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Objective: Viscosupplementation has been used for decades to treat mild to moderate osteoarthritis, yet
it is unknown if the lubricating function of different pathological synovial fluids (SF) vary, or if they
respond differentially to viscosupplementation. The objectives of this study were to (i) evaluate the
friction coefficients and induced shear strains in articular cartilage when lubricated with pathological SF,

Keyw?fdf (ii) identify the effect of hyaluronic acid (HA) supplementation on friction coefficients and shear strains,
Arthritis and (iii) identify SF biomarkers that correlate with lubricating function.

(F);ziic?:hrms Method: Human pathological SF was grouped by white blood cell count (inflammatory: >2000 cells/
Hyaluronic acid mm?>, n = 6; non-inflammatory: <2000 cells/mm°, n = 6). Compositional analyses for lubricin and cy-
Lubricin tokines were performed. Friction coefficients and local tissue shear strain measurements were coupled

using new, microscale rheological analyses by lubricating neonatal bovine cartilage explants with SF
alone and in a 1:1 ratio with HA (Hymovis®).
Results: Friction coefficients were not significantly different between the inflammatory and non-in-
flammatory pathologies (p = 0.09), and were poorly correlated with peak tissue strains at the cartilage
articular surface (R?> = 0.34). A subset of inflammatory SF samples induced higher tissue strains, and HA
supplementation was most effective at lowering friction and tissue strains in this inflammatory subset.
Across all pathologies there were clear relationships between polymorphonuclear neutrophil (PMN), IL-
8, and lubricin concentrations with cartilage tissue strains.
Conclusion: These results suggest that pathological SF is characterized by distinct tribological endotypes
where SF lubricating behaviors are differentially modified by viscosupplementation and are identifiable
by biomarkers.

© 2020 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Inflammation

Introduction

Hyaluronic acid (HA) is a glycosaminoglycan that is essential for
proper synovial fluid (SF) lubrication, and viscosupplementation
with HA has been used for decades to treat mild to moderate
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osteoarthritis (OA)'. OA progression leads to a decrease in SF vis-
cosity? and inferior joint lubrication. Poorer lubrication in turn
results in increased cartilage tissue strains, and results in subse-
quent chondrocyte death, mitochondrial dysfunction, and
apoptosis> . Maintaining lower shear strains via lubrication ther-
apies, like viscosupplementation, may prevent or decrease the
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mailto:rmi8@cornell.edu
mailto:ef362@cornell.edu
mailto:cynthiasecchieri@gmail.com
mailto:DGalesso@fidiapharma.it
mailto:itai.cohen@cornell.edu
mailto:francesca.oliviero@unipd.it
mailto:roberta.ramonda@unipd.it
mailto:roberta.ramonda@unipd.it
mailto:lb244@cornell.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.joca.2020.02.029&domain=pdf
https://doi.org/10.1016/j.joca.2020.02.029
https://doi.org/10.1016/j.joca.2020.02.029
https://doi.org/10.1016/j.joca.2020.02.029

R.M. Irwin et al. / Osteoarthritis and Cartilage 28 (2020) 492—501 493

negative biological consequences of SF pathology. However, clinical
success of viscosupplementation is mixed with insufficient evi-
dence to determine how the efficacy of HA injections vary in OA
subpopulations®. More recently, the term endotype has been used
to describe disease subtypes that result from specific pathobio-
logical mechanisms’.

Numerous studies have investigated the effect of HA injections
on knee OA®°, yet meta-analyses have yielded conflicting con-
clusions'®~'2, Based on such analyses, the American Academy of
Orthopaedic Surgeons does not recommend viscosupplementation
due to evidence suggesting an insufficient number of patients are
likely to benefit from the treatment'>, and the OA Research Society
International recommendation is uncertain based on evidence'®. In
contrast, the American Medical Society for Sports Medicine en-
dorses viscosupplementation for Kellgren and Lawrence (KL)
grades II and III'°>, Meta-analyses offer the advantage of combining
studies to increase sample size and power of statistical measures,
but the interpretation of such results may be confounded by the
variation in disease states that are pooled together. There has been
growing appreciation that OA subpopulations exist as identified by
a variety of biomarkers'®. As such, the approach of considering all
OA patients as similarly responsive to all treatments might mask
subset populations of knee OA that have differential responses to
lubrication therapies.

