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Abstract—Proteoglycan 4 (PRG4) is a mucin-like glycopro-
tein present in synovial fluid and at the surface of articular
cartilage. The objectives of this study were to (1) assess the
articular cartilage surface adsorption and in vitro cartilage
boundary lubricating ability of full-length recombinant
human PRG4 (rhPRG4), and (2) cartilage boundary lubri-
cating ability of purified rhPRG4, both alone and in
combination with hyaluronan (HA). rhPRG4 adsorption
onto articular cartilage explants was assessed by immuno-
histochemistry and dot blot. An in vitro cartilage–cartilage
friction test was used to assess rhPRG4’s cartilage boundary
lubricating ability compared to bovine PRG4, and that of
purified rhPRG4 both alone and in combination with HA.
rhPRG4 was able to adsorb to the articular surface, as well as
the cut surface, of cartilage explants. The kinetic coefficient
of friction of rhPRG4 was similar to that of PRG4 (p = 0.16)
and lower than phosphate-buffered saline (p< 0.05), while
that of purified rhPRG4 + HA was significantly lower than
rhPRG4 alone (p< 0.05). This study demonstrates that
rhPRG4 can adsorb to an intact articular cartilage surface
and functions as an effective boundary lubricant, both alone
and with HA, and provides the foundation for in vivo
evaluation of this clinically relevant full-length rhPRG4 for
treatment of osteoarthritis.

Keywords—Osteoarthritis (OA), Proteoglycan 4 (PRG4),

Hyaluronan (HA), Cartilage boundary lubrication.

INTRODUCTION

Proteoglycan 4 (PRG4) is a mucin-like glycoprotein
present in synovial fluid (SF) and at the surface of

articular cartilage. It is synthesised and secreted by
cells at the surface of articular cartilage, meniscus,
synovial lining and tendons.31 PRG4 is a boundary
lubricant22 that has several biophysical properties that
contribute to joint health.21,27 These include function-
ing as a critical cartilage boundary lubricant, both
alone in a dose-dependent manner and in combination
with hyaluronan (HA),24,30 in addition to inhibiting
apoptosis of chondrocytes.39 PRG4 contains a central
mucin-like domain that is heavily glycosylated with
O-linked oligosaccharides, which are necessary for
PRG4’s cartilage boundary lubricating ability.22 Ter-
minal globular protein domains, rich in cysteine,
facilitate the inter- and intra-molecular disulfide
bonding of PRG431 that may also be functionally
determinant in terms of cartilage lubrication.

HA is a glycosaminoglycan present in native SF that
has been used clinically as a viscosupplement in
attempt to restore lubricating function. Although HA
alone reduces friction at a cartilage–cartilage interface
in vitro,30 the functional utility of intra-articular HA
injections (as a lubricant) has been questioned in pre-
clinical models of post-traumatic osteoarthritis (OA)
(e.g., Teeple et al.38). Nevertheless, cartilage friction is
significantly reduced when HA is combined with
PRG4 in vitro through an undefined mechanism,24,30

and intra-articular injection of HA + PRG4 reduces
cartilage damage in preclinical post-traumatic OA
compared to HA alone.38

Although the precise cause of OA is unknown, one
possible biomechanical mechanism involves the failure
of joint lubrication.22 Indeed, knee injury can result in
decreased PRG4 concentration in SF, thus reducing
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the cartilage boundary lubricating ability of SF and
contributing to the initiation of cartilage damage.
Decreased PRG4 concentrations have also been
reported in SF of patients soon after an anterior cru-
ciate ligament (ACL) injury.10 In patients with acute
knee injuries or progressive chronic inflammatory
arthritis, cartilage damage has been associated with
decreased boundary lubricating ability of SF.11 This
association has also been observed in animal models
following ACL transections, where a reduction in
PRG4 concentration in SF was observed.11 Studies in
rat models with ACL transections found an intra-ar-
ticular injection of purified human PRG4 reduced
cartilage degeneration,18 slowed cartilage damage and
preserved the superficial zone chondrocytes’ viability.13

Collectively these studies suggest improving cartilage
lubrication and preserving chondrocyte viability via
intra-articular administration of PRG4 may slow or
halt the initiation or progression of OA.39

