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Abstract

Background: TNF-α-stimulated gene 6 (TSG-6) protein, a TNF-α-responsive hyaladherin, possesses enzymatic
activity that can catalyze covalent crosslinks of the polysaccharide hyaluronic acid (HA) to another protein to form
heavy chain-hyaluronic acid (HC-HA) complexes in pathological conditions such as osteoarthritis (OA). Here, we
examined HA synthase and inflammatory gene expression; synovial fluid HA, TNF-α, and viscosity; and TSG-6-
mediated HC-HA complex formation in an equine OA model. The objectives of this study were to (1) evaluate the
TNF-α-TSG-6-HC-HA signaling pathway across multiple joint tissues, including synovial membrane, cartilage, and
synovial fluid, and (2) determine the impact of OA on synovial fluid composition and biophysical properties.

Methods: HA and inflammatory cytokine concentrations (TNF-α, IL-1β, CCL2, 3, 5, and 11) were analyzed in synovial
fluid from 63 OA and 25 control joints, and HA synthase (HAS1-3), TSG-6, and hyaluronan-degrading enzyme (HYAL2,
HEXA) gene expression was measured in synovial membrane and cartilage. HA molecular weight (MW) distributions
were determined using agarose gel electrophoresis and solid-state nanopore measurements, and HC-HA complex
formation was detected via immunoblotting and immunofluorescence. SEC-MALS was used to evaluate TSG-6-
mediated HA crosslinking, and synovial fluid and HA solution viscosities were analyzed using multiple particle-
tracking microrheology and microfluidic measurements, respectively.

Results: TNF-α concentrations were greater in OA synovial fluid, and TSG6 expression was upregulated in OA
synovial membrane and cartilage. TSG-6-mediated HC-HA complex formation was greater in OA synovial fluid and
tissues than controls, and HC-HA was localized to both synovial membrane and superficial zone chondrocytes in
OA joints. SEC-MALS demonstrated macromolecular aggregation of low MW HA in the presence of TSG-6 and inter-
α-inhibitor with concurrent increases in viscosity.
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Conclusions: Synovial fluid TNF-α concentrations, synovial membrane and cartilage TSG6 gene expression, and HC-
HA complex formation were increased in equine OA. Despite the ability of TSG-6 to induce macromolecular
aggregation of low MW HA with resultant increases in the viscosity of low MW HA solutions in vitro, HA
concentration was the primary determinant of synovial fluid viscosity rather than HA MW or HC-HA crosslinking.
The TNF-α-TSG-6-HC-HA pathway may represent a potential therapeutic target in OA.

Keywords: Synovial fluid, Viscosity, Microrheology, SEC-MALS, Heavy chain-hyaluronic acid, Cartilage, Synovial
membrane

Background
Musculoskeletal trauma and sport-related injuries, in-
cluding intra-articular fractures, dislocations, and liga-
ment, meniscal, and joint capsule tears, are frequently
associated with the development of post-traumatic
osteoarthritis (PTOA) [1]. PTOA also results in inflam-
mation of joint tissues, including the synovium, cartilage,
subchondral bone, and surrounding soft tissues [2, 3]
following induction of the pro-inflammatory OA “master
regulators” tumor necrosis factor-α (TNF-α) and
interleukin-1β (IL-1β) [4]. Synovial fluid TNF-α has been
associated with radiographic OA progression in human
knee OA [5], and increased synovial fluid TNF-α has
been reported in both naturally occurring equine carpal
OA [6] and in an experimentally induced equine cartil-
age carpal defect model [7].
Hyaluronic acid (HA) confers viscoelastic properties to

synovial fluid and, in concert with lubricin/proteoglycan
4, enables low-friction lubrication of articular cartilage
[8, 9]. HA concentrations have been reported to de-
crease or remain unchanged in OA [10, 11], with HA
concentration and size more strongly associated with
age than OA severity in human knee OA [10]. In
osteoarthritic human knee joints, HA concentration
decreases [10], with a corresponding reduction in mo-
lecular weight (MW), resulting in a larger proportion
of low molecular weight, pro-inflammatory HA [12,
13]. Besides variation in HA MW, there are few post-
synthetic modifications that occur to HA. One of
these unique modifications is the covalent crosslink-
ing of HA monomers by the TNF-α-inducible protein
TNF-α-stimulated gene 6 protein (TSG-6) [14, 15].
TSG-6 is a multifunctional hyaladherin protein in-
duced by the inflammatory cytokines TNF-α and IL-
1β, with both pro- and anti-inflammatory properties
depending upon the tissue type and context [16].
TSG-6 can bind non-covalently and reversibly to HA
through its Link domain, resulting in the crosslinking
of HA chains [14, 17]; TSG-6 can also induce a cova-
lent modification of HA by facilitating the transfer of
heavy chains (HC) via a trans-esterification reaction
[18] from the proteoglycan inter-alpha trypsin inhibi-
tor (IαI), a protein found in serum and pathological
synovial fluid [19].

TSG-6-induced HC-HA complex formation occurs in
diverse tissue types, including mammalian cumulus cells,
and endothelial, epithelial, and smooth muscle cells in
the gastrointestinal tract [20, 21]. HC-HA complex for-
mation is critical to mammalian female fertility, with HC
crosslinking of HA resulting in a stabilized and mucified
matrix of the cumulus cell-oocyte complex (COC) [22].
In irritable bowel disease, TNF-α-induced inflammation
results in the production of large HC-HA complexes, or
cables, along smooth muscle and endothelial cells in the
bowel which present a persistent inflammatory insult to
the local environment, promoting immune cell recruit-
ment [21]. In the joint, TSG-6 is reported to have dual
activities: reducing cartilage matrix assembly through
impaired HA binding to HA binding protein and aggre-
can while also inhibiting plasmin activity, thereby limit-
ing matrix metalloprotease activation [23]. In murine
collagenase-induced arthritis models, treatment with re-
combinant TSG-6 resulted in ectopic bone formation in
one study [24], but decreased disease incidence and foot-
pad swelling and erythema in another [25]. Constitutive
overexpression of TSG-6 resulted in chondroprotective
but not anti-inflammatory effects in transgenic mice
with antigen-induced arthritis [26].
Increased synovial fluid TSG-6 levels have been de-

