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Abstract

Osteoarthritis (OA) is a low-grade chronic inflammatory joint disease. Innate immunity
contributes to OA progression, mediated by toll-like receptors (TLR2 and TLR4). We evaluated
the role of CD44, a transmembrane glycoprotein, in regulating TLR2-linked macrophage
activation and resultant proinflammatory responses. TLR2 stimulation was performed on
differentiated THP-1 macrophages in the presence or absence of a CD44-specific antibody or
hyaluronan (HA). Nuclear factor kappa B (NFxB) nuclear translocation; interleukin-1 beta (IL-1p)
and tumor necrosis factor alpha (TNF-a) gene expression and protein concentrations were
determined. Anti-CD44 antibody and HA treatments reduced NFxB translocation, IL-1p and
TNF-a expression and production (p<0.001). Inhibition of proinflammatory response in
macrophages by HA was mediated by CD44. Protein phosphatase 2A (PP2A) mediated the
reduction in NFxB translocation by HA. CD44 Knockdown reduced NFxB nuclear translocation
and downstream IL-1p and TNF-a protein production following TLR2 receptor stimulation
(p<0.001). CD44** murine bone marrow derived macrophages (BMDMs) produced higher TNF-
a compared to CD44 "~ macrophages following TLR2 stimulation (p<0.01). HA dose-
dependently inhibited TLR2 induced TNF-a production by murine BMDMSs (p<0.001). OA
synovial fluids (SF) stimulated TLR2 and TLR4 receptors and induced NF«xB translocation in
THP-1 macrophages. Anti-CD44 antibody treatment significantly reduced macrophage activation
by OA SF (p<0.01). CD44 regulated TLR2 responses in human macrophages, whereby a reduction
in CD44 levels or engagement of CD44 by its ligand (HA) or a CD44-specific antibody reduced
NF«xB translocation and downstream proinflammatory cytokine production. A CD44-specific
antibody reduced macrophage activation by OA synovial fluids and CD44 is a potentially novel
target in OA treatment.
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Introduction

Osteoarthritis (OA) is a degenerative joint disease involving joint structures e.g. the articular
cartilage, synovium and subchondral bone (1, 2). Risk factors for OA pathogenesis include
age, obesity, traumatic joint injury, and low-grade chronic inflammation (2—-7). Inflammation
of the synovial tissue is recognized as an active contributor to OA pathogenesis with
multiple studies showing a correlation between the extent of synovitis and pain, cartilage
erosion and disease progression (8-12). The synovium is a soft tissue that is comprised of a
surface layer, the intima and an underlying subintima (12, 13). The intima of normal
synovium is 1-3 cell layers thick, with two cell types: fibroblast-like synoviocytes and
macrophages (13, 14). Chronically inflamed synovium, as seen in OA, is characterized by
synovial intimal hyperplasia, immune cell infiltration, subintimal fibrosis and
neovascularization (15, 16).

Infiltrating immune cells detected most frequently in OA synovial tissues include
macrophages, T cells and to a lesser extent mast cells and B cells (16-18). Synovial
macrophages play an important role in driving OA pathogenesis due to their significantly
higher production of proinflammatory cytokines e.g. interleukin-1 beta (IL-1p) and tumor
necrosis factor alpha (TNF-a) compared to fibroblast-like synoviocytes (19, 20). Activation
of synovial macrophages was shown to promote synovial thickening, osteophyte formation
and cartilage degeneration in experimental OA models (21, 22). As a component of the
innate immune system, macrophages can be activated by damage-associated molecular
patterns (DAMPs) through interaction with pattern recognition receptors, e.g. toll-like
receptors (TLRs) on the surface of macrophages (23). Examples of DAMPs in OA include
extracellular matrix breakdown products e.g. biglycan, fibronectin fragments, low molecular
weight hyaluronic acid, plasma proteins e.g. a1 and a2 macroglobulins, intracellular
alarmins e.g. high mobility group box 1 (HMGB1) and crystals e.g. uric acid (24).

Hyaluronan (HA) is produced by fibroblast-like synoviocytes and is a major component of
the synovial fluid. HA exerts important functions in the joint and its biological effects are
mediated by its binding to its transmembrane receptor, cluster determinant 44 (CD44) (25).
In OA synoviocytes, HA suppresses IL-1p mediated nuclear factor kappa B (NFxB)
activation and downstream expression of matrix metalloproteinases (MMPSs) in a CD44-
dependent manner (26, 27). Additionally, HA’s anti-inflammatory effects may be mediated
by its ability to modulate TLR2 and TLR4 cartilage expression in experimental arthritis (28).

In this work, we aimed to evaluate the role of CD44 in regulating NFxB activation and
proinflammatory cytokine production in response to TLR2 receptor activation in human
macrophages, using a combination of CD44 receptor knockdown, TNF-a production by
macrophages from CD44 wildtype and knockout mice, and CD44 receptor engagement by
CD44 neutralizing antibody and HA treatments. We hypothesized that CD44 functions to
regulate NFxB activation and downstream IL-1p and TNF-a gene expression and
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production in response to TLR2 stimulation of a human macrophage cell line. Finally, we
studied TLR2 and TLR4 receptor activation by OA synovial fluids and examined the effect
of CD44 targeting in suppressing the activation of macrophages by these fluids.

Materials and Methods

Differentiation of THP-1 monocytes into macrophages

THP-1 monocytes were obtained from American Type Culture Collection (ATCC, USA).
Cells were cultured to a density of 1.5 x 106 cells/mL in 75 cm flask in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 10mM HEPES, 2mM
glutamine, 100U/L penicillin and 100ug/mL streptomycin and maintained at 37°C under 5%
COo. In sterile 12 well plates (Corning, Sigma Aldrich, USA), 600,000 cells in 2 ml RPMI
1640 media were differentiated into macrophages by incubation with phorbol 12-
myristate-13-acetate (PMA; Sigma Aldrich) to a final concentration of 5 ng/ml for 48 hours
(29). Subsequently, media supernatants were removed and wells were washed three times
with sterile PBS to remove unattached cells and new RPMI 1640 media was added.