Recombinant human versions of PRG4 have also
been studied, and demonstrated to be effective in pre-
serving joint function and reducing cartilage degener-
ation when administered intra-articularly. LUB:1, a
truncated version of recombinant human PRG4 where
the mucin-like domain was approximately a third of
the size of full-length PRG4, was able to reduce car-
tilage degradation and structural damage in a rat OA
meniscus model.14 Full-length recombinant human
lubricin (rhLub) also demonstrated boundary lubri-
cating ability in an in vitro cartilage-glass friction sys-
tem16 and the ability to bind to a depleted cartilage
surface.23 In another study, full-length recombinant
human PRG4 (rhPRG4) effectively reduced cartilage
damage after an ACL transection in a rat model.19

However, it was unclear if this version of rhPRG4 was
able to multimerise into the functionally important
multimeric form of PRG4.31 Furthermore, neither of
these previously studied full-length forms was able to
be expressed at high levels necessary for future (clini-
cal) evaluation.

Recently, a full-length rhPRG4 has been success-
fully expressed at high (>1 g/L) levels28 using Chi-
nese Hamster Ovary (CHO) cells. This rhPRG4 has
been demonstrated to have appropriate higher order
structure and O-linked glycosylations, and an en-
riched preparation of rhPRG4 demonstrated in vitro
ocular surface boundary lubricating ability similar to
that of bovine PRG4.28 However, it remains unclear
if this rhPRG4 is able to adsorb to the surface of
articular cartilage and function as an effective in vitro
friction-reducing boundary lubricant at a cartilage–
cartilage interface. Furthermore, the ability of puri-
fied rhPRG4 to synergistically function with HA as
an in vitro cartilage boundary lubricant remains to be
determined.

Hence, the objectives of this study were to (1) assess
the articular cartilage surface adsorption and in vitro
cartilage boundary lubricating ability of full-length
rhPRG4, and (2) cartilage boundary lubricating ability
of purified rhPRG4, both alone and in combination
with HA. It was expected that rhPRG4 would function
in a similar manner to that of bovine PRG4 in terms of
cartilage adsorption and friction reducing boundary
lubricating ability.

MATERIALS AND METHODS

(rh)PRG4 Preparations

PRG4

PRG4 was prepared from fresh skeletally mature
bovine stifle joints (Calgary, AB, Canada), as described
previously.30 Cartilage discs were cultured in Dul-
becco’s Modified Eagle’s Medium (Life Technologies,
Carlsbad, CA) with 0.01% bovine serum albumin, with
the addition of 25 lg/mL of ascorbic acid and 10 ng/
mL of recombinant human transforming growth fac-
tor-b.29 Purification of the media was then performed
using salt gradient diethylaminoethanol anion
exchange chromatography (DEAE) (GE Healthcare
Life Sciences, Baie d’Urfe, QC, Canada).29,31 Total
concentration of the 0.615 M NaCl eluent was deter-
mined by bicinchoninic acid assay (BCA) (Sigma-Al-
drich, St. Louis, MO). The purity of the concentrated
and filtered solution was confirmed using 3–8% Tris–
Acetate SDS-PAGE (Life Technologies, Carlsbad,
CA) followed by Simply Blue protein stain and den-
sitometry analysis (ImageJ, Bethesda, MD).31,36

rhPRG4

rhPRG4 was generated as described previously.28

Culture media conditioned by a CHO line transfected
with the PRG4 gene was provided by Llbris, LLC
(Framingham, MA) in collaboration with Selexis SA
(Geneva, Switzerland). Briefly, the gene encoding the
full length 1404 amino acid human PRG4 was inserted
into plasmid vectors commercially available at Selexis
SA, for enhanced gene expression in mammalian CHO
cells. rhPRG4 rich media was obtained from a shake
flask culture with fed-batch cultivation (SFM4CHO
medium (Hyclone, Logan, UT) supplemented with
8 mM L-Glutamine, hypoxanthine and thymidine (19
HT, Life Technologies, Carlsbad, CA) of a high
expressing rhPRG4 clonal cell line.