tected in human OA patients [27], and HC-HA complex
formation has been observed in the synovial fluid of RA
patients using protein sequencing and mass spectrom-
etry [28]. However, the effects of TSG-6 and HC-HA
complex formation on the biochemical and biophysical
properties of synovial fluid and their tissue distributions
in the osteoarthritic joint are not well understood. In
humans, synovial fluid TSG-6 is a biomarker for OA
progression, with a significant correlation between TSG-
6 activity and radiographic OA progression in the knee
over a 3-year period [29]. However, it is unclear whether
TSG-6 expression in the joint is functioning to resolve
or perpetuate inflammation and what effects TSG-6-
mediated HC-HA crosslinking have on joint tissue and
synovial fluid properties.
Here, we explore the TNF-α-TSG-6-HC-HA axis in a

naturally occurring equine model of carpal PTOA sec-
ondary to intra-articular fracture. We hypothesized that
HA concentrations and HA MW distributions would be
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decreased in OA joints and that upregulation of the
TNF-α-TSG-6-HC-HA signaling axis would result in al-
terations to synovial fluid composition and viscosity.

Methods
Equine population and sample collection
This prospective case-control study included case horses
(n = 63) presenting to the Cornell University Equine
Hospital for arthroscopic evaluation and treatment of
carpal osteochondral fragmentation and/or osteoarthritis
(OA) affecting either the antebrachiocarpal joint (ACJ, n
= 16), middle carpal joint (MCJ, n = 36), or both joints
(n = 11). Seven horses were donated for euthanasia and
tissue collection due to severe carpal OA (ACJ, n = 2
and MCJ, n = 5). Control horses (n = 25) included
horses enrolled in other research projects unrelated to
carpal disease that were euthanized due to their inclu-
sion in other terminal research projects. All joints were
evaluated with gross examination at necropsy. Exclusion
criteria included carpal joint sepsis or a known history
of intra-articular medication in the month prior to pres-
entation. In order to avoid non-independence of sam-
ples, one joint was randomly chosen and reported per
horse in cases where samples were available from mul-
tiple joints. An average of 4.9 ± 2.4 mL of synovial fluid
was collected per carpal joint at a single time point (i.e.,
arthroscopy or euthanasia). Synovial fluid samples were
collected from 87 study horses; however, synovial mem-
brane and cartilage tissues were only available from a
subset of horses (n = 36 and 18, respectively) obtained
via either arthroscopic biopsy or postmortem dissection
(Table S1). HA ELISAs, gel electrophoresis, and synovial
fluid cytokine measurements were performed for the
majority of synovial fluid samples, whereas subsets of
randomly selected synovial fluid samples were chosen
for SS-nanopore measurements (n = 24) and multiple
particle-tracking microrheology (MPTM) measurements
(n = 35). The complete study population consisted of 53
females, 22 castrated males, and 13 intact males with a
median age of 4 years (range 1 to 22 years). The healthy
case population included 14 females, 8 castrated males,
and 3 intact males with a median age of 5 years (range
from 2 to 11 years); breeds included 14 Thoroughbreds,
7 mixed light breeds, 3 Standardbreds, and 1 Quarter
Horse.
Cases were scored on the basis of severity of carpal

OA as healthy (0), mild OA (1), moderate OA (2), or se-
vere OA (3), using a previously described scale that in-
cluded radiographic assessment with or without
additional corroboration with arthroscopic findings [6,
30]. The study population consisted predominantly of
racing breeds, including Thoroughbreds (n = 62) and
Standardbreds (n = 12), in addition to Quarter Horses (n
= 7) and mixed light breeds (n = 7). Cartilage and/or

osteochondral pathology was detected for the following
bones: radial carpal bone (n = 37), third carpal bone (n
= 21), radius (n = 15), intermediate carpal bone (n = 12),
second carpal bone (n = 4), ulnar carpal bone (n = 2),
fourth carpal bone (n = 2), and accessory carpal bone (n
= 1). In 25 cases, pathology of multiple bones was de-
tected within each joint, and there were 9 cases where
the specific location of pathology was not recorded. The
63 OA horses included 39 females, 14 castrated males,
and 10 intact males and had a median age of 3 years
(range 1–22 years); breeds included 48 Thoroughbreds, 9
Standardbreds, and 6 Quarter Horses. All animal and
tissue harvesting protocols were approved by Cornell
University’s Institutional Animal Care and Use
Committee.

Hyaluronan (HA) ELISAs
Two commercially available ELISAs were used in paral-
lel to quantify HA concentrations in carpal synovial fluid
(SF) (n = 25 healthy, n = 61 OA), including a sandwich
ELISA (HA DuoSet®, R&D Systems, Minneapolis, MN)
and a competitive ELISA (Echelon Biosciences Inc., Salt
Lake City, UT). This dual concentration analysis was
employed as a precaution to help prevent bias of HA
MW sensitivity in the assay formats. For the sandwich
ELISA, synovial fluid was diluted 1:80,000 with
phosphate-buffered saline (PBS), and HA concentration
was measured using recombinant human aggrecan
(rhAggrecan) as the capture reagent and biotinylated
rhAggrecan as the detection reagent. HA concentrations
were also measured using a competitive ELISA following
proteinase K (PK) digestion of synovial fluid and ethanol
precipitation of HA as previously reported [31]. For PK
digestion, 10 μL of SF was added to 190 μL of PBS buffer
and digested with 20 μg of PK at 60°C for 2 h. The HA
in the PK-digested mix was precipitated by adding four
volumes of ethanol, followed by incubation at −20°C
overnight. Following centrifugation at 14,000×g for 10
min, the HA precipitate was dissolved in 200 μL of PBS
buffer (the resulting HA concentration in PBS was di-
luted 1:20). After an additional 100-fold dilution in Ech-
elon diluent (final 2000-fold dilution), the PK-digested
and ethanol-precipitated HA was determined following
the manufacturer’s instructions.

