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Abstract

Objective: Toll-like receptor (TLR)-mediated catabolic responses are implicated to contribute to
osteoarthritis (OA). However, deficiency of TLRs has little chondroprotection in mice /in vivo.
Here, we studied the effect of deficiency of TLR2 and TLR4 in articular chondrocytes on cellular
stress responses /n Vitro.

Design: Chondrocytes isolated from TLR2 and TLR4 double knockout (TLR2/4dKO) and wild
type (WT) mice and recombinant HMGB1 (rHMGB1) and LPS were used. Expression of
antioxidant and DNA repair enzymes including SOD1, SOD2 and OGG1, and phosphorylation of
H2AX (a marker for DNA damage) were examined by Western blotting. MitoSOX Red staining
was used for assessing mitochondrial superoxide generation. Autophagic activity was monitored
by flow cytometry analysis of mean fluorescence intensity (MFI) of GFP and RFP in chondrocytes
transfected with a tandem GFP-mRFP-LC3 plasmid, and by Western blot analysis of expression of
LC3 and p62, a selective autophagy adaptor.

Results: Basal expression of SOD2 but not SOD1 was largely reduced in TLR2/4dKO compared
to WT chondrocytes, correlated with significantly enhanced menadione-induced mitochondrial
superoxide generation (2.85 to 3.92 and 3.39 to 8.97 with mean difference 3.39 and 6.18 for 25
and 50 pM menadione, respectively) and phosphorylation of H2AX. LPS and rHMGB1 induced
expression of SOD2, OGG1 and p62 in WT but not TLR2/4dKO chondrocytes. Autophagy flux
was impaired in TLR2/4dKO chondrocytes after acute nutrient stress and by LPS and rHMGBL.
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Conclusions: TLR2 and TLR4 deficiency appears to reduce chondrocyte anti-oxidative stress
and autophagy flux capacity, which may compromise cartilage homeostasis as a result of
chondrocyte dysfunction.
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Introduction

Osteoarthritis (OA) is a disease of whole joint (1). Progressive articular cartilage degradation
is the central feature of OA (1). Articular chondrocytes, the only cells in cartilage, play an
important role in cartilage matrix homeostasis (1). Innate immunity has been implicated as
an active player to induce low-grade inflammation and catabolic events in articular cartilage,
contributing to OA progression (2). Human articular chondrocytes express toll-like receptors
(TLRs), which are pattern recognition receptors (PRRs) fundamental in innate immune
responses. Expression of TLR2 and TLR4 are increased in human knee OA cartilage lesions
(2). Stimulation of chondrocytes /n vitrowith TLR2 and TLR4 agonists such as microbial
products peptidoglycan and LPS, and endogenous molecular products derived from cellular
stress and extracellular matrix disruption including high mobility group box protein 1
(HMGB1), S100A8/A9, and low weight hyaluronan (LMW-HA) lead to increased
inflammatory and catabolic responses (2). These data indicate that inhibition of TLR2 and
TLR4 may be chondroprotective.

However, in vivo studies of deficiency of TLRs in experimental mouse knee OA models
yield mixed and mostly unexpected results. TLR2 knockout (KO) mice were shown to have
the same cartilage pathology as wild type (WT) mice in the destabilization of medial
meniscus (DMM) induced OA model (3). Cartilage damage was more severe in TLR2 KO
mice, compared to WT mice in the collagenase-induced OA model that is associated with
synovial inflammation (3). Nasi S et al reported deficiency of TLR2, TLR4, or MyD88 that
is the signaling adaptor molecule for most of the TLR pathways, did not significantly impact
on the severity of OA in the meniscectomy-induced OA model in male mice (4). We
observed that TLR2 and TLR4 double knockout (dKO) male mice did not have a significant
effect on severity of cartilage degradation in the same model (Supplemental figure). TLR4
deficiency is recently shown to be chondroprotective in obesity (via high-fat diet)-induced
OA in aged female mice (5). These mixed results imply that TLRs may have various effects
in specific OA phenotypes.