Enriched rhPRG4 preparations were prepared for
immunohistochemistry (IHC) and friction testing by
concentrating the rhPRG4 rich media using a
100 kDa MW cut-off centrifugal filter. The purity of
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high MW rhPRG4 species was assessed to be 50% by
SDS-PAGE and densitometry, with concentration
being determined by BCA and adjusted to take into
account the level of purity. SDS-PAGE western blot-
ting was also used to characterise the size distributions
of immunoreactive species of non-reduced (NR) and
reduced (R) (NuPAGE Sample Reducing Agent, Life
Technologies) rhPRG4 samples, essentially as
described previously, with anti-PRG4 monoclonal
antibody (mAb) 9G3 (EMD Millipore, MA, USA).36

Purified rhPRG4 was prepared for subsequent fric-
tion testing, alone and in combination with HA, via
DEAE. Media was concentrated 109 and buffer
exchanged using a 100 kDa MW cut-off filter into
20 mM Tris–HCl buffer at pH 8.0, left to equilibrate
for 2 h. PRG4-enriched samples were then subject to
Sepharose Q anion exchange chromatography (HiTrap
Q, GE Healthcare Life Sciences) eluted with a step to
400 mM NaCl followed by a linear gradient to 1 M
NaCl. Fractions from 400 to 1000 mM NaCl were
collected and pooled together. Total concentration was
determined by BCA and the purity of the concentrated
and filtered solution was determined to be 90% using
SDS-PAGE and densitometry.

Immunohistochemistry (IHC)

Immunohistochemistry (IHC) Samples

Cartilage discs with the intact articular surface
(n = 15, diameter = 6 mm) were harvested from
bovine stifle joints. Three intact cartilage discs were
embedded in media (Tissue Tek OCT, Sakura, Tor-
rance, CA) and snap frozen in isopentane cooled by
liquid nitrogen, and served as positive control samples
(labelled as ‘‘fresh’’).

Specimen Processing

All other samples were placed in phosphate-buffered
saline (PBS) and shaken vigorously overnight at 4 �C
to rid the articular surface of residual PRG4, and
subsequently frozen at 280 �C to prevent further
production of PRG4 from viable chondrocytes. Sam-
ples were then thawed, and again shaken overnight at
4 �C, before incubation with lubricants of interest.
Samples were incubated over night at room tempera-
ture in a 48-well plate; PBS (negative control), rhPRG4
and PRG4 at a physiological concentration of 450 lg/
mL, and bovine SF (Animal Technologies, Tyler, TX)
(positive control) and left to incubate at room tem-
perature for 24 h.26 Samples were then fixed in OCT
and stored at 280 �C.

Five-micron thick sections were cut using a cryostat
microtome (Microm HM550, Thermo Scientific, Wal-
tham, MA) and placed on positively charged glass slides

(Superfrost Plus Adhesion Slides, Thermo Scientific).
Sections were then fixed in 4% paraformaldehyde in PBS
and washed in PBS to remove OCT.26 Samples were
blocked with 10% hydrogen peroxide in methanol, fol-
lowed by 10% goat serum with 1% BSA in PBS in a
humidity chamber. Samples were then incubated over-
night in mAb 9G3; in 1.5% normal goat serum at a ratio
of 1:200.18 Samples were then washed with PBS and
incubated with secondary antibody Alexa Fluor-594
rhodamine-conjugated goat-anti mouse IgG (Life Tech-
nologies, Carlsbad, CA) in 1.5% normal goat serum at a
ratio of 1:100. Thesewere thenwashedwithPBS,mounted
with mounting medium containing the nuclear counter-
stain DAPI (Vectashield, Vector Laboratories, Inc.,
Burlingame, CA), and sealed with microscope cover slips
(VWRScientificProducts,PA).Resultswere imagedusing
Zeiss LSM 780 microscope (Carl Zeiss, Oberkochen,
Germany) at a magnification of 920 objective (dry, 0.8
NA). Fluorescence images were obtained for both red
(Alexa Fluor-594 rhodamine detected PRG4; excitation/
emission of 590/617 nm) and blue (DAPI detected cell
staining; excitation/emission of 358/461 nm) fluorescence.

