sl 1 e+ i - B 2, = MMP3 EER T
. ) = MMP13 °

- ®ADAMTS5 Q
2007 . ’soxe 0
= Aggrecan
150 - ®COL2A1 o

Relative mRNA levels
(fold change against Ad-C)
g
1

oL pOh R
Ad-ZIP8

Ad- Ad- Ad- Ad- Ad- Ad- -
SAA1 TLR2 TLR4 LBP CD14 HIF-2a ZIP8

T aeLer Ad-CD14 Ad-HIF-2a 2

Figure 3. Overexpression of individual Toll-like receptor (TLR) signaling components in joint tissue does not cause osteoarthritis-like changes
in mice. A, Wild-type mice were intraarticularly injected (once weekly for 3 weeks) with 1 x 10° plague-forming units of control adenovirus (Ad-
C) or adenovirus expressing TLR signaling components (Ad-SAA1, Ad-TLR-2, Ad-TLR-4, Ad-LBP, or Ad-CD14). Ad-HIF-2a and Ad-ZIP8 were
used as positive controls for OA pathogenesis. Mice were euthanized at 8 weeks after the first intraarticular injection. Representative images
of joint sections are shown. The boxed areas in upper rows are shown at higher magnification in lower rows. Bars = 50 um. B, Primary-culture
mouse articular chondrocytes were infected with 800 multiplicities of infection of Ad-C, Ad-SAA1, Ad-TLR-2, Ad-TL-R4, Ad-LBP, Ad-CD14,
Ad-HIF-2a, or Ad-ZIP8 for 36 hours. Relative levels of mBNA for the indicated molecules were determined by quantitative reverse transcription—
polymerase chain reaction analysis (n = 7 per group). Each symbol represents an individual mouse; bars show the mean + SEM. * = P < 0.05;
*** = P < 0.001, by one-way analysis of variance with Bonferroni post hoc test. NS = not significant.
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We also examined the impact of up-regulated TLR signal-
ing components on the expression of matrix-degrading enzymes
and cartilage ECM molecules, as OA cartilage destruction can
be regulated by the balance of these catabolic and anabolic fac-
tors (2). Unexpectedly, we found that overexpression of TLR-4,
LBP, or CD14 caused significant up-regulation of MMP-3 and
MMP-13 mRNA, but did not modulate the expression levels of
SOX9, type Il collagen, and aggrecan mRNA (Figure 3B and Sup-
plementary Figure 5C, http://onlinelibrary.wiley.com/doi/10.1002/
art.41679/abstract). Because MMP-3 and MMP-13 are known to
play crucial roles in OA cartilage destruction (3,4), it might seem
contradictory that intraarticular injection of Ad-TLR-4, Ad-LBP,
or Ad-CD14 did not cause cartilage degeneration. However,
MMP-3 and MMP-13 were up-regulated to much smaller degrees
by the overexpression of TLR-4, LBP, or CD14 compared to
the overexpression of OA-associated HIF-2a or ZIP8 (Figure 3B,
http://onlinelibrary.wiley.com/doi/10.1002/art.41679/abstract). This
could possibly explain why overexpression of TLR-4, LBP, or CD14
in the mouse joint tissue was not associated with OA pathogenesis.

Differential regulation of posttraumatic OA car-
tilage destruction by TLR-2, LBP, and CD14 under
conditions of low-grade inflammation. Next, we inves-
tigated the role of the individual TLR signaling components

>

in DMM-induced OA. To this end, we used TLR2™", TLR4™",
LBP™~, and CD14™ mice, which are viable and exhibit nor-
mal development (31-34). We confirmed the normal skeletal
development of these mice in E18.5 embryos and verified the
deletion of target genes in primary-culture chondrocytes (Sup-
plementary Figures 6A and B, http://onlinelibrary.wiley.com/
doi/10.1002/art.41679/abstract). In both wild-type (WT) and
KO mice, all examined OA manifestations (cartilage destruction,
osteophyte formation, and subchondral bone plate thickening)
were observed at 6 weeks after DMM and exacerbated at 8
and 10 weeks after surgery (Supplementary Figure 7A, http://
onlinelibrary.wiley.com/doi/10.1002/art.41679/abstract).
Among the KO mice, LBP™~ and CD14”~ mice exhibited sig-
nificant amelioration of cartilage destruction at 10 weeks, but
not at 6 or 8 weeks, post-DMM (Supplementary Figure 7B).
However, osteophyte formation and subchondral bone scle-
rosis were not modulated in these mice at the examined time
points after DMM (Supplementary Figure 7B).

We further examined the effects of the various gene dele-
tions on DMM-induced OA under conditions with or without low-
grade inflammation (i.e., regular diet versus high-fat diet, and PBS
versus LPS). A high-fat diet caused marked increases in body
weight in both WT mice and KO mice (Supplementary Figures 8A and
B, http://onlinelibrary.wiley.com/doi/10.1002/art.41679/abstract).