Biochemical evaluations have elucidated populations of patients
with distinct SF pathologies'”'® where biomarkers have been pre-
dictive of patient outcomes'®. White blood cell (WBC) count in SF is
used to distinguish between inflammatory and non-inflammatory
SF pathologies®’. Within the non-inflammatory range (<500 cells/
mm?), WBC count can identify patients with increased synovial
tissue volume, pain, and patients that are likely to respond to anti-
inflammatory treatment?'. The concentration of lubricin, a critical
boundary lubricant in SF, may vary with joint injuries*>**, and
numerous animal studies also report both increases and decreases
in lubricin concentration from various OA models**%>. These
compositional assessments of SF have identified potential thera-
peutic targets, yet only one study has investigated the effect of
lubricin and lubricin + HA supplementation on friction coefficients
in OA SF samples?®. It remains unknown if biomarkers other than
lubricin and HA are indicative of SF lubricating function.

The current protocol for determining if a patient should receive
viscosupplementation does not account for variation in the lubri-
cating ability of SF>”. Recommendation for viscosupplementation
treatment is based on the KL grading system, but a recent study
found that the concentration of lubricin did not correlate with KL
grading®’. An in vitro analysis found that articular cartilage tissue
strains were reduced when equine SF from acutely injured joints
was supplemented with HA?®, However, no study to date has
evaluated functional lubrication outcomes of SF supplemented
with HA from different human SF pathologies.

Lubrication is typically quantified using the coefficient of fric-
tion, a metric that describes the load transfer to the articular
cartilage surface. Cartilage tissue has non-linear, heterogeneous
properties, and therefore the coefficient of friction doesn't neces-
sarily translate to chondrocyte damage or pathology. Recently, local
tissue strains have been found to be directly correlated with
chondrocyte damage in articular cartilage rather than the coeffi-
cient of friction®*. However, it is unknown if human SF pathology
affects local tissue strains under shear loading or if viscosupple-
mentation alters these tissue strains. Further, it is unknown if
distinct pathological SF respond differently to lubrication therapies.

With this in mind, the objectives of this study were to (1)
evaluate the friction coefficients and induced shear strains in
articular cartilage when lubricated with inflammatory and non-
inflammatory human SF,  (2) identify the effect of

viscosupplementation on friction coefficients and shear strains, and
(3) identify SF biomarkers that correlate with SF lubricating
function.

Methods
Human SF collection and analysis

Human SF samples were obtained as part of routine treatment
with patient consent under the approval of the University of Padova
review board (N.0039872/2015). SF was obtained by arthrocentesis
from the knee joints of six patients with OA and six patients with
inflammatory arthritis. After aspiration, a subset of the fluid was
placed in tubes containing ethylenediaminetetraacetic acid (EDTA)
and plain tubes for optical light microscopy routine analysis. The
total WBC count was determined using a standard hematological
counting chamber, and the polymorphonuclear neutrophil (PMN)
composition was determined from supravital staining. The
remaining SF was centrifuged at 3000 rpm for 10 min and stored
at —80°C for further analysis.

SF classification

For the general classification of SF inflammatory degree, the
WABC count of 2000 cells/mm? represents the cut-off to distinguish
inflammatory (>2000) from non-inflammatory (<2000) SF. Addi-
tionally, a cut-off of 20% PMN was used in this study?®. Consistently,
SF from patients with OA (n = 6, age 59 + 10) had WBC counts less
than 2000 cells/mm> and a PMN composition below 20%. The
remaining samples were collected from patients with inflamma-
tory arthritis (n = 6, age 59 + 10; WBC count >2000 cells/mm?>;
PMN > 20%) and were classified as inflammatory. Further charac-
terization of inflammatory SF samples is described in Supplemental
Table 1.