HA agarose gel electrophoresis for determination of HA
MW
HA MW distributions were determined for synovial fluid
samples (n = 25 healthy, n = 61 OA) by performing
agarose gel electrophoresis and Stains-All detection. HA
agarose gel electrophoresis was performed as previously
described [32] with slight modification. SF samples were
first diluted (1:15) in PBS and incubated with PK at 37°C
overnight. PK-digested samples were loaded onto 0.5%
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agarose gels in Tris-acetate-EDTA (TAE) buffer and run
at 55 V for 8 h along with Select-HA HiLadder and
Select-HA Mega Ladder (Hyalose LLC, Oklahoma City,
OK). The gel was stained with 0.005% Stains-All (Milli-
pore Sigma, Burlington, MA) in 50% ethanol for 16 h
and then de-stained with 10% ethanol. Densitometric
scanning of stained gels was used to detect relative HA
content and molecular weight distribution in synovial
fluid. Images were captured with a ChemiDoc Imaging
System (Bio-Rad, Hercules, CA). Gel image analysis was
performed as described in Cowman et al., with some
modification [33]. Gel images were opened in Fiji, and a
rolling ball technique was used to subtract background
in order to standardize measurements. A calibration
curve was generated for each gel by correlating the mo-
lecular weight of each standard to the migration distance
in pixels. Densitometric profiles were generated for each
sample, and the calibration curve was applied to calcu-
late the relative absorbance of the sample. Finally, weight
average (Mw), number average (Mn), and polydispersity
index (PDI = Mw/Mn) were calculated using provided
equations.

Solid state (SS)-nanopore analysis of HA
For SS-nanopore analysis of HA MW distributions in a
subset of SF samples (n = 6 healthy, n = 18 OA), HA
was isolated from each synovial fluid sample using an
approach described previously [34]. Briefly, 50 μL of syn-
ovial fluid was incubated with 1.8 U/mL PK (New Eng-
land Biolabs, Ipswich, MA) for 15 min at 37 °C to digest
protein components including any bound to HA. An
equal volume of a phenol:chloroform:isoamyl alcohol
(25:24:1 v/v/v, Fisher Scientific) was then added to the
sample and mixed by vortexing before being centrifuged
for 15 min at 14,000×g in a Phase Lock Gel Tube (Quan-
taBio, Beverly, MA) to separate the aqueous components
(including HA) from the other organics. The process
was repeated using pure chloroform to remove residual
phenol from the aqueous phase. To isolate pure HA,
150 μL of streptavidin-conjugated magnetic beads (10
mg/mL, Dynabeads M-280, Invitrogen, Carlsbad, CA)
was washed by adding buffer, mixing gently, and aspirat-
ing under magnetic field. This washing process was per-
formed three times with 1X PBS and 0.05% Tween and
then three times with 1X PBS only. After washing,
packed beads were resuspended in 50 μL of 1X PBS, and
21 μL of biotinylated versican G1 domain (1.23 μg/μL,
Echelon Biosciences, Salt Lake City, UT) was added dir-
ectly to the beads, mixed, and incubated for 1 h at room
temperature on a rocker. After incubation, the beads
were washed three times in 1X PBS to remove unbound
protein. Aqueous isolate from the phenol-chloroform
extraction was added to the packed versican-streptavidin
beads to resuspend them and the solution was mixed

and left to incubate at room temperature for 24 h with
gentle rocking. The sample was placed on a magnet to
pull down the beads (with bound HA) and the super-
natant was aspirated. The beads were washed three
times with 1X PBS and deionized water was added to
the sample to a final volume of 50 μL. To denature the
bVG1 and release the bound HA, the sample was placed
on a heating block at 95 °C for 15 min. Finally, the vial
was placed on a magnet and the solution containing re-
leased, purified HA was removed and stored at −20 °C
until use.
The isolated HA (12 μL with 5–15 ng HA) was loaded

into a grounded flow cell chamber (cis-) and the ampli-
fier was used to apply a positive voltage to the opposite
(trans-) chamber. Data was collected at a rate of 200
kHz with a four-pole Bessel filter designed to be 100
kHz (empirically determine to be 57 kHz). Analysis was
performed using custom software (LabView, National
Instruments, Austin, TX). A 5-kHz low-pass filter was
applied to all data, and event thresholds were defined as
a deviation of at least five standard deviations (5σ) from
baseline current with a duration between 25 μs and 2.5
ms. ECD was calculated for each event as the area de-
fined by the deviation [35] determined by integrating
measured current for the time it remained above the
threshold value. The calculated ECD value for each
event was converted to MW by comparison to a calibra-
tion produced through identical nanopore measure-
ments of 7 quasi-monodisperse HA samples (Hyalose,
Oklahoma City, OK) having MWs of 54 kDa, 81 kDa,
130 kDa, 237 kDa, 545 kDa, 1076 kDa, and 2384 kDa, re-
spectively, each having a MW distribution within 5% of
the reported mean (polydispersity = 1.001–1.035, as esti-
mated by multi-angle light scattering with size exclusion
chromatography).

Multiple particle-tracking microrheology (MPTM)
measurements
Multiple particle-tracking microrheology [36] was used
to quantify SF viscosity in a subset of samples (n = 18
healthy, n = 17 OA). In brief, 15 μL of synovial fluid was
loaded with 0.5-nm yellow-green fluorescent beads
(FluoSpheres™ Carboxylate-Modified Microspheres,
0.5 μm, yellow-green fluorescent) and imaged on a
custom-built instrument consisting of an inverted
microscope (IX71, Olympus) equipped with a 60× NA
1.2 water-immersion objective lens and 1.6× optical
coupler. Fluorescence excitation was generated by a 488-
nm laser (Sapphire-LP, Coherent) expanded 8.3× before
focusing on the objective back aperture by a 300-mm
tube lens (ThorLabs). Fluorescence emission was imaged
with an EMCCD (897 Ultra, Andor) through a standard
FITC filter set (Chroma) using the Micro-Manager soft-
ware package (Open Imaging). Three 30-s videos were
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taken per sample with several locations in each sample
targeted to collect particle movement data. Each video
contains approximately 15 particles in the frame. Ana-
lysis of motion was performed using the Trackpy Python
package, and images were acquired at 16 Hz.