Emerging evidence implicate an important role of TLRs in cellular homeostatic function.
Activation of TLR signaling is shown to strongly upregulate protein expression of
antioxidant enzymes such as mitochondria-located superoxide dismutase 2 (SOD2) (6), and
a number of DNA repair enzymes including OGG1 (7) that is the primary enzyme
responsible for the excision of 8-oxoguanine, a mutagenic base byproduct that occurs as a
result of exposure to reactive oxygen species (ROS). TLRs also regulate autophagy (8), a
specialized biological process involved in maintaining cellular homeostasis through the
degradation of protein aggregates and damaged organelles. Since SOD2, OGGL1 and
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autophagy have been shown to involve in regulation of chondrocyte homeostasis, and their
dysfunction is associated with OA (9,10), we studied the cellular stress responses in
chondrocytes deficient in TLR2 and TLR4 /n vitro. We discovered that TLR2 and TLR4
deficiency appears to reduce chondrocyte anti-oxidative stress and autophagy flux capacity,
which could potentially compromise cartilage homeostasis as a result of chondrocyte
dysfunction.

All chemical reagents were obtained from Sigma-Aldrich (St Louis, MO). Purified
recombinant HMGB1 (rHMGB1) was from R&D Systems, Inc. (Minneapolis, MN).
Antibodies to SOD2, LC3B, p62, phosphorylated and total H2AX (Ser139) were from Cell
Signaling Technology, Inc. (Danvers, MA). Antibodies to SOD1 and OGG1 were from
Abcam (Cambridge, MA).

Studies of mouse articular chondrocytes

Mouse chondrocytes isolated from 6-8 days old knees (11) of TLR2/4dKO and congenic
WT mice were used for the study, which were in compliance with an institutionally reviewed
and approved protocol by VA San Diego IACUC. Knee chondrocytes isolated from all mice
in an entire litter (average 6 mice/litter) were pooled and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with high glucose, 10% fetal calf serum (FCS), 100 pg/ml
streptomycin, and 100 1U/ml penicillin at 37°C. Upon confluence, chondrocytes were re-
plated onto 12 well plates at 3 x 10° cells per well for experiments. Real time-PCR analysis
confirmed that WT and TLR2/4dKO chondrocytes exhibited similar functional phenotypes,
evidenced by similar levels of high expression of type Il collagen and aggrecan and low
expression of type | collagen. Each experiment was repeated 3 times independently in
passage 1 of pooled mouse chondrocytes isolated from 3 different litters.

Detection of mitochondrial superoxide with MitoSOX™ Red reagent

The production of mitochondrial superoxide was assayed by flow cytometry analysis of
mean intensity of red fluorescence, because oxidation of MitoSOX™ Red reagent
(ThermoFisher) by superoxide produces red fluorescence.

Assessment of autophagy

Chondrocytes were transfected with a tandem fluorescent-tagged LC3 (ptfLC3) plasmid
(Addgene, a gift from Tamotsu Yoshimori) in which LC3B is fused to GFP and mRFP for 48
hours. The cells were then subjected to acute nutrient starvation in Hank’s balanced salt
solution (HBSS) for the times indicated, followed by flow cytometry analysis of mean
fluorescence intensity (MFI) of GFP and RFP. The fluorescence of GFP is acid-sensitive,
while the fluorescence of mRFP is relatively stable and retained within lysosomes. The
green fluorescence is lost once autophagosomes fuse with lysosomes, because of
degradation of GFP by acid lysosomal proteases. Thus, autophagy flux (autophagic
degradation) can be determined by the ratio of the RFP to GFP intensity. The endogenous
microtubule-associated protein 1 light chain 3 (LC3) conversion (LC3-1 to LC3-11) and
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turnover, and expression of p62, a selective autophagy adaptor, in the presence or absence of
choloroquine (CQ), which blocks autophagosome and lysosome fusion, were examined by
Western blotting. The turnover of exogenous LC3 was also evaluated by the appearance of
higher molecular weight conjugates of mRFP-GFP-LC3 in the same blot.

SDS-PAGE/Western Blot

Cell lysates (10-15 ug) were prepared in RIPA buffer and separated by gradient 4-20% SDS-
PAGE, followed by immunoblotting with desired antibodies as described in (9).
Densitometry analysis of each Western blot from 3 individual experiments was performed.
Expression of each protein was normalized and presented as the ratio of the intensity of the
signal for the protein to that of the loading control.