SF compositional analysis

Cytokine profiles of the SF samples were performed in duplicate
as previously described>. The levels of C-C motif chemokine ligand
2 (CCL2), transforming growth factor beta (TGFp), interleuken 1
beta (IL-1B), interleuken 6 (IL-6), interleuken 8 (IL-8), and inter-
leuken 10 (IL-10) were determined by enzyme-linked immuno-
sorbent assays (ELISA) according to manufacturer specifications
(eBioscience, San Diego, California, USA). The sensitivities for the
cytokines were 7.81 pg/mL (CCL2), 7.81 pg/mL (TGFB), 2.34 pg/mL
(IL-1B), 1.60 pg/mL (IL-6), 1.20 pg/mL (IL-8), 2.34 pg/mL (IL-10).

Lubricin concentration was quantified in triplicate using a pea-
nut agglutinin sandwich ELISA (Sigma—Aldrich, St. Louis, MO) with
an anti-lubricin monoclonal antibody 9G3 (MABT401; Millipore
Sigma, Burlington, MA) as previously described’*?>. Purified
lubricin from bovine SF was used as the standard. HA concentration
was quantified in triplicate using a hyaluronan DuoSet ELISA (Bio-
Techne Corporation, Minneapolis, MN) as previously described?*?°,

HA (Hymovis®)

The HA used in this study (Hymovis®, Fidia Farmaceutici S.p.A.)
is a modified HA (700 kDa HA hexadecylamide, 72,000 mPaes at 1
s~ shear rate)’! with 1-3 hexadecyl side chains every 100 sugar
residues®. This substitution results in increased viscosity due to
hydrophobic interactions involving the aliphatic side chains
without the addition of permanent crosslinks.
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Tissue preparation

The goal of this study was to characterize the lubricating func-
tion of human SF, and therefore a reliable source of cartilage was
used to remove any effect of differences caused by tissue variation.
Neonatal bovid cartilage was chosen as a model because it is a
reliable source of tissue with consistent friction properties, and has
revealed different lubricant efficacies in a consistent and repro-
ducible manner>?334, Cartilage was harvested from the femoral
condyles of 1-3 day old bovids (Gold Medal Packing, Rome, NY,
USA) and stored at —20°C until testing.

Microscale strain mapping

Articular cartilage explants were lubricated by phosphate
buffered saline (PBS) alone, HA alone, a SF sample alone, or by a
1:1 SF:HA mixture to analyze friction coefficients and microscale
shear strains adapted from previous studies>*°. Loading pa-
rameters were chosen to match those from Bonnevie et al. to
enable more direct comparisons of outcomes®. Six mm diameter
and 2 mm thick cartilage plugs were bisected and stained with
7 ug/mL of 5-DTAF (Molecular Probes1, Grand Island, NY, USA)
for general protein fluorescence for 1 h followed by a PBS rinse.
A cartilage hemicylinder was adhered to a fixed back plate on a
tissue deformation imaging stage (TDIS) and submerged in the
lubricant. The TDIS is a microscale test frame that allows for the
application of oscillatory displacements and simultaneous im-
aging of tissue deformations through a glass slide (Fig. 1). For
testing, the TDIS was mounted on an inverted Zeiss laser scan-
ning microscope 510 live confocal microscope and imaged using
a 488 nm laser. The tissue was axially compressed 15% and
allowed 30 min to stress relax. Once at equilibrium, five lines
were photo-bleached perpendicular to the tissue surface
through the full tissue depth to allow for displacement
tracking>°. Shear strains were applied by a glass plate articulated
parallel to the cartilage surface at a rate of 1 mm/s with images
captured in real time at 60 frames per second. This corresponded
to a waveform frequency of 0.625 Hz and amplitude of 400 um.
Care was taken to ensure tissue remained hydrated and sub-
merged in the lubricant through testing duration. After testing
the SF alone, the SF was mixed in a 1:1 ratio with HA and the
same experiment was repeated with a new cartilage explant.