qRT-PCR for HA-associated gene expression
Synovial membrane tissue was collected from a subset of
horses (n = 11 healthy, n = 25 OA), and cartilage tissue
was only available from 4 healthy and 14 OA joints.
Gene expression for enzymes and proteins involved in
HA synthesis, degradation, and stability were quantified
in synovial membrane and cartilage, including the hya-
luronan synthases (HAS1, HAS2, and HAS3), TNF-α-
stimulated gene 6 protein (TSG6), hyaluronidase II
(HYAL2), and hexosaminidase subunit α (HEXA). Total
RNA was extracted from synovial membrane (SM)
and cartilage tissues. Synovial membrane RNA was
extracted and purified using the E.Z.N.A tissue kit
(Omega Bio-Tek, Norcross, GA). Cartilage RNA was
isolated and purified using the RNeasy lipid tissue kit
(QIAGEN, Gaithersburg, MD). The extracted RNA
was subjected to DNase I digestion on-column to re-
move any genomic DNA. RNA concentrations and
quality were determined using 16-well NanoQuant
plates and a SPARK 10M microplate reader (TECAN,
Zürich, Switzerland) (Table S2).
Gene expression was detected by quantitative real-

time polymerase chain reaction (qRT-PCR) using the
ABI PRISM 7900 sequence detection system (Applied
Biosystems, Foster City, CA). All samples were ana-
lyzed in duplicate using the Power SYBR green RNA-
to-CT one-step kit (Applied Biosystem Inc., Carlsbad,
CA). Primers (Table 1) were designed using NCBI
Primer3-Blast or Lasergene (DNASTAR, Madison,
WI). A qRT-PCR checklist containing additional de-
tails is included in Table S2.

In brief, 30 ng of synovial membrane RNA was added
in a total of 20-μL reaction mix containing the SYBR
RT-PCR mix and RT enzyme mix. For cartilage RNA,
15 ng of the total RNA was used in a total of 10-μL reac-
tion mix. Both synovial membrane and cartilage samples
were prepared in duplicate. The qRT-PCR was run at
48°C for 30 min and 95°C for 10 min, followed by 40 cy-
cles of 95°C/15 s and 60°C/1 min. Successful qRT-PCR
was verified by both analysis of dissociation curves and
agarose gel electrophoresis. All values were normalized
to the housekeeping gene 18S rRNA. Relative gene ex-
pression was analyzed using the 2−ΔΔCT method, where
ΔCT = CT (gene of interest) – CT (18S rRNA), ΔΔCT =
(individual ΔCT) – healthy ΔCT average and calculated
as 2−ΔΔCT.

Chemokine multiplex assay
This chemokine multiplex assay was validated at the
Animal Health Diagnostic Center at Cornell University
and was performed for a subset of SF samples (n = 20
healthy, n = 54 OA). The fluorescent bead-based assay
quantifies six cytokines/chemokines (IL-1β, TNF-α,
CCL2, CCL3, CCL5, and CCL11) using pairs of mono-
clonal antibodies (mAbs). The procedures of coupling
mAbs to fluorescent beads (Luminex Corp., Austin, TX,
USA) and performing the remainder of the assay were
previously described in detail for other cytokines [37]
and were identical for this assay. The following beads
and mAbs were coupled: bead 33 with TNF-α mAb 292-
1, bead 34 with CCL11 mAb 24, bead 35 with IL-1β
mAb 84-2, bead 36 with CCL5 mAb 91-1, bead 37 with
CCL2 mAb 104-2, and bead 42 with CCL3 mAb 77-2.
Specificity of the mABs to their respective chemokines
and recognition of native proteins were confirmed for all
mAbs [38] before use in the assay.
The six recombinant proteins were expressed in mam-

malian cells as IL-4 fusion proteins [38, 39]. A mixture

Table 1 Genes, accession numbers, primer sequences, and amplicon sizes for qRT-PCR

Genes Accession number Primer sequences Amplicon size (bp)

HAS1 XM_023650323.1 For: GCGATACTGGGTGGCCTTCAATGT
Rev: CTGTATAGGCCTAGGGGACCACTG

90

HAS2 NM_001081801.2 For: GGCCGGTCGTCTCAAATTCA
Rev: TCACAATGCATCTTGTTCAGCTC

132

HAS3 XM_023637194.1 For: CGTGGGCGCATCTGGAACATT
Rev: CTCTGCATTGCCCCGAAGGAAG

99

TSG6 NM_001081906.1 For: ATCCTGAGCAGCCCCTAACA
Rev: TTGAATCCCCATCCGTGAGC

108

HYAL2 XM_014731656.1 For: CTCACAGGGCTTAGCGAGAT
Rev: GGTACTGGCAGGTCTCCGTG

124

HEXA XM_001494311.4 For: AAGGAGCTGGAACTGGTCAC
Rev: TCAGGGGTACCGTCAAATGC

137

18S rRNA NR_046271.1 For: GGCGTCCCCCAACTTCTT
Rev: AGGGCATCACAGACCTGTTATTG

77
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of the six recombinant chemokines was included in dif-
ferent concentrations (5-fold dilutions in PBS with 1%
(w/v) bovine serum albumin (BSA) and 0.05% (w/v) so-
dium azide (blocking buffer)) to create standard curves
for chemokine concentration quantification in samples.
Synovial fluid samples were diluted 1:2 in blocking buf-
fer. Millipore Multiscreen HTS plates (Millipore, Dan-
vers, MA) were soaked with PBS with 0.1% (w/v) BSA,
0.02% (v/v) Tween 20, and 0.05% (w/v) sodium azide
(PBS-T) using a ELx50 plate washer (Biotek Instruments
Inc., Winooski, VT) for 2 min. The blocking solution
was removed from the plates and 50 μL of standards or
samples was added. The bead solution (50 μL), contain-
ing 5 × 103 beads per bead number, was added to each
well and incubated for 30 min on a shaker at room
temperature. The plates were then washed with PBS-T.
The detection antibody mixture (50 μL) that was diluted
in blocking buffer was added to each well and incubated
for an additional 30 min on a shaker at room
temperature. These mixtures included six biotinylated
mAbs: TNF-α mAb 48-1, CCL11 mAb 25, IL-1β mAb
62-7, CCL5 mAb 46-1, CCL2 mAb 49, and CCL3 mAb
289-2 [38]. Plates were washed again and 50 μL of
streptavidin-phycoerythrin (Invitrogen, Carlsbad, CA)
was added to the plates prior to another 30-min incuba-
tion period as above. Plates were then washed for a final
time, beads were resuspended in 100 μL of blocking buf-
fer, and the plates were placed on the shaker for an add-
itional 15 min. The plate was analyzed in a Luminex 200
instrument (Luminex Corp., Austin, TX, USA). The data
were reported as median fluorescent intensities. The lo-
gistic 5p formula (y = a + b/(1 + (x/c)ˆd)ˆf) was used for
standard curve fitting and calculation of chemokine con-
centrations (Luminex 200 Integrated System). Chemo-
kine concentrations were reported in pg/mL. Because
IL-1β and CCL3 concentrations were undetectable in
the majority of synovial fluid samples, only descriptive
statistics were reported.