CD44, TLR2 and TLR4 expression in THP-1 macrophages

THP-1 macrophages were incubated with CD44-specific, TLR2-specific or TLR4-specific
antibody (Abcam, USA) at a final concentration of 1ug per 600,000 cells for 1 hour at 4°C.
Cells were subsequently pelleted and the cell pellet was washed three times with PBS.
THP-1 cells were subsequently incubated with DyLight® 488 goat anti-mouse IgG (Abcam)
at 1:500 dilution for 30 min at 4°C. Following cell pelleting and washing, 500 uL of 4%
paraformaldehyde was added and cell-associated fluorescence was determined by flow
cytometry using BD FACSVerse (BD Biosciences, USA).

Impact of TLR2 and TLR4 receptor activation on IL-1f and TNF-a production by THP-1
macrophages

THP-1 macrophages (600,000 cells per well) were treated with Pam3CSK4 (Pam;

Invivogen, USA), a TLR2 ligand (30), at a concentration range between 0.1 and 10 ng/ml for
24 hours. Similarly, THP-1 macrophages (600,000 cells per well) were treated with
lipopolysaccharide (LPS; Invivogen, USA), a TLR4 ligand, at a concentration range between
0.1 and 10 ng/ml for 24 hours. Media supernatants were collected and IL-1p and TNF-a
concentrations were determined using commercially available ELISA kits (R&D systems,
USA).

HA binding to recombinant human CD44 and TLR2 receptors

High-binding microtiter plates (Corning, Sigma Aldrich) were used to coat recombinant
human CD44 Fc chimeric protein or recombinant human TLR2 (R&D systems) overnight at
4°C. Each well received 100uL of CD44 or TLR2 protein (1 ng/ml each) in PBS. Wells that
were coated with CD44 or TLR2 were blocked with 2% bovine serum albumin (BSA;
300pL per well) for 2 hours at room temperature. Biotinylated HA (MW 1,500 kDa,
Creative PEGWorks, USA) was added to the plate in serial dilutions and incubated for 1
hour at room temperature. Following washing with PBS+0.1% Tween 20, streptavidin-HRP
(R&D systems) was added at 1:10,000 dilution and incubated for 1 hour at room
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temperature. Following washing with PBS+0.1% tween 20, the assay was developed using
1-step Turbo TMB ELISA reagent (Lifetechnologies, USA) and the absorbance was
measured at 450 nm. Data is presented as percent maximal binding. Data represents the
mean + standard deviation (S.D.) of three independent experiments with duplicate wells per

group.

Impact of HA and CD44-specific antibody treatments on TLR2 ligand induced nuclear
factor kappa B (NFxB) nuclear translocation in THP-1 monocytes and macrophages

THP1-XBlue cells (Invivogen, USA) is a THP-1 monocyte cell line that stably expresses
AP-1 and NF«xB inducible secreted embryonic alkaline phosphatase (SEAP) reporter gene.
Upon activation of TLR2, SEAP is secreted and its activity can be monitored using an
alkaline phosphatase substrate (31). THP1-XBlue cells were cultured in RPMI 1640 media
supplemented with 4.5 g/L glucose, 10% FBS, 50 U/mL penicillin, 50 pg/mL streptomycin,
100 pg/mL normocin and 2 mM L-glutamine.

THP1-XBlue cells (50,000 cells per well in HEK detection media) (100 pL per well) were
treated with Pam (5 ng/ml) in the absence or presence of HA (MW >950 kDa; R&D
systems) at a final concentration of 250 and 500 pug/ml, an anti-CD44 antibody (2.5 ug/ml;
Abcam) or an isotype control antibody (2.5 pg/ml; Abcam) for 24 hours followed by
measuring the 630 nm absorbance.

THP-1 macrophages (600,000 cells per well) were treated with Pam (5 ng/ml) in the absence
or presence of HA (100, 250 and 500 pg/ml) for 1 hour followed by cell harvesting and
nuclear protein extraction using a commercially available kit (Thermo Fisher Scientific,
USA). Protein content in the nuclear extract was quantified in all experimental groups and a
total of 3 pg of total protein was used to quantify NFxB p65 subunit nuclear levels using a
DNA binding ELISA assay (Abcam). In another set of experiments, THP-1 macrophages
were pre-treated with okadaic acid (5nM; Tocris Biosciences, USA), a potent inhibitor of
protein phosphatase 2A, for 2 hours followed by treatment with Pam (5ng/ml) in the absence
or presence of HA (250 pg/ml) for 1 hour followed by nuclear NFxB p65 subunit
quantification as described above. Data is presented as detectable nuclear p65 levels
normalized to control. Data represents the mean + S.D. of three independent experiments
with duplicate wells per treatment.

Impact of HA and CD44-specific antibody treatments on TLR2 ligand induced IL-1p and
TNF-a gene expression and production in THP-1 macrophages

THP-1 macrophages (600,000 cells per well) were treated with Pam (1 ng/ml) in the absence
or presence of HA (100, 500 and 1,000 pg/ml) for 6 hours followed by RNA extraction using
TRIzol reagent (Thermo Fisher Scientific) and RNA concentrations were determined using a
NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies, USA). cDNA was
synthesized using Transcriptor First Strand cDNA Synthesis Kit (Roche, USA). Quantitative
PCR (gPCR) was performed on Applied Biosystems StepOnePlus Real-Time PCR System
(Thermao Fisher Scientific) using TagMan Fast Advanced Master Mix (Life Technologies).
The cycle threshold (Ct) value of IL-1B (Hs00174097_m1; Thermo Fisher Scientific) was
normalized to the Ct value of GAPDH (Hs02758991 g1; Thermo Fisher Scientific) in the
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same sample, and the relative expression was calculated using the 2722Ct method (32). Data
is presented as fold target gene expression compared to untreated control.