Bovine Condyle SiSect ne

/gn’;m

during testing.

Fluorescently Stain

»@—» y‘_}

Through differentiation of the photo-bleached line displace-
ments in Matlab, local shear strains were calculated as previously
described®”. From displacement tracking, regimes of static friction
(where the cartilage was in static contact with the glass plate) and
kinetic friction (where the cartilage was sliding against the glass
plate) were observed (Fig. 1AB). The ratio of time spent in the static
friction regime over the shear cycle period was defined as the
adhesion time ratio (ty static/tcycle), and was calculated by averaging
over 10 cycles.

Friction coefficient analysis

Kinetic coefficients of friction were calculated as the ratio of
shear force over axial force. Shear forces were calculated from the
TDIS backplate deformations using a spring constant of 0.00138 N/
um. Axial forces were calculated from applied axial strains and
tissue cross sectional areas assuming a modulus of 0.5 MPa>®, While
this optical analysis allows for microscale strain quantification
through the tissue depth, some SF samples visually obstructed
tissue fluorescence and the backplate displacements could not be
accurately tracked. These samples were excluded from the friction
coefficient analysis.

Statistical analyses

Lubricin concentration, HA concentration, kinetic friction co-
efficients, and adhesion time ratios were compared between in-
flammatory and non-inflammatory SF pathologies using a t-test.
A linear mixed-effects model with repeated measures was used
to examine the effect of pathology (inflammatory vs non-in-
flammatory) and HA treatment on maximum shear strain, with
patient as a random effect. The model was followed with a post-
hoc comparison for SF pathologies using Kenward-Roger's
method for estimation of degrees of freedom, and was corrected
for multiple comparisons. Linear regression analyses were per-
formed for patient age and all quantified compositional param-
eters with functional lubrication (assessed as the tissue surface
shear strain) as the dependent variable. Non-linear regression
was also performed on the same set of data to fit a
dose—response curve [Y=Bottom + (Top-Bottom)/(1+(X/IC50))],
as lubricating ability has been shown to have a dose—response
relationship with lubricin composition®>. Both linear and non-

Tissue Deformation Imaging Stage
(TDIS)

Fixed plate Glass Plate

<« 15% Axial
Compression

Photobleached 7 Sliding Speed:

Lifes /\/ 1 mm/sec
Submerged in Images Collected
SF alone or During Sliding

SF+HA

Cartilage tissue sliding methods. Neonatal bovine cartilage was dissected from the femoral condyles,
bisected, and fluorescently stained. The tissue was mounted onto the TDIS where the deep zone was glued
to a fixed backplate and underwent 15% axial compression, allowed to fully stress relax, and was subjected
to an oscillatory displacement at a sliding speed of 1 mm/s. Images of tissue displacements were tracked
from photobleached lines in the sample. The tissue remained hydrated and submerged in the lubricant
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linear regression analyses were performed using Prism software.
A pair-wise comparison was performed to assess collinearity
between any sample parameters. Surface shear strains were
compared between PBS, inflammatory SF, inflammatory SF with
HA, non-inflammatory SF, and non-inflammatory SF with HA
using a mixed effects model. Lubricant and the random effect of
patient were fixed factors, as pathological SF samples were tested
both alone and with HA supplementation. The model was fol-
lowed with a post-hoc comparison to compare strains between
the lubricant groups with a Tukey adjustment for multiple
comparisons. P-values less than 0.05 were considered statistically
significant.