Dot Blot Enzyme-Linked Immunosorbent Assay
(ELISA)

Sample Preparation

The amount of PRG4 adsorbed at the cartilage
surfaces (articular and cut) was quantified by extrac-
tion using 4 M guanidine hydrochloride (GuHCl) and
enumerated using densitometry analysis of dot blot
ELISA, essentially as described previously.29,33 Carti-
lage discs (n = 25, diameter = 6 mm) were harvested
from five skeletally mature bovine stifle joints. Five
‘‘fresh’’ samples underwent the extraction process as a
positive control. All other samples were incubated in
lubricants of interest as described above. Following
lubricant incubation, cartilage samples were rinsed
then incubated for 24 h in 400 lL of 4 M GuHCl,
0.02 M Tris, pH 8.2 containing protease inhibitors
(PIs)2 then stored at 280 �C.

Dot blot ELISA

100 lL of extract solution and rhPRG4 control
samples were applied to a nitrocellulose membrane in
a Bio-Dot apparatus (Bio-Rad, Hercules, CA). The
membrane was blocked with 5% non-fat dry milk,
incubated in mAb 9G3, and then exposed to Cy3
goat-anti mouse (Life Technologies, Carlsbad, CA).
Membranes were imaged using GE Typhoon FLA
9500 (GE Healthcare Life Sciences, Baie d’Urfe, QC,
Canada), and densitometry analysis was performed
using ImageQuant TL Software (GE Healthcare Life
Sciences).
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Statistical Analysis

Data was log-transformed and tested for normality
using Shapiro-Wilks test. ANOVA was used to assess
the effect of PRG4 adsorption followed by Dunnett
post hoc testing, with the ‘‘fresh’’ sample as control.
Statistical analysis was performed with SPSS 22.0
(IBM SPSS software, New York, NY).

Boundary Lubrication Tests

Sample Preparation

Fresh osteochondral samples (n = 13) were pre-
pared for friction testing from the patellofemoral
groove of four skeletally mature bovine stifle joints.30,32

Cores (radius = 6 mm) and annuli (RO = 3.2 mm and
Ri = 1.5 mm) were harvested from osteochondral
blocks.32 Osteochondral samples were then rinsed vig-
orously overnight in PBS at 4 �C to rid the articular
surface of residual SF (a procedure confirmed previ-
ously by lubrication testing30,32) and were then frozen
in PBS with PIs at 280 �C.2 Samples were re-shaken
overnight in PBS to further deplete the surface of any
residual PRG4 at the surface upon thawing before
friction testing. After the first PBS test, samples were
bathed in ~ 0.3 ml of the subsequent test lubricants,
completely immersing the cartilage, at 4 �C overnight
prior to the next day’s lubrication test.

Lubrication Test

The Bose ELF 3200 was used to analyse the
boundary lubrication ability of each of the PRG4
forms, using the previously described cartilage-on-
cartilage friction test.30,32 Samples were compressed to
18% of the total thickness and were allowed to stress-
relax for 40 min to enable fluid depressurisation of the
interstitial fluid. The samples were then rotated at an
effective velocity of 0.3 mm/s (shown to maintain
boundary mode lubrication at a depressurised carti-
lage–cartilage interface)32 at ±2 revolutions. Samples
were then left in a pre-sliding duration (Tps) of 1200,
120, 12 and 1.2 s (s). Samples were then rotated after
each subsequent stationary period, ±2 revolutions and
repeated in the «2 revolutions.

Lubrication Test Sequences

Two test sequences were employed to assess the
rhPRG4 preparations. In both test sequences, PBS
served as the negative control and bovine SF served as
a positive control. The first sequence tested the en-
riched PRG4 preparation alone, compared to bovine
PRG4, and the second sequence tested purified PRG4,
alone and in combination with HA. Both rhPRG4 and
PRG4 were prepared in PBS at a concentration of

450 lg/mL. HA at 1.5 MDa (Lifecore Biomedical,
Chaska, MN) was prepared in PBS at a physiological
concentration of 3.33 mg/mL. Lubricants were tested
in presumed increasing order of lubricating function.30

Test Sequence 1: PBS, rhPRG4, PRG4, SF
(n = 7).
Test Sequence 2: PBS, rhPRG4, rhPRG4 + HA,
SF (n = 6).