Regular diet (RD)

High-fat diet (HFD)

w

o

u TIr2"
w Tir4”
u [ bp”
u Cd147

~

OARSI grade (0-6)
N

o

Sham DMM Sham DMM Sham DMM

Sham DMM Sham DMM Sham DMM

RD HFD RD

HFD RD HFD

Figure 4. Deficiency of Tir2, Lbp, or Cd14 abrogates the high-fat diet (HFD)-induced acceleration of posttraumatic osteoarthritis cartilage
destruction in mice. Wild-type (WT) mice and TLR2™~, TLR4™", LBP™~, or CD14”~ mice subjected to sham surgery or destabilization of
the medial meniscus (DMM) were fed a regular diet (RD) or high-fat diet, and then euthanized 6 weeks after the surgery. A, Representative
immunostained images of joint sections. The boxed areas in upper rows are shown at higher magnification in lower rows. Bars = 50 pm. B,
Scoring of Osteoarthritis Research Society International (OARSI) histologic severity grade, osteophyte size, and subchondral bone plate (SBP)
thickness (n = 10 mice per sham group and 12 mice per DMM group). Each symbol represents an individual mouse; bars show the mean and
95% confidence interval (for OARSI grade) or the mean + SEM (for osteophyte size and SBP thickness). “* = P < 0.001, by Mann-Whitney
U test for OARSI grade, and by one-way analysis of variance with Bonferroni post hoc test for osteophyte size and SBP thickness. NS = not
significant.
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Although individual KO mice exhibited differential gains of body
weight under a high-fat diet, the leptin levels in sera were not sig-
nificantly different among the KO mice (Supplementary Figure 8C).
Thus, the observed body weight differences did not appear to be
due to differences in serum leptin levels. Additionally, serum levels
of IL-6 and TNF were similar between WT and KO mice (CD147~
and LBP™") under both regular diet and high-fat diet conditions.
However, IL-1[3 levels were significantly elevated in LBP™~ mice,
but not in CD14~ mice under regular diet and high-fat diet con-
ditions (Supplementary Figure 8D).

WT and KO mice that were fed a regular diet exhibited
similar degrees of DMM-induced OA manifestations at 6 weeks
post-DMM. However, a high-fat diet caused more severe carti-
lage destruction in DMM-operated WT mice, and this enhanced
OA manifestation was significantly eliminated in TLR2™", LBP ™",
and CD14™" mice (Figures 4A and B, and Supplementary Figure 7,
http://onlinelibrary.wiley.com/doi/10.1002/art.41679/
abstract). Osteophyte formation was also enhanced in high-fat
diet—fed WT mice and DMM-operated WT mice, but this was
eliminated only in TLR2™~ mice (Figures 4A and B). The increases
in subchondral bone plate thickness and Osterix staining for
activated osteoblasts were not modulated by a high-fat diet,
and no differential change in these parameters were seen among
the various KO mice (Figures 4A and B, and Supplementary

Figure 9A, http://online library.wiley.com/doi/10.1002/art.41679/
abstract). These results suggest that TLR signaling compo-
nents differentially regulate the high-fat diet-induced exacer-
bation of posttraumatic OA under our examined experimental
conditions.

Intraperitoneal injection of LPS also exacerbated DMM-
induced cartilage destruction without significantly affecting
other manifestations of OA, such as osteophyte formation, syn-
ovitis, and subchondral bone sclerosis (Supplementary Figures
3C-E). Similar to our findings in high-fat diet-fed mice, LPS
administration in WT mice enhanced DMM-induced OA cartilage
destruction, and this was significantly eliminated in LBP~ and
CD14™~ mice (Figures 5A and B). Unlike our findings in high-fat
diet—fed mice, however, TLR2”~ and TLR4™~ mice exhibited no
significant modulation of the LPS-induced exacerbation of OA
cartilage destruction (Figures 5A and B). Additionally, none of
the KO mice showed any marked change in osteophyte for-
mation or subchondral bone sclerosis (i.e., subchondral bone
plate thickness and Osterix staining for activated osteoblasts)
(Figures 5A and B, and Supplementary Figure 9B). Thus, our
results collectively suggest that LBP and CD14 are necessary
for the enhanced posttraumatic OA cartilage destruction seen
under the low-grade inflammation caused by a high-fat diet or
LPS administration.