Detection of heavy chain-HA complex (HC-HA) via
immunoblotting
Heavy chain-HA (HC-HA) was detected via immuno-
blotting (n = 25 healthy, n = 61 OA). Synovial fluid was
digested with Streptomyces hyaluronidase (Millipore
Sigma, Burlington, MA) to release HA-bound HC as de-
scribed by Lauer et al. [40], with some modification.
Briefly, 2 μL of synovial fluid was diluted 1:10 in PBS to
achieve a final volume of 20 μL, and either 4 μL (0.2 U/
μL) of hyaluronidase or 4 μL of PBS was added to the SF
and incubated at 37°C for 2 h. The hyaluronidase-
released HC in 12-μL reaction mix was detected by
western blot probed with a rabbit polyclonal antibody
against human inter-α-inhibitor (IαI) (Dako North
America, Carpinteria, CA) and a secondary donkey anti-

rabbit IgG-HRP (GE Healthcare, Chicago, IL). Densito-
metric quantification of the HC band on immunoblots
was performed using ImageJ. Because HC-HA cannot
readily enter into the SDS-PAGE gel due to the relative
immobility of the large HC-HA complex, SF samples were
digested with hyaluronidase (HAase) to release the HA-
bound HC prior to gel electrophoresis. HA-bound HC
was quantified by subtracting the HC band in undigested
synovial fluid from the HC band in the HAase-digested
SF. In order to normalize the two HC levels, the ratio of
HC values divided by Pre-IαI was used for each sample.
The HC-HA relative absorbance unit (a.u.) was defined as
[HC (HAase-digested lane “+”)/Pre-IαI]–[HC (undigested
synovial fluid lane “–”)/Pre-IαI] (Fig. 5A).

Immunofluorescence of HC-HA in synovial membrane and
cartilage
Immunofluorescence and confocal imaging of synovial
membrane and cartilage tissues was performed as re-
ported by Lauer et al. [15]. Deparaffinized and rehy-
drated synovial membrane or cartilage sections were
blocked in 1% BSA in PBS at room temperature (RT) for
30 min. HC-HA complex was detected with the Dako
anti-IαI antibody (courtesy of Vince Hascall), and HA
was probed with a biotinylated hyaluronan binding pro-
tein (HABP) (Millipore Sigma, Burlington, MA). Both
primary antibodies were simultaneously added to 1%
BSA blocking buffer at a 1:100 dilution for the Dako
anti-IαI antibody and 5 μg/mL final concentration of bi-
otinylated HABP, followed by incubation at RT for 45
min. HC-HA complex was detected using Alexa Fluor
568-conjugated donkey anti-rabbit IgG (Thermo Fisher
Sci., Waltham, MA) at 3 μg/mL, and HA was detected
using Alexa Fluor 488-streptavidin at 1:500 in 1% BSA
after incubation at RT for 1 h. Vectashield fluorescent
mounting medium with DAPI (Vector Laboratories, Bur-
lingame, CA) was used to prepare slides for microscopy.
Confocal images were obtained with a 20× N.A. 0.8 air
objective on a Zeiss LSM800 using Zen software (blue
edition) for acquisition and post-processing. HC-HA im-
munofluorescence staining was scored from 0 to 4 where
0 = no staining, 1 = weak staining, 2 = weak-moderate
staining, 3 = moderate-strong staining, and 4 = strong
staining using 2 separate IF images by a single blinded
observer. Insufficient cartilage tissues were available for
scoring analysis.

Size exclusion chromatography with multi-angle light
scattering (SEC-MALS)
Size exclusion chromatography with multi-angle light
scattering (SEC-MALS) was used to analyze the inter-
action of TSG-6 with HA and IαI in vitro. The SEC-
MALS system includes a HPLC System with UV de-
tector (Agilent Technologies, Santa Clara, CA), a static
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18-angle light scattering detector unit (Dawn Heleos–II),
and a refractive index detector (Optilab T-rEX). Three
different solutions (1 experimental reaction plus 2 con-
trols) were prepared in a total volume of 125 μL in PBS.
The experimental reaction mix contained 4.5 μL of 150
kDa HA (Select-HA, Amsbio LLC, Cambridge, MA,
10 μg/μL), 33 μL of recombinant human TSG-6
(rhTSG6, R&D Systems, Cambridge, MN, 0.3 μg/μL),
37 μL of human plasma-derived IαI protein (IαIp,
Athens Research & Technology, Athens, GA, 0.9 μg/μL),
and 50.5 μL of PBS. The 2 control reactions were pre-
pared by excluding either 4.5 μL of 150 kDa HA or 33 μL
of TSG-6 based on the formula of the same experimen-
tal reaction mix. The reaction mix was incubated at
room temperature for 1 h followed by incubation on ice
for 4 h prior to being loaded onto a Superdex 200 In-
crease 10/300 GL column (GE Life Sci., Pittsburgh, PA)
eluted in DPBS at 0.6 mL/min. Data were analyzed and
molecular weights were determined using a dn/dc value
of 0.185 mL/g for protein and 0.165 mL/g for HA with
ASTRA 6.1 software (WYATT Technology, Santa Bar-
bara, CA). Monomeric bovine serum albumin (Millipore
Sigma, Burlington, MA) was used as a standard to
normalize light scattering signal across detectors. Graph-
Pad Prism 7.04 (GraphPad Software, San Diego, CA) was
then used to convert axis units and adjust graphs.