In another set of experiments, THP-1 macrophages (600,000 cells per well) were treated
with Pam (5ng/ml) in the absence or presence of HA (100, 500 and 1,000 pg/ml), anti-CD44
antibody (2.5 pg/ml) or isotype control antibody (2.5 ug/ml) for 24 hours. IL-1p and TNF-a
media concentrations were determined using commercially available ELISA Kkits.

Impact of HA treatment on TLR2 ligand induced CD44 expression in THP-1 macrophages

THP-1 macrophages (600,000 cells per well) were treated with Pam (5 ng/ml) in the absence
or presence of HA (100, 500 and 1,000 pg/ml) for 6 hours followed by RNA isolation,
cDNA synthesis and qPCR as described above. The Ct value of CD44 (Hs01075864 _m1,;
Thermo Fisher Scientific) was normalized to the Ct value of GAPDH in the same sample,
and the relative expression was determined as described above. Data is presented as fold
CD44 expression compared to untreated control.

In another set of experiments, THP-1 macrophages were treated as described above for 24
hours followed by cell harvest. THP-1 macrophages were incubated with anti-CD44
antibody (1ug per 600,000 cells) for 1 hour at 4°C. Cells were subsequently pelleted and the
cell pellet was washed three times with PBS. THP-1 cells were subsequently incubated with
DyL.ight® 488 goat anti-mouse 1gG at 1:500 dilution for 30 min at 4°C. Following cell
pelleting and washing, cell-associated fluorescence was determined as described above.

CD44 receptor knockdown and associated TLR2 ligand induced IL-1f and TNF-a
production in THP-1 macrophages and role of HA

THP-1 macrophages (600,000 cells per well) were treated with a pre-validated CD44 small
interfering RNA (siRNA) (Thermo Fisher Scientific) (25 pmoles per well) or a non-targeted
negative control (NC) siRNA (25pmoles) (Thermo Fisher Scientific) for 48 hours.
Transfection was performed using Lipofectamine RNAiMax (Thermo Fisher Scientific) per
manufacturer’s recommendations. To confirm CD44 knockdown, CD44 gene expression was
determined in CD44 siRNA and NC siRNA-treated THP-1 macrophages as described above
and compared to CD44 expression in untreated control macrophages. Additionally, CD44
and TLR2 protein levels in CD44 siRNA, NC siRNA-treated and untreated control THP-1
macrophages were determined using flow cytometry as described above.

NFxB p65 subunit nuclear levels in CD44 siRNA, NC siRNA-treated and untreated control
THP-1 macrophages (600,000 cells per well) following treatment with Pam (5ng/ml) for 1
hour were determined as described above. CD44 siRNA, NC siRNA-treated and untreated
control THP-1 macrophages (600,000 cells per well) were treated with Pam (5ng/ml) for 24
hours. In another set of experiments, Pam treatment was performed in the absence or
presence of HA (500 pg/mL). IL-1p and TNF-a media concentrations were determined as
described above.
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TLR2 ligand induced TNF-a production in murine bone marrow derived macrophages from
CD44*"* and CD447~/~ mice and effect of HA treatment on primary murine macrophages

CD447"~ (JAX stock # 005085) and CD44*/* (JAX stock # 00664) pathogen-free male mice
(n=8 in each group) were acquired from the Jackson Laboratory (Maine, USA) (33).
Animals (10-14 weeks old) were euthanized and isolation and culture of bone marrow
derived macrophages (BMDMs) was performed as previously described (34). Both femurs
and tibia bones were carefully dissected and bone marrows were flushed using a sterile 25G
needle filled with DMEM/F12 medium (Fisher Scientific) supplemented with 10ng/ml
macrophage colony-stimulating factor (M-CSF; R&D systems). Cells were subsequently
cultured for 7 days with media change on day 3. On day 7, BMDMs were gently scraped and
dislodged using Corning Cellstripper Solution (VWR, USA) for 5 min at 37°C. An equal
volume of macrophage complete medium was added to the cells and the cells were
centrifuged for 10 min at 400 x gand 4°C, and the supernatant was discarded. Subsequently,
BMDMs were plated to perform TLR2 stimulation studies or to characterize surface markers
Cd11b and F4/80 expression using flow cytometry.

BMDMs (400,000 cells) were treated with FITC-labeled anti-CD11b antibody (abcam)
(1:500 dilution), PE-Texas Red-labeled anti- F4/80 antibody (ThermoFisher Scientific)
(1:500 dilution) or FITC-labeled Rat 1gG2b, kappa monoclonal - Isotype control (Abcam)
for 1 hr at 37°C. Cells were subsequently pelleted and the cell pellet was washed three times
with PBS. Following cell pelleting and washing, 500 uL of 4% paraformaldehyde were
added and cell-associated fluorescence was determined by flow cytometry.

BMDMs from both genotypes were plated overnight in 12 well plates (200,000 cells per
well). Cells were treated with Pam (1 ng/ml or 5 ng/ml) for 6 hours at 37°C and TNF-a
media concentrations were determined using a commercially available ELISA (R&D
Systems). In another set of experiments, CD44%/* BMDMs were treated with Pam (5 ng/ml)
in the absence or presence of HA (100, 250 and 500 pg/ml) for 6 hours at 37°C and TNF-a
media concentrations were determined as above. Data is presented as the mean TNF-a
concentrations = S.D. of 4 independent experiments, with triplicate wells per treatment. All
animal tissue harvests were approved by the IACUC committee at Chapman University.