Results

Adhesion time ratios explain tissue strain variability better than
friction coefficients

In this study we examined if friction measurements correlated
with local shear strains, as shear strains have been strongly corre-
lated with chondrocyte responses. Under shear loading, tissue de-
formations revealed regimes of static friction (when the tissue was
in static contact with the opposing glass plate) and kinetic friction
(when the tissue began to slide with no further increase in
displacement, Fig 2AB). The relative time the tissue was in static
friction per shear cycle, or the adhesion time ratio (t, static/tcycle)s
was strongly correlated with maximum tissue shear strain at the
surface (R?> = 0.619, p < 0.0001, Fig. 2(C)). In contrast, the friction
coefficient was weakly correlated with the tissue surface shear
strain (R? = 0.342, p < 0.05, Fig. 2(D)).

A Shear Loading
4—

R ———

Adhesion time ratios were significantly different between the
inflammatory (0.25 + 0.08, n = 6) and non-inflammatory
(0.13 + 0.03, n = 6) pathological SF (p < 0.05). The coefficients of
friction for inflammatory samples were higher on average
(0.026 + 0.012, n = 6) compared to non-inflammatory samples
(0.016 + 0.004, n = 3), but the difference was not significant
(p = 0.09), likely due to the large variability within the inflamma-

tory SF group.

+
+

Shear strain measurements reveal SF tribological endotypes

Shear strains analyzed from tissue displacements [Fig. 3(A)]
revealed differential lubricating abilities and responses to HA
supplementation. For all samples, tissue strains were highest at
the tissue surface and decreased with depth. Cartilage lubri-
cated with HA alone revealed peak strains between 0.11 and
0.19 at the tissue surface, decaying to below 0.01 strain at
depths greater than 225 pum [Fig. 3(B)]. Two distinct behaviors
within the inflammatory pathology were observed. In one
group, surface strains ranged from 0.09 to 0.24 (light red),
while a second group had higher strains ranging from 0.38 to
0.47 (dark red, Fig. 3(C)). The addition of HA reduced surface
shear strains below 0.20 for all inflammatory SF samples
[Fig. 3(D)]. In contrast, the non-inflammatory group showed
peak strains ranging from 0.11 to 0.28 at the tissue surface
[Fig. 3(E)]. Supplementing these non-inflammatory samples
with HA did not alter the surface strains, revealing no effect on
lubricating performance [Fig. 3(F)].

Maximum shear strains at the surface of the cartilage explants
were significantly reduced in the inflammatory pathology with HA
supplementation (p < 0.05, Fig. 4), identifying a distinct tribological
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static friction (t,, static) and time in kinetic friction (t, inetic) Over one shear cycle (C) Adhesion time ratio is
strongly correlated with peak shear strains at the tissue surface, while (D) the coefficient of friction is weakly
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endotype. HA supplementation had no effect on the maximum
surface shear strains for the non-inflammatory pathology
(p = 0.93). On average, the strains for the inflammatory pathology
decreased by —0.16 with the addition of HA (Supplemental Fig. 1).

face. Scale bar = 200 um. Shear strains through tissue depth for tissue lubricated with (B) HA alone (C)

and Cartilage
nflammatory SF, or (F) non-inflammatory SF with HA.

For the non-inflammatory pathology, there was almost no change
in tissue strains on average (+0.03). Overall, HA appears to be
effective at lowering tissue strains in the inflammatory pathology,
especially samples with higher strains (dark red), but not for the
non-inflammatory OA pathology.

HA concentration does not explain shear strain variation

HA concentration was not statistically different between in-
flammatory and non-inflammatory SF pathologies [Fig. 5(A)].
Additionally, HA concentration was poorly correlated with surface
shear strain measurements (R> = 0.002, Fig. 5(B), Table 1) and the
change in surface shear strains with HA supplementation for all
samples (R? = 0.117, Fig. 5(C)). As such, HA concentration did not
explain the observed variation in surface shear strain
measurements.