Viscosity measurements for TSG6-mediated HC-HA
crosslinking reaction mixtures
To measure the viscosity of monodisperse HA solutions
with and without TSG-6, 50 kDa Select-HA (Hyalose
LLC, Austin, TX), human IαI protein (Athens Research
& Technology, Athens, GA), and rhTSG6 were added,
both alone and in combination, to DPBS containing 1
mM MgCl2 and incubated at 37°C for 4 h. The weight
concentrations for each component are listed in Table 2.
The reactions were terminated by adding EDTA to a
final concentration of 10 mM. The viscosity of each re-
action mix was measured using a m-VROC viscometer
microfluidic device with an A05 chip (RheoSense Inc.,
San Ramon, CA) at 22°C using a Thermo CUBE (Solid
State Cooling Systems, Wappingers Falls, NY). The shear
rate and viscosity data were analyzed using mVROC
Control v3.1.5 software. For each reaction mixture,
50 μL of solution was loaded using a 100-μL syringe, and
the viscosity (cP) was measured using 4 different flow

rates (50, 75, 100, 125 μL/min) with a total of 7 test seg-
ments (2 × 50, 2 × 75, 2 × 100, 1 × 125 μL/min). The
equivalent apparent shear rates for the 4 flow rates were
2 × 950, 2 × 1420, 2 × 1890, and 1 × 2360 S−1, respect-
ively. The data recorded from the shear rate 950 S−1

were excluded due to excessive variability. Therefore, a
total of 5 technical replicates (from the apparent shear
rates 2 × 1420, 2 × 1890, 1 × 2360 S−1) were included
for data analysis.

Data analysis
To make comparisons between healthy and OA joints,
data were tested for normality using a Shapiro-Wilk test.
Right-skewed data, including both sandwich and com-
petitive HA ELISA measurements, were transformed
using a cube root transformation to achieve normality.
Left-skewed synovial fluid viscosity data were log trans-
formed to achieve normality. Following transformation,
all normally distributed data were analyzed by compar-
ing healthy and OA joints using an unpaired t-test and
were reported as means ± SEM. Non-normally distrib-
uted data, including HA MW distributions (agarose gel
electrophoresis and SS-nanopore), HC-HA immunoblot-
ting, and synovial membrane HC-HA IF staining were
reported as medians ± IQR and analyzed using Wil-
coxon rank sum tests. For gene expression analysis, the
median of all healthy samples was designated as 1.0, and
fold change data were reported as medians ± ΙQR and
analyzed using Wilcoxon rank sum tests. Synovial fluid
chemokine data, including TNF-α, CCL2, CCL5, and
CCL11, were compared using Wilcoxon rank sum tests.
For the cytokines TNF-α and CCL5, samples with un-
detectable values of “0” were assigned an arbitrary value
of “1” to enable statistical analysis between healthy and
OA joints, with the arbitrary value being lower than the
lowest detectable concentration. The majority of the
samples had undetectable values for CCL3 and IL-1β;
therefore, only descriptive statistics were reported for
these chemokines. TSG-6-mediated HC-HA crosslinking
viscosity data were analyzed using a one-way ANOVA,
followed by Tukey-Kramer HSD post hoc tests. Signifi-
cance was set at α < 0.05.
Correlation analyses of HA concentrations and HC-

HA complex formation with synovial membrane gene
expression data (n = 36) and synovial fluid cytokine con-
centrations (n = 74) were calculated using Spearman’s ρ

Table 2 Components of TSG6-mediated HC-HA crosslinking reaction mixtures

Reaction HA 50 kDa (10mg/mL) IαI (877 μg/mL) TSG6 (300 μg/mL) MgCl2 (125 mM) DPBS

HA 4.5 μL 0 μL 0 μL 1.0 μL 119.5 μL

HA + IαI 4.5 μL 37.0 μL 0 μL 1.0 μL 82.5 μL

HA + TSG6 4.5 μL 0 μL 33.0 μL 1.0 μL 86.5 μL

HA + IαI + TSG6 4.5 μL 37.0 μL 33.0 μL 1.0 μL 49.5 μL
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correlation coefficients. All statistical analyses were per-
formed using JMP Pro 13.1.0 software (SAS Institute
Inc., Cary, NC). SF viscosity was plotted as a function of
HA concentration by plotting the data as a second-order
polynomial with the following constraints (equation: y =
B0 + B1x + B2x2, constraint B0 = 1, B1 = 0) using Prism
7.04 (GraphPad Software, San Diego, CA). All graphs
were generated using Prism. The average intra-assay co-
efficient of variability (CV) for HA ELISAs was gener-
ated using the individual CV value (percentage) from
three plates and two replicates per sample.

Results
HA concentrations did not differ between healthy and OA
joints
The intra-assay CVs for the sandwich and competitive
HA ELISAs were 6.5% and 8.1%, respectively. Synovial
fluid HA concentrations demonstrated significant inter-
individual variability in both healthy and OA groups
(sandwich R&D ELISA range 0.04–1.73 mg/mL, com-
petitive Echelon ELISA range 0.14–1.88 mg/mL). How-
ever, HA concentrations did not differ between healthy
and OA joints for either the sandwich ELISA (median ±
IQR 0.35 ± 0.3 and 0.29 ± 0.3 mg/mL, respectively) or
the competitive ELISA (median ± IQR 0.70 ± 0.4 and
0.69 ± 0.5 mg/mL, respectively) (Fig. 1A, B). A strong
correlation (Spearman’s ρ = 0.7, P < 0.0001) between
both HA ELISAs was observed (Fig. 1C); however, the
competitive ELISA reported greater synovial fluid HA
concentrations, on average, as compared to the sandwich
ELISA likely due to the known differential MW sensitiv-
ity of the methods.

HA distributions were skewed to lower molecular weight
variants in OA synovial fluid
HA distributions were first analyzed by agarose gel elec-
trophoresis, and the data are shown as weight average
(Mw), number average (Mn), and polydispersity index
(PDI). As shown in Fig. 1D and Table 3, the HA distri-
butions were skewed toward lower molecular weight
variants in OA joints as compared to healthy joints as
demonstrated by Mw (median ± IQR 3070 ± 740 and
3660 ± 1000, respectively, P = 0.002) and by Mn [median
± IQR 1260 ± 410 and 1520 ± 680, respectively, P =
0.003]. HA distributions were also measured by SS-
nanopore for a subset of samples (n = 24), demonstrat-
ing the predominance of lower molecular weight vari-
ants in OA as compared to healthy joints as
demonstrated by Mw (median ± IQR 3380 ± 1740 (OA)
and 6450 ± 2100 (healthy), P = 0.005) and by Mn [me-
dian ± IQR 530 ± 300 (OA) and 1260 ± 1100 (healthy),
P = 0.02] (Fig. 1E, F and Table 4). The differences in me-
dian values measured by the gel and nanopore ap-
proaches are likely a result of only a subset of specimens

being analyzed by SS-nanopore. Other possible factors
contributing to the differences could include the sensi-
tivity limit of fluorescent imaging of the gels and a mod-
est size bias in HA affinity bead capture.