Activation of TLR2 and TLR4 receptors by synovial fluids from patients with OA and the
role of CD44 in regulating macrophage activation in response to OA synovial fluids

Synovial fluid aspirates (SF) were collected from patients with OA (n=12) (Articular
Engineering, USA) following knee replacement surgery or from donors within 24 hours of
death, collected with partner site IRB approval with informed written consent from the
donor or nearest relative. A total of 6 patients were female. The median age (interquartile
range) of the group was 71 (60 to 82). Normal SF specimens (n=4) were obtained from
subjects with no clinical history of joint disease or arthritis, and were provided by Dr. Martin
Lotz from the Scripps Research Institute, USA. Screening of OA SF specimens for
activation of TLR2 and TLR4 receptors was performed by incubation with TLR2-HEK and
TLR4-HEK cells (25,000 cells per well in HEK Blue detection media) (Invivogen). The
volume of SF aspirates was 7.5L per well, corresponding to 3.75% dilution. The final
volume in each well was 200uL. Activation of TLR2 or TLR4 in these cells results in
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nuclear translocation of NFxB and expression of SEAP, whose activity can be detected in
the culture media. Cells were incubated with the SF samples for 48 hours at 37°C. The 630
nm absorbance was measured and normalized to the 630 nm absorbance values of untreated
control cells.

THP1-XBlue monocytes (25,000 cells per well) were maintained in serum-free RPMI 1640
for 48 hours followed by differentiation of the THP-1 monocytes into macrophages as
described above. SF aspirates with detectable TLR2 and TLR 4 activity were incubated with
THP1-XBlue macrophages for 48 hours in HEK Blue detection media in the absence or
presence a CD44-specific antibody (2.5ug/ml), TLR2-specific antibody (Abcam; 2.5 pg/ml)
or isotype control (2.5 pg/ml). Normal SF specimens were used as controls. The 630 nm
absorbance was subsequently measured. Data is presented as the mean 630 nm absorbance
value of each SF specimen, based on two independent experiments with duplicate wells per
experiment.

Statistical Analyses

Unless otherwise specified, data is presented as the mean + S.D. of 4 independent
experiments with at least duplicate wells per group. Continuous variables were tested for
normality and equal variances. Variables that satisfied both assumptions were tested for
statistical significance using Student’s #test for two group comparisons. Multiple group
comparisons were performed using analysis of variance (ANOVA) with Tukey’s post-hoc
test. Variables that did not satisfy the normality assumption were tested using Mann-
Whitney U test or ANOVA on the ranks. The level of statistical significance was a priori set
at a=0.05.

Results

CD44 and TLR receptor expression in human THP-1 macrophages and proinflammatory
cytokine production

A representative flow cytometry histogram depicting cell-associated fluorescence of THP-1
macrophages following probing with CD44, TLR2 or TLR4 antibodies is shown in figure
1A. Compared to unstained cells, cell associated fluorescence for CD44 and TLR2 exhibited
a right shift indicating expression of CD44 and TLR2 by THP-1 macrophages. On the
contrary, cell associated fluorescence for TLR4 was not qualitatively different from
unstained control cells. TLR2 receptor activation resulted in a concentration-dependent
elevation in media IL-1p (fig. 1B) and TNF-a (fig. 1C) concentrations. Similarly, TLR4
receptor activation resulted in detectable IL-1p and TNF-a levels. Across all ligand
treatments, TLR2 activation resulted in a significantly higher (p<0.001) IL-1p and TNF-a
production compared to TLR4 activation.

HA and CD44-specific antibody treatments reduced TLR2 ligand induced NFxB nuclear
translocation in THP-1 monocytes and macrophages

HA binding to immobilized TLR2 and CD44 receptors is shown in figure 2A. HA exhibited
concentration-dependent binding to CD44 with no detectable binding to TLR2. Pam
treatment resulted in NFxB nuclear translocation in THP-1 monocytes compared to
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untreated cells (p<0.001) (fig. 2B). HA (250 and 500 pug/mL) treatment reduced NF«xB
nuclear translocation in THP-1 monocytes (0<0.01; p<0.001) following TLR2 receptor
activation. Similarly, Anti-CD44 antibody treatment reduced NFxB nuclear translocation in
THP-1 monocytes (p<0.001). In contrast, isotype control antibody treatment did not alter
NF«xB nuclear translocation. There was no difference in the magnitude of reduction of
NF«xB nuclear translocation in THP-1 monocytes with HA (500 pg/mL) or a CD44 antibody
treatments.

TLR2 receptor activation resulted in NFxB p65 subunit nuclear translocation in THP-1
macrophages compared to untreated cells (p<0.001) (fig. 2C). HA (250 and 500 pg/mL)
treatments reduced p65 subunit translocation (p<0.01) in THP-1 macrophages following
TLR2 receptor activation. Okadaic acid treatment did not alter NFxB p65 subunit
translocation following TLR2 receptor activation (fig. 2D). NFxB p65 subunit nuclear levels
were significantly higher in the Pam + HA + Okadiac acid group compared to Pam + HA

group (p<0.01).

HA and CD44-specific antibody treatments reduced TLR2 ligand stimulated
proinflammatory cytokine expression and production in THP-1 macrophages

TLR2 activation induced IL-1f gene expression and production in THP-1 macrophages
(p<0.001) (fig. 3A and fig. 3C). HA (500 and 1,000 pg/mL) treatment reduced IL-1p gene
expression in THP-1 macrophages following TLR2 activation (p<0.05; p<0.0I) (fig. 3A).
Correspondingly, HA (500 and 1,000 pg/mL) treatment reduced IL-1p production by THP-1
macrophages (p<0.001) (fig. 3C). TLR2 activation induced TNF-a gene expression and
production in THP-1 macrophages (p<0.001) (fig. 3B and fig. 3D). HA (500 and 1,000
pg/mL) treatment reduced TNF-a gene expression in THP-1 macrophages following TLR2
activation (p<0.01) (fig. 3B). Similarly, HA (500 and 1,000 pug/mL) treatment reduced TNF-
a production by THP-1 macrophages (p<0.001) (fig. 3D). CD44 antibody treatment reduced
IL-1B and TNF-a media supernatant concentrations following TLR2 activation (p<0.001)
(Fig. 3E and fig. 3F). In contrast, IL-1p and TNF-a media concentrations were not
significantly different between Pam alone and Pam + isotype control (IC) antibody groups.