Statistical analyses

Results

GraphPad PRISM 8 was used for statistical analyses. Each data point has 3 independent
biological replicates (each represented the mean of 2 technical replicates). All data passed
QQ plot normality and lognormality tests. Student #-fest (expressed as mean+SD) was used
to compare two groups. Repeated measures two-way ANOVA (expressed as mean+95%Cl)
was conducted to compare three or more groups on the effect two independent variables
(intervention and genotype). When there was a significant interaction between intervention
and genotype, Sidak’s test on the effect of intervention at each concentration or time
between genotypes (WT vs TLR2/4dKO) and Tukey’s post-hoc test on the effect of
intervention within each genotype were performed. P values less than 0.05 were considered
significant.

Reduced anti-oxidative stress capacity in TLR2/4dKO chondrocytes

First, we examined the effect of deficiency of TLR2 and TLR4 on protein expression of
antioxidant enzymes such as SOD1 and SOD2. Expression of mitochondria-located SOD2,
but not cytosol-located SOD1, was markedly lower at basal levels in TLR2/4dKO
chondrocytes (Figure 1A). Menadione, an oxidative stress inducer, significantly induced
mitochondrial superoxide generation in both WT and TLR2/4dKO chondrocytes (Figure
1B). Although no significant effect of genotype on basal levels of mitochondrial superoxide
was observed, the levels of menadione-induced mitochondrial superoxide were clearly
higher in TLR2/4dKO compared to WT chondrocytes (95% CI 2.85 to 3.92 and 3.39 to 8.97
with mean difference 3.39 and 6.18 for 25 and 50 UM menadione, respectively) (Figure 1B),
accompanied by augmented DNA damage with an evidence of increased phosphorylation of
H2AX (Ser139) (Figure 1C). LPS and rHMGB1 significantly induced expression of SOD2
and DNA repair enzyme OGGL1 in WT but not TLR2/4dKO chondrocytes (Figure 1D).
TLR2 and TLR4 deficiency did not impact on expression of Ku70, another DNA repair
enzyme involved in the repair of DNA double-strand breaks by non-homologous end-joining
(Figure 1D,). These data suggest that deficiency of TLR2 and TLR4 may increase DNA
damage in response to oxidative stress and reduce DNA repair capacity, particularly for the
excision of 8-oxoguanine from damaged DNA in chondrocytes.
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Impaired autophagy flux in TLR2/4dKO chondrocytes

Chondrocytes were transfected with a tandem GFP and mRFP fluorescent-tagged LC3
plasmid for 48 hours followed by acute nutrient starvation, known to rapidly trigger
autophagy. Due to the differential sensitivity of GFP and RFP to lysosomal acidity,
autophagy flux can be evaluated by the ratio of mean fluorescence intensity (MFI) RFP to
GFP. As seen in Figure 2A, RFP/GFP ratio was slightly but not significantly higher in WT
compared to TLR2/4dKO chondrocytes at basal levels. However, nutrient starvation
significantly increased RFP/GFP ratio in WT (95% CI 0.14 to 0.3 and 0.002 to 0.4 with
mean difference 0.22 and 0.2 for 2 and 4 hours, respectively) but not TLR2/4dKO
chondrocytes, indicating autophagic degradation was impaired in chondrocytes deficient in
TLR2 and TLRA4. This result was confirmed by Western blot analysis (Figure 2B) showing
that expression of both endogenous LC3B and exogenous LC3B (appeared as higher
molecular weight conjugates of mRFP-GFP-LC3 in the same blot) was considerably reduced
in response to nutrient starvation in WT but not TLR2/4dKO chondrocytes. Next,
chondrocytes were stimulated with LPS and rHMGBL1 in the presence or absence of
choloroquine (CQ), a known inhibitor of autophagosome and lysosome fusion. As depicted
in Figure 2C, expression of p62, which directly binds to LC3 serving as a selective substrate
of autophagy (12), was up-regulated robustly by LPS and slightly by rHMGBL1 in WT
chondrocytes. This was further enhanced by choloroquine, which also increased LC3B-11
expression in WT chondrocytes (Figure 2C). In comparison, p62 expression remained low in
TLR2/4dKO chondrocytes regardless if LPS and rHMGB1were present. However, the levels
of LC3B-I1 expression were significantly higher with further enhancement by cholorquine in
these cells (Figure 2C). These results indicate that TLR-mediated up-regulation of p62 is
required for chondrocyte autophagy flux in response to TLR2 and TLR4 agonists.