Inflammatory markers and lubricin concentrations identify SF
tribological endotypes

An array of cytokines and lubricin concentration were quantified
for each SF sample and were assessed via linear and non-linear
regression to explain variability in tissue strains (Table I). These
results revealed that three compositional features (PMN, IL-8, and
lubricin) explained the functional lubricating differences across
both groups of pathological SF. PMN composition had a moderate
correlation with functional lubricating ability, with shear strains
increasing with PMN count (R> = 0.43, p < 0.05, Fig. 6(A)). IL-8
concentrations had a strong correlation with surface strains
(R? = 0.73, p < 0.001), where IL-8 levels in the high strain inflam-
matory subset (dark red) were up to two orders of magnitude
greater than all other samples [Fig. 6(B)]. Lubricin concentration



R.M. Irwin et al. / Osteoarthritis and Cartilage 28 (2020) 492—501 497
A B 05 C .
1.0 c e R2=0.002 g 02q R%*=0.117
£ _ n =0.. [ ]
0.5 _O_ g 0.4 PY p=0.881 ° p=0.334 (€]
- @ @ 2 -2 0.0 @ ® e
- | wg 004 _e-T
E 056- o0 © go3 ° 0S| - o
g 5 B -tk &< _9®-"" o
£ © 0.2 ® ® tg e
= 0.4 3 ° a T .02
< (] ® £
T e £ 0.1 & £
® 5 0. ® 3 <
0.2 ® 7] & °
<l 0.0 . . . . 8 04 . ' . : .
0.0 T T 0.0 0.2 0.4 0.6 0.8 1.0 3} 0.0 0.2 0.4 0.6 0.8 1.0
Inflammatory Non-inflammatory HA (mg/mL) HA (mg/mL)
HA concentration does not explain variation in tissue shear strains (A) HA concentration was not different
between inflammatory (red) and non-inflammatory (blue) SF pathologies (P = 0.138). HA concentration was " "
Osteoarthritis

light red = low strain subset.

Sample Parameters Linear Fit Dose—Response Fit
R2 p-value R2 p-value
Age 0.12 0.2653 0.12 0.2928
WBC 0.23 0.1137 0.23 0.1327
PMN 0.43 0.0201 043 0.0275
CCL2 0.18 0.1755 Did not converge
TGFB 0.18 0.1736 0.18 0.1976
IL-1B 0.12 0.2654 0.17 0.2033
IL-6 0.07 04116 0.27 0.1055
IL-8 0.73 0.0004 0.74 0.0007
IL-10 0.21 0.1377 0.20 0.1679
HA 0.00 0.8805 0.11 0.7555
Lubricin 0.11 0.2928 0.37 0.0490

Linear and dose—response relationships were fit for each sample parameter with
reported R? and p-values. PMN, IL-8, and lubricin concentration all had a signif-
icant relationship with surface shear strain. The p-values for significant re-
lationships are bolded.

Fit parameters for patient
age and SF compositional
features as independent
variables and tissue surface
shear strain as the depen-
dent variable

Osteoarthritis
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explained tissue surface strain variabilities following a
dose—response relationship (R”> = 0.37, p < 0.05, Fig. 6(C)), where
the lowest lubricin concentrations were observed for the high
strain subset of samples in the inflammatory group (dark red).
Patient age and all other cytokines did not show significant corre-
lations with tissue strains (Table II). While not significant, patient
age did show a mild correlation with decreased lubricin content
(R? = 0.287, p = 0.0724, Supplemental Fig. 2).

Discussion

This study evaluated the lubricating function of pathological SF
from inflammatory and non-inflammatory populations. Friction
coefficients were not significantly different between the pop-
ulations, and were poorly correlated with tissue level strains. Both

poorly correlated with (B) surface shear strains and (C) the change in surface shear strains with HA sup-
plementation. Each point is an individual sample. For inflammatory samples, dark red = high strain subset;

and Cartilage

friction coefficients and tissue strains for an individual sample were
obtained from a single experiment using a new microrheological
analysis technique, reducing time and the volume of SF needed. A
subset of inflammatory SF samples induced higher adhesion time
ratios and tissue surface strains. Further, HA supplementation was
most effective at lowering friction, adhesion time ratios, and sur-
face strains in this subset of inflammatory SF. Across all samples
there were clear relationships between PMN, IL-8, and lubricin
concentrations and shear strains. Notably, the subset of inflam-
matory SF with the poorest lubrication had the highest PMN and IL-
8, and the lowest lubricin. These results suggest that pathological SF
is characterized by distinct tribological endotypes. These endotypes
are differentially modified by viscosupplementation and are iden-
tifiable by biomarkers.