HA reduced CD44 expression following TLR2 receptor activation in THP-1 macrophages

TLR2 activation induced CD44 gene expression in THP-1 macrophages (p<0.00I) (fig. 4A).
HA (100, 500 and 1,000 pg/mL) treatment reduced CD44 expression in THP-1 macrophages
following TLR2 activation (p<0.0I1). A dose-response for HA treatment was observed as
CDA44 expression in the Pam + HA (1,000 pg/mL) group was significantly lower than CD44
gene expression in the Pam + HA (500 pg/mL) and Pam + HA (100 pg/mL) (p<0.01;
p<0.00I). A representative flow cytometry histogram depicting cell-associated fluorescence
of THP-1 macrophages following probing with CD44 antibody is presented in figure 4B.
TLR2 activation resulted in a right shift of the cell population indicating increased CD44
protein levels on macrophages. HA treatments showed a qualitative reduction in mean cell
associated fluorescence, indicating a reduction in CD44 receptor levels on macrophages.
Semi-quantitative analysis of mean cell-associated fluorescence is shown in figure 4C. Mean
fluorescence in the Pam alone group was significantly higher compared to untreated control
group (p<0.001). Mean cell-associated fluorescence in the Pam + HA (1,000 pg/mL) and

J Immunol. Author manuscript; available in PMC 2019 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qadri et al. Page 9

Pam + HA (500 pg/mL) were significantly lower than in the Pam group (p<0.001).
Similarly, mean cell-associated fluorescence in the Pam + HA (1,000 pg/mL) and Pam + HA
(500 pg/mL) were significantly lower than in the Pam + HA (100 pug/mL) group (p<0.01).

Role of CD44 in regulating downstream responses of TLR2 activation in THP-1
macrophages

The impact of CD44 silencing on CD44 gene expression and protein is shown in figures 5A
and 5B. CD44 silencing was achieved with approximately 85% reduction in CD44 gene
expression and 60% reduction in CD44 protein. CD44 knockdown did not alter TLR2
expression in THP-1 macrophages (fig. 5C). CD44 knockdown resulted in a significant
reduction in NFxB p65 subunit nuclear levels following TLR2 activation compared to NC
siRNA-treated or control THP-1 macrophages (p<0.001) (fig. 5D). CD44 knockdown
resulted in a significant reduction in IL-1p and TNF-a production following TLR2
activation compared to NC siRNA-treated or control THP-1 macrophages (p<0.001) (fig. 5E
and 5F). There was no significant difference in Pam-stimulated IL-1p or TNF-a. media
concentrations between NC siRNA-treated and control THP-1 macrophages. HA (500
pg/mL) treatment reduced IL-1p and TNF-a media concentrations following TLR2 receptor
activation in NC siRNA treated and control THP-1 macrophages (p<0.001) (fig. 6A and 6B).
In contrast, HA (500 pg/mL) treatment did not significantly alter IL-1p and TNF-a media
concentrations following TLR2 receptor activation in CD44 siRNA-treated THP-1
macrophages.

CD44 modulated TLR2 ligand-induced TNF-a production by murine BMDMs and the HA
treatment suppressed TLR2 ligand activation of primary murine BMDMs

TNF-a production by murine BMDMs from CD44™/~ and CD44*/* mice in response to
TLR2 receptor activation and the impact of HA treatment is shown in figure 7. A
representative flow cytometry scatterplot showing CD11b and F4/80 probing of murine
BMDMs is presented in figure 7A. Murine BMDMs exhibited strong positive staining for
both CD11b and F4/80 epitopes, with typically 90% or more of the cell population positive
for both surface markers. Using two-way ANOVA, we identified a significant interaction
between CD44 genotype and Pam concentrations (p=0.0035). TNF-a media concentrations
in the Pam (1ng/ml and 5 ng/ml) treated CD44%/* BMDM:s were significantly higher
compared to Pam-treated CD44~ BMDM s (fig. 7B) (p<0.001; p<0.01). The mean TNF-a
media concentration in the Pam (1ng/ml) treated CD44™~ BMDMs group was
approximately 67% lower than corresponding mean TNF-a media concentrations in the
Pam-treated CD44*/* BMDM:s. Similarly, the mean TNF-a media concentration in the Pam
(5ng/ml) treated CD44~~ BMDMs group was approximately 62% lower than the
corresponding mean TNF-a. media concentration in the Pam-treated CD44*/* BMDMs. In
CD44*”* BMDMs, TNF-a concentrations in the Pam (1 and 5ng/ml) groups were
significantly higher than control group (p<0.001). Additionally, TNF-a concentration in the
Pam (5ng/ml) group was significantly higher than the Pam (1ng/ml) group (p<0.001). In
CD44~ BMDMs, TNF-a concentrations in the Pam (1ng/ml) group was not significantly
different from control CD44/~ BMDMs (p=0.1207). Furthermore, TNF-a. concentration in
the Pam (5ng/ml) group was significantly higher than the Pam (1ng/ml) group (0<0.001).
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The impact of HA treatment on TLR2 ligand induced TNF-a production in CD44%/* murine
BMDMs is shown in figure 7C. TNF-a media concentrations in the Pam + HA (100 pg/ml)
group were not significantly different from TNF-a media concentrations in the Pam alone
group. TNF-a media concentrations in the Pam + HA (250 pg/ml) group were significantly
lower than TNF-a media concentrations in the Pam alone and Pam + HA (100 ug/ml)
groups (p<0.001). Similarly, TNF-a. media concentrations in the Pam + HA (250 ug/ml)
group were significantly lower than TNF-a media concentrations in the Pam alone and Pam
+ HA (100 pg/ml) groups (p<0.001). HA (500 pg/ml) alone treatment did not alter TNF-a
production compared to untreated control cells.