Statistical Analysis

The two coefficients of friction; static (lstatic, Neq,
resistance of start-up motion from static condition)
and kinetic (Ælkinetic, Neqæ, resistance of steady sliding
motion) were calculated for each lubricant as described
previously,30 and unless otherwise indicated data is
presented as mean ± SEM. Ælkinetic,Neqæ increased only
slightly with Tps, therefore for brevity and clarity,
average Ælkinetic,Neqæ values across Tps for each lubri-
cant are presented, as done previously.2 Data was
tested for normality using Shapiro–Wilks test.
Repeated measures ANOVA was used to assess the
effect of lubricant and Tps on lstatic,Neq data, as well as
to assess the effect of lubricant on Ælkinetic,Neqæ values
followed by Bonferonni post hoc testing. In the event of
non-normality, Friedman test was used to assess the
effect of lubricant and Tps on lstatic,Neq data, as well as
to assess the effect of lubricant on Ælkinetic,Neqæ values.
Followed by Wilcoxon-signed rank test for pairwise
comparisons. Statistical analysis was performed with
SPSS 22.0.

RESULTS

SDS-PAGE

rhPRG4 demonstrated high MW bands and
immunoreactivity as assessed by SDS-PAGE (Fig. 1).
Protein staining (Fig. 1a) of the NR rhPRG4 prepa-
ration, both enriched and purified, showed two
prominent high MW bands with apparent MW of
~1 MDa and ~460 kDa, and a single high MW
~460 kDa band for the R rhPRG4. Western blotting
(Fig. 1b) indicated high MW 9G3-immunoreactive
bands in the NR and R rhPRG4 preparations with
similar apparent MW to those observed in the protein
staining.

Immunohistochemistry

IHC (Fig. 2) of whole cartilage discs indicated a
discrete 9G3-immunoreactive layer of PRG4 at the
articular surface of fresh explants, the majority of
which could be removed with vigorous shaking in PBS.
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This immunoreactivity was localised to the articular
surface of fresh explants, with none observed at the cut
edges, and was specific as no immunoreactivity was
observed in the non-immune serum control. Shaken
articular discs incubated in PRG4 containing solutions
showed 9G3 immunoreactivity (red) at the articular
surface and cut edge, with the immunoreactivity of
rhPRG4 being similar to that observed for PRG4 as
well as SF. The 9G3 immunoreactive layer at the
articular surface appeared to have a greater intensity to
that observed at the cut edge of the explant incubated
in PRG4 containing solutions (i.e., PRG4, rhPRG4,
and SF). Again, there was no immunoreactivity
observed for the non-immune control. Immunoreac-
tivity was also observed at the cartilage surface with
cartilage discs incubated in PBS, though not to the
same intensity as those incubated in PRG4 containing
solutions.

Dot Blot ELISA

Dot blot ELISA (Fig. 3) indicated vigorous shaking
of cartilage samples significantly depleted explant PRG4
(PBS: 0.007 ± 0.005 lg/cm2) compared to fresh sam-
ples (Fresh: 0.026 ± 0.007 lg/cm2) (p< 0.05). Fur-
thermore, PRG4 from all three PRG4-containing
solutions was able to re-adsorb to depleted cartilage
explants to levels similar to that of fresh samples (PRG4:
0.190 ± 0.006 lg/cm2; rhPRG4: 0.011 ± 0.005 lg/
cm2; SF: 0.014 ± 0.005 lg/cm2) (p> 0.05).

Boundary Lubrication Tests

rhPRG4 functioned similarly to PRG4 as an effec-
tive friction-reducing cartilage boundary lubricant.
lstatic,Neq data varied with Tps and test lubricant (both
p< 0.001) with no interaction (p = 0.45). Values
increased with Tps and were consistently highest in PBS
and lowest in SF, rhPRG4 and PRG4 were interme-
diate (Fig. 4a). Friedman test indicated the Ælkinetic,Neqæ
data varied at the lubricant level (p< 0.001). Values
for rhPRG4 (0.106 ± 0.007) and PRG4 (0.087 ±

0.010) were again intermediate and not significantly
different from each other (p< 0.05). Ælkinetic,Neqæ in
PBS was greater than PRG4 and rhPRG4 (p< 0.05),
and that in SF was lower than PRG4 and rhPRG4
(p< 0.05) (Fig. 4b).