DMM

DMM DMM Sham

PBS LPS PBS

LPS PBS LPS

Figure 5. Deficiency of Lbp or Cd74 abrogates lipopolysaccharide (LPS)-induced acceleration of posttraumatic osteoarthritis cartilage
destruction in mice. Mice subjected to sham surgery or destabilization of the medial meniscus (DMM) (wild-type [WT], TLR27", TLR4™~, LBP™",
or CD14™) were intraperitoneally injected with phosphate buffered saline (PBS) or a subclinical low dose of LPS for 4 weeks, and euthanized
8 weeks after the surgery. A, Representative immunostained images of joint sections. The boxed areas in upper rows are shown at higher
magnification in lower rows. Bars = 50 pm. B, Scoring of Osteoarthritis Research Society International (OARSI) grade, osteophyte size, and
subchondral bone plate (SBP) thickness (n = 10 mice per sham group and 12 mice per DMM group). Each symbol represents an individual
mouse; bars show the mean and 95% confidence interval (for OARSI grade) or the mean + SEM (for osteophyte size and SBP thickness). * =
P < 0.05, by Mann-Whitney U test for OARSI grade and by one-way analysis of variance with post hoc Bonferroni test for osteophyte size and

SBP thickness. NS = not significant.
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Figure 6. Deficiency of Lbp or Cd14 abrogates the up-regulation of matrix-degrading enzymes following treatment of mouse chondrocytes
with osteoarthritis-associated catabolic factors. Wild-type (WT) and LBP”~ mouse chondrocytes (A) and CD14”~ mouse chondrocytes (B)
were isolated, cultured, and treated for 36 hours with interleukin-13 (IL-13) (1 ng/ml), IL-6 (100 ng/ml), or lipopolysaccharide (LPS) (10 ng/ml).
Levels of mRNA for matrix-degrading enzymes (matrix metalloproteinase 3 [MMP-3] MMP-13, and ADAMTS-5) were determined by quantitative
reverse transcription—polymerase chain reaction analysis. Each symbol represents an individual mouse; bars show the mean + SEM (n = 7 per
group). ** = P < 0.005; ** = P < 0.001, by one-way analysis of variance with Bonferroni post hoc test. KO = knockout; NS = not significant.

Regulation of matrix-degrading enzyme expres-
sion in chondrocytes by LBP and CD14. Finally, given our
finding that LBP and CD14 are required for the exacerbation
of posttraumatic OA cartilage destruction under conditions of
low-grade inflammation, we sought to elucidate some poten-
tial mechanisms that could be related to this enhanced carti-
lage destruction. We examined the impact of LBP and CD14 on
the expression levels of the matrix-degrading enzymes MMP-3,
MMP-13, and ADAMTS-5, which are crucial for OA cartilage
destruction in animal models (3-5). Treatment of WT chondro-
cytes with IL-1(3, IL-6, or LPS caused marked up-regulation of
MMP-3, MMP-13, and ADAMTS-5, and these effects were signif-
icantly inhibited in LBP~~ mouse chondrocytes (Figure 6A). Defi-
ciency of CD14 in chondrocytes also eliminated the up-regulation
of these matrix-degrading enzymes caused by IL-6 or LPS, but
not IL-1(3 (Figure 6B). Based on the established catabolic func-
tion of IL-6 (29,30) and the potential role of LPS (20) in OA patho-
genesis, these results suggest that the expression modulation of
these matrix-degrading enzymes by LBP and CD14 may contrib-
ute to the ability of the latter factors to exacerbate OA cartilage
destruction.

DISCUSSION

In this study, we have demonstrated that multiple compo-
nents of the TLR signaling pathways, such as TLR-2, TLR-4, LBP,
CD14, and SAAs, are up-regulated in chondrocytes treated with
OA-associated catabolic factors. Overexpression of a specific
TLR signaling component alone in joint tissue did not affect DMM-
induced posttraumatic OA manifestations under our experimental

conditions. Moreover, knockout of TIr2 or Tlr4 does not modu-
late posttraumatic OA. This is consistent with previous reports
that deficiency of TIr2 and/or Tir4 does not affect DMM-induced
cartilage damage (35,36). In contrast, we found that LBP”~ and
CD14”" mice exhibited slight but significant amelioration of post-
traumatic OA cartilage destruction at 10 weeks, but not at 6 or 8
weeks, post-DMM. Our findings in CD14~~ mice were similar to
the results of a previous study by Sambamurthy et al (37), in which
the authors found that CD14 deficiency was associated with less
severe cartilage destruction at a later stage of OA (19 weeks post-
DMM), but not at 6 weeks post-DMM.

Our key finding is that LBP and CD14 exacerbate posttrau-
matic cartilage destruction under conditions of low-grade inflam-
mation. We verified systemic low-grade inflammation by detecting
circulating levels of inflammation markers in the high-fat diet model
(i.e., leptin and LBP) and the metabolic endotoxemia model (i.e.,
IL-1B3, IL-6, TNF, MCP-1, LBP, and CD14). Circulating levels of
inflammation markers have been reported to vary depending on
the type of diet, duration of feeding, time point at which feeding
is initiated, etc. For instance, some studies showed that a high-
fat diet increased levels of IL-6, TNF, MCP-1, and leptin levels
(88), whereas other studies showed insignificant changes or no
changes of these molecules (39). LPS-induced endotoxemia is
also known to increase IL-6, TNF, and MCP-1 blood levels (21).