Discussion

The paradoxical results of in vitroand in vivo studies of deficiency of TLR2 and/or TLR4
imply that TLR2 and TLR4 may function as a double-edged sword in OA progression. In
this study, we found that TLR2/4dKO chondrocytes, compared to WT chondrocytes, were
more vulnerable to oxidative stress and DNA damage. This may partly attribute to impaired
expression of SOD2 and OGG1, as TLR2 and TLR4 agonists were no longer able to up-
regulate expression of these antioxidant and DNA repair enzymes in TLR2/4dKO
chondrocytes. Knockdown of SOD2 expression in chondrocytes results in oxidative damage
and mitochondrial dysfunction in chondrocyte /n vitro (13). Our recent study revealed an
important role of SOD2 and OGG1 in maintaining mitochondrial DNA integrity and
function (9). The promoter regions of both SOD2 and OGG1 genes contain DNA binding
site for AP1 (6,7), and SOD2 gene promoter also has DNA binding site for NF-xB (6).
Given that TLR2 and TLR4 signaling activates NF-xB and AP-1, the endogenous TLR2 and
TLR4 agonists generated after injury in the joint would not be able to induce expression of
SOD2 and OGG1 in mice deficient in TLR2 and/or TLR4. In this context, cartilage
homeostasis could be compromised as a result of chondrocyte dysfunction.

Although TLR2/4dKO chondrocytes had slightly reduced basal capacity of autophagy flux,
they caused little cellular senescence at basal levels. These were supported by non-detectable
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of basal p16'NK42 (data not shown) and phosphorylation of histone H2AX (Ser139), the
second most common marker of cellular senescence, in either WT or TLR2/4dKO
chondrocytes. TLR2/4dKO chondrocytes exhibited impaired autophagic degradation in
response to acute nutrient starvation and TLR2 and TLR4 agonists. Previous studies

revealed that TLR activation is required for p62 upregulation (14), and p62 plays an essential
role in autophagic selective degradation (12,14). We observed that LPS and rHMGB1 failed
to up-regulate p62 expression in TLR2/4dKO chondrocytes. Interestingly, TLR4 induces p62
expression via its downstream signaling that leads to activation of nuclear factor erythroid 2-
related factor 2 (Nrf2), a master regulator of cellular redox homeostasis, which binds to p62
promoter (14). p62-mediated induction of autophagy is also crucial for Nrf2 activation and
elimination of mitochondrial dysfunction and oxidative stress (15). Given that autophagy is a
highly conserved recycling process that involves degradation of cellular constituents in
lysosome, the diminished efflux of products from autolysosomes is likely to induce a state of
metabolic insufficiency and accumulate dysfunctional organelles and aggregates of
macromolecules, therefore compromising cellular homeostasis. Because TLR signaling is
required for upregulation of p62, the endogenous TLR2 and TLR4 agonists generated after
injury in the joint would not be able to do so in mice deficient in TLR2 and/or TLR4. As
such, chondrocyte capacity of autophagy flux would be impaired, which could lead to
disturbance of cartilage homeostasis.

In conclusion, TLR2 and TLR4 signaling has a dual role in articular chondrocytes in vitro,
regulating not only innate immunity-mediated catabolic activity, but also antioxidant, DNA
repair and autophagy flux activity. Further /n vivo study is needed to verify the role of TLR
signaling in cellular stress responses and quality control that are critical for chondrocyte/
cartilage homeostasis. Nevertheless, the findings of our study pointed out that caution must
be taken in considering new therapeutic strategies involving manipulation of TLR pathways
for OA, because finding the balance between TLR-mediated tissue destructive and tissue
protective events in the joint could be very challenging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chondrocytes deficient in TLR2 and TLR4 exhibited reduced anti-oxidative stress
capacity.