Synovial fluid viscosity did not differ between healthy
and OA joints, but did correlate with HA concentration in
OA joints
Similar to HA concentrations, synovial fluid viscosities
demonstrated significant inter-individual variability in
both healthy (range 8.45–238.75 cP) and OA groups
(range 10.80–263.30 cP). Synovial fluid viscosity did not
differ between healthy and OA joints, due to significant
inter-individual variability (median ± IQR 80.6 ± 87.4 cP
vs. 36.6 cP ± 82.4 cP, respectively) (Fig. 2A). A strong
correlation between synovial fluid viscosity and HA con-
centration was observed in OA joints (R2 = 0.9, P <
0.0001, n = 17, equation: y = 1 + 434 × x2 and R2 = 0.8,
P < 0.0001; n = 17, equation: y = 1 + 69 × x2) (Fig. 2B,
C) but not in healthy joints (R2 = 0.1, P = 0.02, n = 18,
equation: y = 1 + 256 × x2; R2 = 0.2, P = 0.01, n = 18,
equation: y = 1 + 93 × x2) (Fig. 2B, C).

TNF-α was increased and CCL11 was decreased in OA
synovial fluid
TNF-α was significantly increased in OA (median ± IQR
15.56 ± 22.7 ng/mL) as compared to healthy joints (median ±
IQR 4.97 ± 11.7 ng/mL, P = 0.03) (Fig. 3A, Table 5). There
were no differences in CCL2 or CCL5 between healthy and
OA joints (Fig. 3B–D, Table 5). The majority of synovial fluid
samples demonstrated undetectable values for IL-1β and
CCL3, with a median value of 0 for both healthy and OA
joints; therefore, only descriptive statistics are reported (Fig.
3B, Table 5). Synovial fluid CCL11 was reduced in OA (me-
dian ± IQR 0.53 ± 0.4 ng/mL) as compared to healthy joints
(median ± IQR 0.86 ± 0.6 ng/mL, P = 0.01) (Fig. 3F, Table 5).

TSG6 gene expression was upregulated in OA synovial
membrane and cartilage, and HAS1 gene expression was
downregulated in OA synovial membrane
Among 6 genes related to HA production and stabil-
ity (HAS1, HAS2, HAS3, TSG6, HYAL2, and HEXA),
only TSG6 and HAS1 differed between healthy and
OA joints. TSG6 gene expression was upregulated in
both OA synovial membrane (median ± IQR 3.83 ±
9.9 (ΟΑ) vs. 1.00 ± 3.1 (healthy), P = 0.02, Fig. 4A)
and cartilage (median ± IQR 22.87 ± 68.4 (OA) vs.
1.00 ± 12.4 (healthy), P = 0.02, Fig. 4B), whereas
HAS1 gene expression was downregulated in OA syn-
ovial membrane (median ± IQR = 0.42 ± 0.4 (OA) vs.
1.00 ± 0.5 (healthy), P = 0.0003, Fig. 4A).
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HC-HA complex formation was induced in OA and
positively correlated with TSG6 gene expression and
synovial fluid TNF-α concentrations
HC-HA complex formation was greater in OA as com-
pared to healthy synovial fluid (median ± IQR 0.10 ± 0.1

vs. 0.38 ± 0.6, respectively, P < 0.0001, Fig. 5A, B). HC-
HA complex formation was positively correlated with
synovial membrane TSG6 gene expression (Spearman ρ
= 0.4, P = 0.01, n = 36) and synovial fluid TNF-α con-
centrations (ρ = 0.3, P = 0.01, n = 74). CCL2 was also

Fig. 1 Hyaluronan (HA) molecular weight distribution differed between healthy and OA joints; HA concentration did not. HA concentrations were
measured using A a sandwich ELISA and B a competitive ELISA (n = 25 healthy and 61 OA joints). C HA concentrations correlated between
ELISAs (R2 = 0.5); however, the competitive ELISA yielded higher concentrations as compared to the sandwich ELISA. D HA molecular weights
were measured by agarose gel electrophoresis and weight average molecular weight (Mw), number average molecular weight (Mn), and
polydispersity index (Mw/Mn) were calculated for each sample. Both Mw and Mn were significantly decreased in OA versus healthy samples, while
there was no significant difference in PDI between the two groups. E HA molecular weight distribution and F mean molecular weight of HA in a
subset of OA (n = 18) and healthy (n = 6) samples measured by SS-nanopore. Mean molecular weight was significantly decreased in OA samples
as compared to healthy samples. ns, not significant; P > 0.05. **P < 0.01. Data (A, B, D, F) are displayed as box-and-whisker plots representing the
first and third quartiles, median, and spread of data for healthy and OA samples

Table 3 HA distributions measured by agarose gel electrophoresis

Measurement Healthy (median ± IQR) OA (median ± IQR) P value (healthy vs. OA)

Mw (kDa) 3660 ± 1000 3070 ± 740 0.002

Mn (kDa) 1520 ± 680 1260 ± 410 0.003

PDI 2.26 ± 0.4 2.38 ± 0.4 0.2

Number of samples n = 25 n = 61 n = 86
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positively correlated with HC-HA complex formation
(Spearman ρ = 0.3, P = 0.004, n = 74). HC-HA com-
plexes were detected by an IαI antibody in both healthy
and OA synovial membrane tissues; however, HC-HA
staining was more prominent in OA as compared to
healthy synovium (Fig. 5C). Synovial membrane HC-HA
staining was more pronounced in OA (median ± IQR 2
± 1.3, n = 6) than healthy joints (median ± IQR 1 ± 1, n
= 5). HC-HA was detected in OA, but not healthy cartil-
age (Fig. 5D). Within synovial membrane, HC-HA com-
plex was identified in the intimal and subintimal regions
and was especially prominent within OA vasculature
and lymphatics (Fig. 5C). In cartilage, HC-HA was ob-
served within superficial zone chondrocyte lacunae in
OA tissues (Fig. 5D).