We confirmed the presence of local synovial inflammation in
both models by detecting infiltrating MCP-1- or F4/80—positive
inflammatory cells in the inflamed synovial tissue. Low-grade
inflammation stimulates OA pathogenesis by producing inflam-
matory mediators, including cytokines, microbial factors (LPS),
and/or lipid metabolites (10). Innate immune pathways, such
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as TLR signaling pathways, are known to play pivotal roles in
these processes (12-15). TLRs are activated by damage-
associated molecular patterns to trigger proinflammatory medi-
ator secretion and joint inflammation (12,15). The expression of
TLRs is also increased in the lesional areas of cartilage in OA
patients (16). We observed up-regulation of various TLR signaling
components in chondrocytes treated with OA-associated cata-
bolic factors. The most prominent up-regulations were seen in
LBP and CD14, which are accessory proteins for multiple TLRs
and interact with various signaling molecules, including LPS
(14,15). LBP binds with high affinity to LPS and presents LPS
to CD14 to enable TLR-4 to respond to LPS (14,15). Therefore,
it is logical to consider that LBP and CD14 would play essential
roles in exacerbation of the posttraumatic cartilage destruction
resulting from intraperitoneal injection of LPS.

In the high-fat diet model, a high-fat diet causes low-grade
inflammation, in which TLR signaling pathways play pivotal roles
(12,19). Therefore, it is likely that the LBP- and CD14-mediated
regulations of TLR signaling pathways are responsible for the
high-fat diet-induced acceleration of cartilage destruction. Given
that mice fed high-fat diets exhibit an elevation in plasma LPS
levels (20,40), we speculate that LBP and CD14 can relay LPS
signaling in these mice to regulate the exacerbation of cartilage
destruction. However, the role of CD14 and LBP in low-grade
inflammation—induced exacerbation of posttraumatic OA could
be more complicated in OA pathogenesis associated with met-
abolic disorders. Indeed, CD14~~ mice exhibit impaired glucose
intolerance under a high-fat diet (41). LBP~~ mice exhibit no sig-
nificant alterations in blood glucose levels, but develop glucose
intolerance and insulin resistance (42).

The limitations of this study include the use of single-time
point evaluations of OA manifestations in relatively young mice
(12 weeks old) under conditions of low-grade inflammation (6
weeks after exposure to a high-fat diet and 8 weeks after LPS
administration). In our experimental setting, knockout of Tir2,
but not Tir4, ameliorated the high-fat diet-induced exacerbation
of posttraumatic cartilage destruction at 6 weeks post-DMM.
Tlr2-deficient mice are known to exhibit protection from insu-
lin resistance induced by a high-fat diet (43). Insulin resistance
is associated with metabolic OA (10), which may explain the
observed TLR-2-specific contributions in mice fed a high-fat diet.
However, in contrast to our observations, a previous study showed
that TLR-4 is necessary for high-fat diet-induced cartilage catab-
olism in middle-aged female mice (13-15 months old) (44). Both
TLR-2 and TLR-4 were not required for the LPS-induced stimula-
tion of cartilage destruction under our current experimental con-
ditions. However, LPS appears to regulate OA pathogenesis by
stimulating LBP, CD14, and TLR-4 signaling pathways (15,20,45).
Therefore, the function of TLR-4 should be further elucidated by
analysis of mice of different ages at various time points post-DMM.
Given that both LBP and CD14 are accessory proteins for multi-
ple TLRs (14), it may be that deficiency of a single TLR is not

sufficient to inhibit the LPS-induced stimulation of cartilage degen-
eration. Indeed, a recent study revealed that TLR-2 and TLR-4
have redundant functions (46). Finally, although we focused our
efforts on elucidating the pathogenic mechanisms of OA cartilage
destruction, analysis of symptomatic outcomes, such as OA pain-
related behaviors, might provide further insight into the functions
of LBP and CD14 in OA pathogenesis and facilitate the develop-
ment of new therapeutic approaches to the disease.

In conclusion, we identified various TLR signaling pathway-
related molecules as potential pathogenic factors in OA. Among
them, we demonstrated that the TLR accessory molecules
LBP and CD14 are essential to the low-grade inflammation—
induced exacerbation of posttraumatic OA cartilage destruction.
Thus, our results suggest that LBP and CD14 may regulate the
processes of meta-inflammation and/or inflammaging in the
pathogenesis of OA.
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