WF')I' an)(; TLR2/4dKO chondrocytes at basal levels (A) or after stimulation with LPS (1
pg/ml) and rHMGB1 (2 ug/ml) for 18 hours (D) were examined for expression of SOD1,
SOD2, OGG1 or Ku70 by Western blotting. p-actin was included as a loading control. WT
and TLR2/4dKO chondrocytes were treated with menadione at 25 and 50 uM for 1 hour,
mitochondrial superoxide generation (B) was assessed by flow cytometry analysis of mean
fluorescent intensity (MFI). Phosphorylation and expression of H2AX were examined by
Western blotting (C). Densitometry analysis of Western blot data from 3 independent
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experiments was included. Student #-fest (A) and repeated measures two-way ANOVA
analysis (B,C,D) were used for statistical analysis. There was a significant interaction
between the effect of menadione and genotype on mitochondrial superoxide generation in B
(F(2, 8)=91.73, p<0.0001) and on normalized phosphorylation of H2AX in C (F(2, 8)=9.91,
p=0.0068). There was also a significant interaction between the effect of treatment (LPS or
rHMGB1) and genotype on normalized SOD2 expression F(2, 8)=79.18, p<0.0001 and
normalized OGGL1 expression F(2, 8)= 23.46, p=0.0005, but not normalized Ku70
expression. Sidak’s test on the effect of menadione at each concentration between WT and
TLR2/4dKO (B, C) and Tukey’s test on the effect of each treatment within WT or
TLR2/4dKO (B,C,D) were followed up. In A, *p=0.002, relative to WT. In B, * p=0.0065, #
p<0.0001 relative to none in WT, ** p=0.0003 and ## p=0.003 relative to none in
TLR2/4dKO. In C, * p=0.012, # p=0.005 relative to none in WT, **, ## p=0.008 relative to
none in TLR2/4dKO. In D. * p=0.0004 and # p=0.03 for SOD2, ** p=0.045 and ## p=0.021
for OGG1, relative to none in WT.
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Figure 2. Autophagy flux was impaired in chondrocytes deficient in TLR2 and TLR4.
Both WT and TLR2/4dKO chondrocytes were transfected with a tandem mRFP and GFP

fluorescent-tagged LC3 (ptfLC3) plasmid for 48 hours. The cells were then subjected to
nutrient starvation in HBSS for 2 and 4 hours, followed by flow cytometry analysis of mean
fluorescence intensity of RFP and GFP. Autophagy flux was determined by the ratio of
RFP/GFP (A). Expression of endogenous and exogenous LC3B that was appeared as higher
molecular weight conjugates of mRFP-GFP-LC3 on the same blot was examined by Western
blotting (B). WT and TLR2/4dKO chondrocytes were stimulated with LPS (1 pg/ml) and
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rHMGBL1 (2 pug/ml) for 18 hours in the presence or absence of choloroquine (CQ, 50 uM).
Expression of p62 and LC3B was examined by Western blotting (C). p-actin was included as
a loading control. Densitometry analysis of Western blot data from 3 independent
experiments was included. Repeated measures two-way ANOVA was used for statistical
analysis. There was a significant interaction between the effect nutrient starvation and
genotype on autophagy flux (RFP/GFP) F(2, 8)=18.85, p=0.0009) in A, on normalized
exogenous LC3 expression F(2, 8)=33.18, p=0.0001 and normalized endogenous LC3
expression F(2, 8)=16.7, p=0.001) in B. There was also a significant interaction between
treatment (LPS or rHMGB1) and genotype on normalized LC3B-I1 expression F(5,
20)=11.46, p<0.0001 and normalized p62 expression F(5, 20)=48, p<0.0001 in C. Tukey’s
test on the effect of nutrient starvation or treatment within WT or TLR2/4dKO (A,B,C) and
Sidak’s test on the effect of each treatment between WT and TLR2/4dKO (C) were followed
up. In A, *p=0.007, #p=0.049, relative to 0 h. In B, * p=0.04, # p=0.005 relative to 0 hour in
WT for exogenous LC3B, #p=0.017 relative to 0 hour in WT for endogenous LC3B. For
LC3B-Il in C, * p=0.0009, # p=0.0002, $ p=0.014 relative to none, LPS and rHMGB1,
respectively, in WT, ** p=0.003, ## p=0.001, $$ p=0.018 relative to none, LPS and
rHMGBL1 respectively, in WT in the presence of choloroquine. For p62 in C, * p=0.01 and #
p=0.018 relative to none in WT and WT in the presence of choloroquine, respectively.
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