Poor lubrication is damaging to cartilage both by direct tissue
wear>’ as well as through damage to chondrocytes>”. The effects on
tissue damage and cell behavior are both tied to tissue strain,
although most studies use friction coefficients as a predictor of
tissue or cell damage. Here, we found that the friction coefficient is
only weakly correlated with tissue shear strains. In contrast,
adhesion time ratios proved to be more strongly correlated with
maximum tissue shear strains at the articular surface. This metric
quantifies the time the tissue is in contact with the opposing sur-
face before overcoming static friction and beginning to slide in the
kinetic friction mode. Studies of cartilage deformation under ad-
hesive contact demonstrated that the articular surface undergoes
significant strain stiffening®. This observation implies that the
tissue surface deforms most during the initial application of force,
which is true during static friction. Therefore lubricants that allow
for a quicker transition from static to Kkinetic friction may be
beneficial to cartilage by decreasing tissue strains.

These data highlight the importance of monitoring both friction
coefficients and tissue shear strains to evaluate cartilage lubricants.
Previous work used the TDIS technique to monitor tissue shear
strains in adhesive contact’>* as well as sliding contact®. The
current study coupled these techniques with force measurements
to calculate the friction coefficient, and these friction coefficients
match those seen in macro-scale studies of lubrication of cartilage
on glass by SF>324041_ Collectively, these data support the idea of
using microscale tribological techniques to study tissue lubrication.

The strains measured here were below tissue failure thresholds,
as no tissue cracking or tearing was observed during testing.
However, there are potential biological consequences of high tissue
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strain at sub-failure magnitudes. Thresholds for tissue and cellular The inflammatory degree of the pathological SF had a clear ef-
level damage have been characterized by in vitro studies>*, where fect on the cartilage tissue response, and HA was found to reduce
strains greater than 30% resulted in widespread cell death. Lubri- tissue strains that were elevated in the inflammatory SF pathology.
cation by healthy equine SF has been shown to result in signifi- However viscosupplementation is not indicated for an inflamma-
cantly less chondrocyte death, apoptosis, and mitochondrial tory flare of OA as enzymes and oxidants present in the inflamed

dysfunction compared to PBS. In the present study, lubrication joint degrade the HA chains, rendering the therapy less effec-
with the inflammatory SF resulted in peak strain magnitudes tive®®4°, Effective inflammatory arthritis treatments target in-

greater than 30% and were similar to PBS (p = 0.29, Supplemental flammatory processes at the synovium level (e.g., tumor necrosis
Fig. 3), indicating the cartilage tissue would incur biological detri- factor alpha inhibitors®?), but these molecules don't penetrate into
ments similar to that with PBS lubrication. However the addition of cartilage”'. Here, we identified viscosupplementation to have an
HA to the inflammatory SF reduced strains below PBS levels effect at the cartilage tissue level, but did not investigate any
(p < 0.05, Supplemental Fig. 3), thereby potentially lessening synovium-level responses or the pharmacokinetics of the visco-
negative cellular responses. supplement in different SF inflammatory environments. This

In the present study, classic inflammatory markers (PMN and IL- highlights the complexity of the joint environment and the chal-

8) and lubricin concentration explained the functional lubricating lenge to target both the synovium and cartilage in disease
abilities of human pathological SF whereas HA concentration did therapies.