OA SF specimens activated TLR2 and TLR4 receptors and a CD44-specific antibody
reduced activation of THP-1 macrophages by OA SF specimens

Activation of TLR2 and TLR4 receptors by OA SF specimens is shown in figure 8A. A total
of 8 samples demonstrated significant activation of TLR2 and TLR4 receptors (p<0.001). In
contrast, 3 specimens did not exhibit activation of TLR2 or TLR4 and one sample activated
TLR2 receptor but not the TLR4 receptor. OA SF specimens that activated TLR2 and TLR4
receptors also significantly stimulated NFxB nuclear translocation in THP-1 macrophages
compared to normal SF specimens (p<0.001) (fig. 8B). TLR2 neutralizing antibody
treatment significantly reduced OA SF activation of THP-1 human macrophages (p<0.01).
Similarly, CD44 antibody treatment significantly reduced OA SF activation of THP-1 human
macrophages (p<0.01).

Discussion

The TLR family comprises ten functional receptor subtypes with TLR 1-7 and 9 being
detected in the synovial tissues of patients with OA (7, 15, 35, 36). A role for TLRs,
specifically TLR2 and TLR4, in the pathogenesis of OA has been suggested (37, 38).
Progressive OA was associated with expression of TLR2 in cartilage and chondrocytes
derived from a TLR2/TLR4 double knockout mouse showed attenuated matrix
metalloproteinase-13 (MMP-13) expression in response to TLR2 stimulation (37, 38).
Furthermore, evidence of macrophage activation in the synovial lining was recently reported
and the extent of synovial macrophage activation was shown to be associated with OA
severity and joint pain (39). In this work, we have examined macrophage activation in
response to TLR2 and TLR4 activation. TLR2 and TLR4 ligands induced gene expression
and production of IL-1p and TNF-a in a concentration-dependent manner. TLR2 activation
produced higher levels of IL-1p and TNF-a compared to TLR4 across all ligand
concentrations utilized. This may be due to the relative level of TLR2 and TLR4 expression
on the surface of the macrophages. Using flow cytometry, we have detected increased TLR2
expression compared to TLR4. This finding is in line with other work that demonstrated
enhanced TLR2 expression on THP-1 macrophages (40). TLR2 activation resulted in NFxB
nuclear translocation in a monocyte NFxB reporter assay. In macrophages, TLR2 ligands
induced the nuclear translocation of NFxB p65 subunit. In addition to the induction of
proinflammatory cytokines, TLR2 activation significantly increased CD44 gene expression
and increased CD44 protein levels.
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CD44 is a transmembrane receptor, with various isoforms generated by extensive alternative
splicing and post-translational modifications (41). In addition to its established role in
mediating cell adhesion and migration, CD44 receptor has a role in regulating cell signaling
pathways, by facilitating signaling protein recruitment and assembly (42). In the context of
innate immunity, CD44 was found to regulate Fcy and complement receptor 3-dependent
macrophage phagocytosis (42). Additionally, CD44 may play a role in the negative
regulation of TLR receptor activation (43, 44). In this present study, a CD44 antibody
treatment reduced NFxB nuclear translocation and downstream IL-1f and TNF-a gene
expression and production. Additionally, reducing CD44 expression in human macrophages
resulted in a significant attenuation of the latter’s response to TLR2 receptor activation and
downstream proinflammatory response. This attenuation is not related to the TLR receptor
density on the surface of macrophages, as CD44 receptor knockdown did not modify TLR2
receptor density on THP-1 macrophages. The regulatory role of CD44 is further highlighted
by a strongly attenuated proinflammatory response following TLR2 receptor stimulation of
primary macrophages derived from CD44 knockout mice compared to macrophages derived
from CD44 wildtype animals.

Protein phosphatase-2A (PP2A) is an abundant intracellular serine/threonine phosphatase
with key roles in the regulation of many cellular functions including cellular proliferation
and immune responses (45, 46). Inhibition of PP2A by okadaic acid resulted in increased
nuclear translocation of NFxB and AP-1 and IL-1f expression in THP-1 macrophages (46).
Additionally, CD44 engagement was shown to increase intracellular PP2A (47). In our work,
HA suppressed NFxB p65 subunit nuclear translocation in response to TLR2 activation, and
that effect was shown to be CD44 dependent as HA failed to demonstrate an anti-
inflammatory effect in response to TLR2 activation in macrophages following CD44
knockdown. The suppressive effect of HA was confirmed in primary murine macrophages as
HA treatment dose-dependently reduced TNF-a production subsequent to TLR2 receptor
stimulation. Furthermore, the effect of HA was mediate by intracellular PP2A activity, as
inhibition of PP2A activity reduced the inhibitory effect of HA on NFxB activation. The
observed anti-inflammatory activity of HA is not due to a direct interaction between HA and
the TLR2 receptor as we did not observe any significant binding of HA to recombinant
TLR2 receptor. The biological effect of HA in reducing TLR2 mediated proinflammatory
response in macrophages is physiologically relevant. The concentration of HA in normal SF
can vary between 2 and 4 mg/ml (48). In OA SF aspirates, the concentration and molecular
weight distribution of HA are significantly reduced, and this reduction was associated with
TLR2 and TLR4 activation by OA SF aspirates (48, 49). This association may argue for an
endogenous homeostatic role for HA in inhibiting synovial macrophage activation in
response to TLR receptor stimulation by cartilage matrix degradation products.