Purified rhPRG4 functioned as a more effective
friction-reducing cartilage boundary lubricant in the
presence of HA. Friedman test indicated the lstatic,Neq

data varied with Tps and test lubricant (both p<
0.001). Values increased with Tps and were consistently
highest in PBS and lowest in SF. rhPRG4 and
rhPRG4 + HAwere intermediate (Fig. 5a). Ælkinetic,Neqæ
values exhibited similar trends, varying with lubricant
[F(3,15) = 53.06, p< 0.001]. Ælkinetic,Neqæ values were
greatest in PBS and lowest in SF. Values for rhPRG4
(0.104 ± 0.016) and rhPRG4 + HA (0.063 ± 0.006)
were again intermediate but significantly different
(p< 0.05). Ælkinetic,Neqæ in PBS was significantly greater
than rhPRG4 (p<0.05) and rhPRG4 + HA (p<
0.01), and Ælkinetic,Neqæ values in SF was significantly
lower than rhPRG4 (p<0.01) and rhPRG4 + HA
(p< 0.05) (Fig. 5b).

DISCUSSION

The objective of this study was to analyse the ability
of the recently available full-length rhPRG4 to adsorb
to the surface of articular cartilage and function as an
effective in vitro friction-reducing boundary lubricant
at a cartilage–cartilage interface. The rhPRG4 exam-
ined here demonstrated immunoreactivity, cartilage
adsorption and boundary lubricating function equiv-
alent to that of native PRG4. SDS-PAGE showed high
MW immunoreactivity of rhPRG4 with the anti-PRG4
mAb 9G3, suggesting the presence of O-linked glyco-
sylations consistent with those of native PRG4. The
NR rhPRG4 also demonstrated a higher apparent
MW species of ~1 MDa in addition to ~460 KDa,
consistent with previous descriptions as a putative di-
mer and monomer respectively.36 Finally, purified
rhPRG4 functioned synergistically with HA to further
reduce friction at the cartilage–cartilage biointerface to
levels near that of SF.

FIGURE 1. Protein stain (a) of enriched non-reduced (NR)
rhPRG4, before and after purification, and reduced (R)
rhPRG4 demonstrating high MW bands associated with PRG4.
Western Blot (b) demonstrating immunoreactivity when pro-
bed with anti-PRG4 monoclonal antibody (mAb) 9G3, of NR
and R rhPRG4.
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The results of this study agree with and extend a
previous study that used a similar enriched rhPRG4
preparation, whose protein identity was confirmed by
tandem mass spectrometry.28 The present study
extended the characterisation of the high MW
immunoreactivity to mAb 9G3, presenting as a broad
distribution typical of glycosylation-dependent epi-
topes, and demonstrated cartilage adsorption and
boundary lubrication. Furthermore, purified rhPRG4
demonstrated similar cartilage boundary lubricating
ability to the enriched preparation used (Ælkinetic,Neqæ
= 0.104 ± 0.016 compared to 0.106 ± 0.007, respec-
tively), suggests any impurities observed in the en-
riched rhPRG4 did not significantly inhibit function in
these tests. Unfortunately the purification scheme
employed here resulted in significant (>90%) losses of
protein, making it unacceptable for any potential fu-
ture scaled up use. Though, this preliminary study still
provided a framework for future development of an
industrial purification scheme (and quantification
by extinction coefficient e0.1% = 0.50, where mg/mL =

A280/e0.1%, may be useful). Collectively, the results of
this study extend upon the initial characterisation of
the rhPRG4 and reported ocular surface boundary

lubricating ability28 by demonstrating rhPRG4’s effi-
cacy as a cartilage boundary lubricant, alone and in
combination with HA.

FIGURE 2. Immunohistochemistry results indicating immunolocalisation of PRG4 at the articular cartilage surface and cut edge
of samples shaken overnight again in PBS at 4 �C then incubated in PRG4 containing solutions. Specifically, rhPRG4 was able to
bind to the surface of articular cartilage depleted of PRG4, similar to that of fresh samples as well as those samples incubated in
other PRG4 containing solutions (PRG4 and SF). Signal to anti-PRG4 mAb 9G3 is depicted by the red staining and was specific as
no immunoreactivity was detected with negative samples (2), chondrocyte cells are depicted by the blue DAPI staining.