not. Our measured HA concentrations were below values found in Our results are the first to show distinct tribological endotypes
healthy SF, but consistent with previous reports of HA in dis- of human pathological SF with viscosupplementation having
ease’?*2~4 Therefore while HA concentrations were decreased in varying efficacy on lubricating function. This is not the first char-
both inflammatory and non-inflammatory SF pathologies, this did acterization of pathological SF subpopulations, as previous studies
not explain the variability observed in tissue shear strains. In have identified compositional phenotypes'® and temporal changes

contrast, lubricin was found to be significantly correlated with in SF composition?>. Here, we have connected compositional fea-
tissue shear strains. Lubricin is a critical boundary lubricant in SF, tures to a functional endotype, where IL-8, PMN, and lubricin
demonstrated by lubricin-deficient SF showing increased friction concentrations explain the variability in lubricating function of
coefficients compared to healthy SF in humans®’. Notably in this pathological SF. Such data suggest that biomarker analyses may
study, lower lubricin levels correlated with higher tissue strains provide enough information to elucidate functional endotypes with
regardless of SF pathology. Lubricin concentrations may be lower further characterization, allowing for more specified clinical di-
especially in the inflammatory SF samples as the presence of in- agnoses that inform patient treatment.

flammatory cytokines is known to lower lubricin levels, both When interpreting the results of this study, there are several
through degradation by neutrophil-derived enzymes* and sup- limitations to take into account. We compared two distinct classes
pression of lubricin synthesis*®. of pathological SF based on their inflammatory degree, but no

Pathological SF that specifically had elevated levels of IL-8 and healthy control was evaluated. There were low sample numbers
PMN correlated with inferior lubrication of their SF, identifying an within each pathological SF group, and even smaller samples
inflammatory subset that characterizes a tribological endotype. IL-8 within the inflammatory SF pathology to compare between the

attracts and activates neutrophils with long-lasting effects?’, sug- high and low strain subsets. Several other factors (patient age, WBC,
gesting IL-8 supports continued neutrophil presence and release of IL-6, IL-10) all showed weak and not—significant correlations with
lubricin degradation products. As such, IL-8 could be a therapeutic lubricating ability (R> < 0.3), but a larger sample size may yield
target to preserve lubricating function of pathological SF, as well as statistically significant relationships. Despite the low sample

serve as a marker that could inform appropriate lubrication therapy. numbers, we observed biomarkers that correlate with lubricating
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matory markers, lubricin concentration, and tissue surface shear strain

function. Future studies plan on obtaining healthy SF and expand-
ing the number of pathological SF assessed to more fully charac-
terize the tribological endotypes relating to OA.

Our reported lubricin concentrations are supraphysiologic
compared to other reports from human SF?>?3. This discrepancy
likely results from the purity of the bovine lubricin standard.
While the lubricin concentration magnitudes reported here may
be above the range of human SF concentrations, they still allow
for a relative comparison between samples in this study. Our
experimental design assessed cartilage on glass lubrication
outcomes. Therefore if articular cartilage was slid against a
counter face of another material besides glass, the sticking (i.e.,
static friction mode) and resultant shear strain magnitudes may
differ. However, our cartilage-glass kinetic friction coefficients
are similar to reported cartilage—cartilage friction co-
efficients?®°2. Additional limitations include that this in vitro
study was performed using healthy neonatal bovine femoral
cartilage, and therefore does not capture how damaged human
cartilage may behave in vivo when lubricated with pathological
SF. However, the cartilage source was kept consistent to identify
differences between the SF samples independent of the tissue
condition, and the comparison between neonatal bovine and
human tissue has been extensively characterized and share
similar features quantitatively>>>>. Further, the use of the
neonatal bovine cartilage on glass system has been shown to
measure frictional behavior of lubricants that are predictive of
human clinical efficacy’*.

Our results reveal the existence of pathological SF tribological
endotypes with implications for lubrication therapies. SF samples
that generated high tissue strains were characterized by low
lubricin levels and elevated inflammatory markers. Notably, vis-
cosupplementation was effective at reducing strains in this subset.
Damaging mechanobiological consequences have been linked to
high tissue strains, suggesting that patients within the HA
responsive tribological endotype may benefit more from visco-
supplementation therapy.

Osteoarthritis
and Cartilage

inflammatory classification parameters, inflam-
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