A majority of the aspirated SF samples from patients with advanced OA that we examined
activated TLR2 and TLR4 receptors. This observation is in agreement with previous reports
demonstrating activation of TLR2 and TLR4 receptors by OA SF, and augmentation of
TLR-mediated responses in OA fibroblast-like synoviocytes by SF from patients with early
stage OA (49-51). Interestingly, SF specimens that activated TLR2 and TLR4 receptors
induced NFxB nuclear translocation in macrophages, while normal SF specimens treatments
failed to activate macrophages. Macrophage TLR2 receptors appeared to mediate NFxB
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nuclear activation as neutralization of TLR2 abrogated macrophage activation by these SF
specimens. CD44 antibody treatment produced a similar effect to TLR2 neutralization,
providing further support to the utility of targeting CD44 to suppress macrophage response
to DAMPs present in OA SF.

We have demonstrated that CD44 receptor plays a significant role in suppressing TLR2-
linked NFxB nuclear translocation and resultant proinflammatory response in macrophages,
in a mechanism that involves intracellular PP2A. Neutralization of the CD44 receptor by its
ligand hyaluronan, that binds to and is internalized by different cell types including
macrophages (25), or by a monoclonal antibody resulted in inhibition of NFxB nuclear
translocation. Absence of the CD44 receptor or its knockdown produced a similar effect to
receptor neutralization by hyaluronan or an antibody. OA SF activated TLR2 and TLR4
receptors and correspondingly induced NFxB nuclear translocation in a mechanism that
involves TLR2. Otherwise, a CD44-specific antibody reduced macrophage activation by
these SF specimens. In conclusion, CD44 is a potentially novel target that may act to limit
synovial macrophage activation by cartilage matrix degradation products in the joint.

This study expands the role of CD44 in OA pathogenesis. CD44 can bind different types of
ligands and in addition to HA, CD44 was shown to bind proteoglycan-4 (PRG4), a major
component of synovial fluids (52). CD44 expression was shown to be associated with
enhanced proliferation of synoviocytes from patients with OA, rheumatoid arthritis (RA) as
well synoviocytes from Prg4 ™"~ mice. Targeting the CD44 receptor by HA or by the
recombinant form of PRG4 reduced cytokine-induced OA and RA synoviocyte proliferation.
The regulatory role of CD44 in controlling downstream effects of IL-18 was further
confirmed by the ability of PRG4 to inhibit 1B phosphorylation, NFxB nuclear
translocation and expression of cartilage degrading enzymes by OA synoviocytes in a CD44-
dependent mechanism (53). Our findings are limited by the low number of SF aspirates that
we have investigated. Furthermore, we did not ascertain the molecular identity of the
DAMPs in the SF aspirates that activated TLR receptors and induced NFxB nuclear
translocation in THP-1 macrophages.
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Fig. 1.

Toll-like receptors 2 and 4 (TLR2 and TLR4) and CD44 receptor expression in THP-1
macrophages and impact of TLR receptor stimulation on proinflammatory cytokine
production. Data represents the mean + standard deviation of 4 independent experiments.
*p<0.001

A) A representative flow cytometry histogram of human THP-1 macrophages demonstrating
enhanced TLR2 and CD44 receptor expression, compared to TLR4.

B) Impact of Pam3CSK4 (Pam; TLR2 ligand) and Lipopolysaccharide (LPS; TLR4 ligand)
treatments on interleukin-1 beta (IL-1p) production in THP-1 macrophages.

C) Impact of Pam3CSK4 and LPS treatment on tumor necrosis factor alpha (TNF-a.)
production in THP-1 macrophages.
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Fig. 2.

Binding of hyaluronan (HA) to recombinant human CD44 and TLR2 receptors and impact
of HA treatment on TLR2 receptor stimulated nuclear translocation of nuclear factor kappa
B (NFxB). TLR2 receptor stimulation was performed using Pam3CSK4 (Pam; 5 ng/mL).
A) Concentration-dependent binding of HA to immobilized CD44 or TLR2 receptors using
a microplate assay format. HA exhibited a concentration-dependent binding to CD44
receptor and no significant binding to TLR2 receptor.

B) Impact of HA treatment (250 and 500 pg/mL), a CD44 antibody (CD44 Ab 2.5 pg/mL)
or an isotype control (IC; 2.5 pg/mL) on TLR2 induced NFxB nuclear translocation in
THP1 XBlue monocytes. HA and CD44 Ab treatments reduced TLR2 induced NFxB
nuclear translocation. Data represents the mean = standard deviation of 4 independent
experiments. *p<0.001; **p<0.01.

C) Impact of HA treatment (100, 250 and 500 pg/mL) on TLR2 induced NFxB p65 subunit
nuclear translocation in THP-1 macrophages. HA (250 and 500 pg/mL) treatments reduced
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NFxB nuclear translocation in THP-1 macrophages. Data represents the mean + standard
deviation of 4 independent experiments. *p<0.001; **p<0.01.

D) Protein phosphatase 2A (PP2A) mediates HA’s inhibition of NFxB p65 subunit nuclear
translocation in THP-1 macrophages. Okadaic acid (OKA; 5 nM), a potent inhibitor of
PP2A, abolished the inhibitory effect of HA (250 ug/mL) on NFxB p65 subunit
translocation in THP-1 macrophages. Data represents the mean + standard deviation of 4
independent experiments. *p<0.001; **p<0.01.
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Fig. 3.

In?pact of hyaluronan (HA) (100, 500 and 1,000 pg/mL), CD44 antibody (CD44 Ab; 2.5
ug/mL) or isotype control (IC; 2.5 ug/mL) treatments on TLR2 receptor induced
interleukin-1 beta (IL-1p) or tumor necrosis factor alpha (TNFa) gene expression and
production in THP-1 macrophages. Data represents the mean + standard deviation of 4
independent experiments. *p<0.001; **p<0.01; ***p<0.05.

A) HA (500 and 1,000 ug/mL) treatments reduced TLR2 induced IL-1p gene expression.
B) HA (500 and 1,000 pg/mL) treatments reduced TLR2 induced TNF-a gene expression.
C) HA (500 and 1,000 pg/mL) treatments reduced TLR2 induced IL-1p production.