FIGURE 3. Concentration analysis of dot blot enzyme-linked
immunosorbent assay of PRG4 indicated vigorous shaking of
cartilage samples significantly depleted explant PRG4 com-
pared to fresh samples (p< 0.05). Furthermore, PRG4 from all
three PRG4-containing solutions was able to re-adsorb to
depleted cartilage explants to levels similar to that of fresh
samples. Anti-PRG4 mAb 9G3 was used to probe the nitro-
cellulose membrane. * indicates p< 0.05 compared to Fresh.
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rhPRG4 was able to bind to the surface of articular
cartilage depleted of PRG4, a property required for
function as a boundary lubricant. The method em-
ployed to remove the PRG4 from the articular surface,
vigorous shaking in PBS, was chosen over other
enzymatic, ionic, or mechanical methods employed as
to avoid any potential alterations to the articular car-
tilage surface.23,26 For example, treating cartilage
samples with hyaluronidase has been shown to signif-
icantly deplete the surface of PRG4, yet also result in
significantly reduced repleted levels of PRG4 com-
pared to initial levels26 suggesting an alteration to the
native articular surface structure and/or PRG4
adsorption mechanism thus introducing a confounding
factor. While some residual PRG4 was visualised and
detected on the articular surface by IHC and dot blot
ELISA, respectively, it demonstrated substantially less
intensity compared to fresh or repleted samples. Cal-
culated mass of rhPRG4 per articular surface area
were an order of magnitude less than previously
reported for immature bovine cartilage using bovine
PRG4 and mAb 3A4 (which does not react with

human PRG4).26 Such differences could be due to the
different mAb, age of joints and controls used, though
are consistent with the amount of surface bound PRG4
being an extremely small fraction of that present in
solution. Future work, potentially with I-125 radiola-
beling of rhPRG4,37 is required to extend these results
to further characterise and quantify the kinetics of
rhPRG4 cartilage surface adsorption.

The IHCdata presented here demonstrates the ability
of rhPRG4 to not only adsorb to the surface of articular
cartilage, a critical property for a potential biothera-
peutic treatment aimed at improving surface lubrica-
tion, but also interestingly to the non-articular (cut)
surfaces in a manner similar to that of native PRG4 and
whole SF. Although somewhat unexpected, it was
observed in all PRG4 containing solutions, including
SF, and was not visualised in the non-immune control.
Future studies could consider incubation of osteo-
chondral samples23 instead of cut cartilage explants to

FIGURE 4. rhPRG4 functioned similarly to PRG4 as an
effective friction-reducing cartilage boundary lubricant. Static
(lstatic,Neq) (a) and kinetic Ælkinetic,Neqæ (b) friction coefficients in
PBS, rhPRG4 and PRG4 preparations both at 450 lg/mL, and
SF. Different letters signify statistically significant differences
(p< 0.05), n 5 7.

FIGURE 5. Purified rhPRG4 functioned as an effective fric-
tion-reducing cartilage boundary lubricant, both alone and in
combination with hyaluronan (HA). Static (lstatic,Neq) (a) and
kinetic Ælkinetic,Neqæ (b) friction coefficients in PBS, purified
rhPRG4 and purified rhPRG4 + HA with rhPRG4 at 450 lg/mL
and HA (1.5 MDa) at 3.33 mg/mL, and SF. Different letters
signify statistically significant differences (p<0.05), n 5 6.
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prevent adsorption to lower cut surfaces as well as
examining the potential effect of other molecules (such
asHA) on rhPRG4’s adsorption to the cartilage surface.
A gene level injury response has been reported in excised
cartilage explants,40 as well as an upregulation in matrix
metalloproteinases (MMPs) and a disintegrin and
metalloproteinase with thrombospondin motifs
(ADAMTS), which are known to compromise the car-
tilage structure and function.5,25 Thus, there is a possi-
bility of further cartilage degradation during the
experimental procedure that could affect cartilage sur-
face structure and friction. However, these potential
effects are limited here since no tissue degradation,
indicative of either aggrecanase nor collagenase activity,
was observed (and both catabolic and anabolic activi-
ties have been observed for fibroblast growth factor
(FGF)-2).40

This study also agrees with and extends previous
studies examining the lubricating ability of other
rhPRG4. The studies by Jones et al.23 and Gleghorn
et al.16 demonstrated rhLub bound to articular sur-
faces,23 and reduced friction in a boundary mode at a
cartilage-glass interface.16 Consistent with these pre-
vious studies, this study demonstrated the ability of
newly available full-length rhPRG4 to bind to the
articular cartilage surface and reduce friction in a
boundary mode at a cartilage–cartilage biointerface.
PRG4 has consistently demonstrated friction reducing
ability in a boundary mode at macro scale interfaces
such as latex-glass,22 cartilage-glass,16 and cartilage–
cartilage,24,30 as well as the ability reduce friction on
various synthetic hydrophilic and hydrophobic sur-
faces at a micro scale.7,9,41 In all cases, the ability of
PRG4 to bind to the articulating surfaces is crucial for
its lubrication function. The absolute value of friction
coefficients obtained from various in vitro test setups
can vary due to different interfaces (materials, surface
properties), test parameters (load, velocity, geometry,
scale), and operative modes of lubrication. Indeed, the
value of friction coefficients measured here are poten-
tially larger than those estimated in vivo due to the
diminished effect of fluid pressurisation within the
cartilage samples, which is a critical contributor to the
low friction in fluid mediated lubrication.3,15 While
each test system has their advantages and disadvan-
tages in terms of studying PRG4’s biological boundary
lubrication function, in vivo PRG4 alone is a critical
chondroprotective boundary lubricant as demon-
strated by lack of PRG4 resulting in early precocious
joint damage and failure20,27 despite high levels of HA.

The ability and role of HA as a cartilage boundary
lubricant, either alone or in combination with PRG4,
is an ongoing area of research and discussion. At a
cartilage–cartilage interface, HA (of various MW) has
been shown to reduce friction alone,8,24 with PRG4

removed from the surface, and more importantly
function synergistically with PRG4 to reduce friction
levels close to that of SF.24,30 Recently, peptide-medi-
ated surface bound HA reduced friction at a cartilage–
cartilage interface in a saline bath, even with PRG4
removed from the surface.35 Conversely, at cartilage-
glass6 and mica–mica4 interfaces, HA in solution does
not function as friction-reducing boundary lubricant
alone, and on hydrophobic/hydrophilic self-assembled
monolayer7 shows no synergism with PRG4. However,
if HA is chemically bound to a mica surface it is able to
provide wear protection9 and has been proposed to
function synergistically with PRG4 at the surface of
cartilage through adaptive mechanically controlled
lubrication mechanism.17 More recently, Seror et al.34

demonstrated surface bound HA functions synergisti-
cally with phosphatidylcholine lipids (PCs) at a mica–
mica interface, providing physiological levels of lubri-
cation (with a coefficient of friction of ~1023 at pres-
sures to the order of 100 atm), and proposed that HA
thus complexed with PCs is anchored to the surface of
articular cartilage through PRG4. Combined efforts
using sophisticated molecular level mica–mica friction
measurements along with cartilage–cartilage macro-
scale tissue friction measurements will be useful, and
perhaps necessary, in ongoing studies to elucidate the
individual and combined role(s) of SF constituents
PRG4, HA, and lipids in providing efficient boundary
lubrication of cartilage.

Collectively, these results demonstrate the ability of
rhPRG4 ability to function as an effective in vitro
cartilage boundary lubricant, alone and in combina-
tion with HA, and provide the basis for future in vivo
evaluation of a highly purified version of this clinically
relevant full-length rhPRG4. The high expression le-
vels will enable the potential for clinical evaluation and
translation as a cartilage lubricant and OA biothera-
peutic. Indeed, given the abundance of data on PRG4’s
efficacy in preventing cartilage degradation in animal
models of post traumatic OA,13,14,18,19,38 the potential
use of this recently available rhPRG4 to preserve joint
function is of great promise. Recently, based on the
findings of this study, a highly (industrially) purified
form of the full-length rhPRG4 administered intra-
articularly was shown to function synergistically with
interleukin-1 receptor antagonist in reducing caspase 3
positive chondrocytes in an ACL-transection rat model
of OA, suggesting a combined treatment may act
synergistically to reduce cartilage catabolism.12 Pre-
clinical studies and future in vivo large animal com-
bined with continued efforts towards industrial pro-
duction and scale up, will provide the foundation and
motivation for clinical evaluation of this full-length
rhPRG4 as a biotherapeutic treatment to prevent or
slow the progression of OA potentially through both
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mechanical and biological mechanisms,1,12 and there-
fore improve the quality of life of those that suffer
from the disease.
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