D) HA (500 and 1,000 pg/mL) treatments reduced TLR2 induced TNF-a production.

E) CD44 Ab treatment reduced TLR2 induced IL-1f production.

F) CD44 Ab treatment reduced TLR2 induced TNF-a production.
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Fig. 4.

Impact of toll-like receptor 2 (TLR2) receptor stimulation on CD44 gene expression and
CD44 levels in THP-1 macrophages and the role of hyaluronan (HA). TLR2 receptor
stimulation was performed using Pam3CSK4 (Pam; 5ng/mL) for 24 hours. Data represents
the mean + standard deviation of 4 independent experiments. *p<0.001; **p<0.01.

A) HA (100, 500 and 1,000 pg/mL) treatments reduced TLR2 induced CD44 gene
expression in THP-1 macrophages.

B) A representative flow cytometry histogram demonstrating increased CD44 protein levels
in TLR2 stimulated THP-1 macrophages. HA (500 and 1,000 pg/mL) treatments reduced
CD44 levels in TLR2 stimulated THP-1 macrophages.

C) Semi-quantitative analysis of mean fluorescence intensities of CD44 receptor following
TLR2 stimulation in the absence or presence of HA (100, 500 or 1,000 pg/mL). TLR2
stimulation increased CD44 protein in THP-1 macrophages and HA (500 and 1,000 pg/mL)
treatments reduced CD44 protein.
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Fig. 5.

Impact of CD44 receptor knockdown on toll-like receptor 2 (TLR2) receptor stimulated
proinflammatory cytokine production in THP-1 macrophages and nuclear factor kappa B
(NFxB) p65 subunit nuclear translocation. TLR2 receptor stimulation was performed using
Pam3CSK4 (Pam; 5ng/mL). Data represents the mean + standard deviation of 4 independent
experiments. *p<0.001. ***p<0.05.

A) CD44 siRNA treatment resulted in reduced CD44 gene expression compared to negative
control (NC) siRNA treatment or control.
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B) A representative flow cytometry histogram demonstrating reduced CD44 protein levels in
CD44 siRNA-treated THP-1 macrophages compared to control.

C) Semi-quantitative analysis of mean fluorescence intensities of CD44 or TLR2 receptors
in THP-1 macrophages following CD44 knockdown. CD44 knockdown resulted in
approximately 60% reduction in CD44 levels.

D) CD44 siRNA treatment reduced TLR2 stimulated NFxB p65 subunit nuclear
translocation.

E) CD44 siRNA treatment reduced TLR2 stimulated interleukin-1 beta (IL-1pB) production
in THP-1 macrophages.

F) CD44 siRNA treatment reduced TLR2 stimulated tumor necrosis factor alpha (TNF-a.)
production in THP-1 macrophages.
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Fig. 6.

In?pact of hyaluronan (HA) treatment on toll-like receptor 2 (TLR2) induced interleukin-1
beta (IL-1p) and tumor necrosis factor alpha (TNF-a) production in CD44 siRNA-treated,
negative control (NC) siRNA-treated and untreated control THP-1 macrophages. TLR2
stimulation was performed using Pam3CSK4 (Pam; 5ng/mL) for 24 hours. HA treatment
was performed at 500 pg/mL. Data represents the mean = standard deviation of 4
independent experiments. *p<0.001, n.s.. not significant.

A) HA treatment reduced TLR2 induced IL-1f production in untreated control and NC
siRNA-treated THP-1 macrophages. HA treatment did not alter IL-1p levels in CD44
siRNA-treated macrophages.

B) HA treatment reduced TLR2 induced TNF-a production in untreated control and NC
siRNA-treated THP-1 macrophages. HA treatment did not alter TNF-a. levels in CD44
siRNA-treated macrophages.
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Fig. 7.

Impact of toll-like receptor 2 (TLR2) receptor stimulation on tumor necrosis factor alpha
(TNF-a) production by CD44%/* and CD44 "~ murine bone marrow derived macrophages
(BMDMs) and dose-dependent effect of HA on CD44%/* BMDMs. TLR2 stimulation was

performed using Pam3CSK4 (Pam; 5ng/mL) for 6 hours. Data represents the mean +
standard deviation of 4 independent experiments. *p<0.001; **p<0.01.

A) A representative flow cytometry histogram of murine BMDMs showing positive staining

for CD11b and F4/80 surface markers.

B) TLR2 receptor activation dose-dependently increased TNF-a production by murine

CD44** BMDMs compared to CD44"~ BMDMs.
C) HA (250 and 500 pg/mL) treatments reduced TLR2 induced TNF-a production by
murine CD44*/* BMDMs.
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Fig. 8.

Ac?tivation of toll-like receptors 2 and (TLR2 and TLR4) by synovial fluid (SF) aspirates
from patients with advanced osteoarthritis (OA) and role of CD44 in modulating THP-1
macrophages activation by OA SF. OA SF (3.75uL per well) were incubated with TLR2-
HEK or TLR4-HEK cells in HEK detection media for 48 hours followed by measuring the
630 nm absorbance. THP-1XBlue macrophages were incubated with OA SF in the absence
or presence of a TLR2-specific, CD44-specific, or isotype control (IC) antibody (2.5pg/mL)
for 48 hours followed by measuring 630 nm absorbance. Normal SF specimens were used as
controls. *p<0.001; **p<0.01.

A) Activation of TLR2 and TLR4 receptors by OA SF (n=12). A total of 8 samples activated
both TLR2 and TLR4 receptors, compared to untreated controls.

B) Activation of THP-1XBlue macrophages by OA SF (h=8) and the impact of CD44-
specific or TLR2-specific antibody treatments. CD44 and TLR2 antibody treatments
reduced OA SF induced macrophage activation.
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