TSG-6-mediated intermolecular crosslinking of HA
When HA was mixed only with IαIp without addition of
TSG-6, two significant peaks were observed at approxi-
mately their calculated MW with HA 141 kDa and IαIp
154 kDa (in the range of 225 kDa IαI and 125 kDa Pre-
IαI, unseparated by SEC-MALS) (Fig. 6A). As expected,
the HA peak does not display a detectable UV signal
under these conditions. When IαI was mixed only with
TSG-6, a peak was observed for IαI at its calculated
MW of 168 kDa. TSG-6 was not detectable due to the
small amount used in the reaction (data not shown).

When HA, TSG-6, and IαI were mixed and incubated
together, in addition to the peak corresponding to the
IαI MW, a peak with a calculated MW of 220 kDa was
observed (Fig. 6B, C). This peak is proposed to represent
a low MW HC-HA complex (designated as LMW HC-
HA), as it agrees with the theoretical MW of the HC-
HA complex (HC + HA = 75 kDa + 150 kDa = 225 kDa)
and there is an increased UV signal, indicating co-
migration with a protein element. A high MW peak was
also observed in this condition, with calculated weights
ranging from ~ 1 to 9MDa and a weighted average of ~
4.9MDa (designated as HMW HC-HA), suggesting
intermolecular crosslinking of HC-HA, resulting in large
multi-molecular HA aggregates (Fig. 6B, C). The viscos-
ity of TSG6-mediated HC-HA crosslinking product (HA
+ IαI + TSG6) was increased (median ± IQR 2.78 ± 0.5)
as compared to the 3 controls (P < 0.0001) (Fig. 6D,
Table 6). No differences in viscosity were observed be-
tween the 3 controls.

Discussion
In this naturally occurring equine OA model, synovial
fluid HA concentration and viscosity did not differ be-
tween OA and healthy joints due to significant inter-
individual variability; however, HA MW distributions
were skewed to lower MW variants in OA joints. TNF-α
SF concentrations, TSG6 cartilage and synovial

Table 4 HA distributions measured by SS-nanopore

Measurement Healthy (median ± IQR) OA (median ± IQR) P value (healthy vs. OA)

Mw (kDa) 6450 ± 2100 3380 ± 1740 0.005

Mn (kDa) 1260 ± 1100 530 ± 300 0.02

PDI 4.97 ± 3.5 7.42 ± 4.2 0.4

Number of samples n = 6 n = 18 n = 24

Fig. 2 Synovial fluid viscosity and the correlation between viscosity and HA concentration. A Synovial fluid viscosity was measured by multiple
particle-tracking microrheology (MPTM) and reported in centipoise (cP; n = 18 healthy, n = 17 OA). Data are displayed as box-and-whisker plots
representing the first and third quartiles, median, and range of the viscosity values for healthy and OA samples. B A strong correlation between
synovial fluid viscosity and HA concentration measured via a sandwich ELISA was observed in OA joints (R2 = 0.9, P < 0.0001, n = 17, equation: y
= 1 + 434 × x2), but not in healthy joints (R2 = 0.1, P = 0.02, n = 18, equation: y = 1 + 256 × x2). C The synovial fluid viscosity was also found to
have higher correlation with HA concentrations determined with competitive HA ELISA in OA joints (R2 = 0.8, P < 0.0001, n = 17, equation: y = 1
+ 69 × x2) than in healthy joints (R2 = 0.2, P = 0.01, n = 18, equation: y = 1 + 93 × x2)
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membrane mRNA expression, and HC-HA were all
greater in OA joints as compared to healthy joints. HC-
HA immunofluorescence staining was also much more
prominent in OA as compared to healthy synovial mem-
brane tissues and was localized to superficial zone chon-
drocytes in OA cartilage, but not healthy cartilage. For
the in vitro experiments and in the presence of inter-
alpha inhibitor (IαI), rhTSG6 resulted in a dramatic in-
crease in the molecular size of 150-kDa monodisperse
HA solution, presumably through intermolecular cova-
lent crosslinking and HC-HA formation. To further in-
vestigate this TSG6-mediated phenomenon, we also
demonstrated an increase in solution viscosity when a
50-kDa monodisperse HA solution was incubated with
rhTSG6 and IαI. Taken together, these findings suggest
that the TNF-α-TSG6-HC-HA signaling axis is active in

equine PTOA and may result in relevant biophysical ef-
fects on synovial fluid and tissue HA.
Decreased SF HA concentrations and molecular

weight distributions are often considered a hallmark of
OA [12, 13, 41]. However, a prior study did not reveal
differences in HA concentration between healthy and
OA joints in an equine traumatic arthritis model [11],
and a recent study did not detect a significant associ-
ation between synovial fluid HA concentration and joint
grade in human knee OA [10]. Here, two separate HA
ELISAs, including both a sandwich and competitive in-
hibition ELISA, revealed no differences in HA concen-
tration between healthy and OA joints. Of importance,
the ELISAs did reveal significant variability in HA con-
centrations between individuals within both healthy and
OA groups, suggesting that HA viscosupplementation
may be more beneficial in some individuals than others.

Fig. 3 Synovial fluid concentrations of A TNF-α, B IL-1β, C CCL2, D CCL3, E CCL5, and F CCL11 were measured using a multiplex assay (n = 20
healthy and n = 54 OA joints). TNF-α was increased in OA joints, and CCL11 was decreased in OA joints. CCL2 and CCL5 did not differ between
healthy and OA joints. ns, not significant; *P < 0.05, **P < 0.01. Data are displayed as box-and-whisker plots representing the first and third
quartiles, median, and spread of concentrations for healthy and OA samples

Table 5 Cytokine and chemokine concentrations (ng/mL) in synovial fluid

Cytokine or chemokine Healthy (median ± IQR) OA (median ± IQR) P values (healthy vs. OA)

TNF-α 4.97 ± 11.7 15.6 ± 22.7 0.03

IL-1β 0.00 ± 0.4 0.00 ± 0.0 NA

CCL2 1.61 ± 7.0 1.78 ± 6.6 0.59

CCL3 0.00 ± 0.0 0.00 ± 0.0 NA

CCL5 0.00 ± 0.1 0.06 ± 0.3 0.17

CCL11 0.86 ± 0.6 0.53 ± 0.4 0.01

NA: not analyzed
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Fig. 4 TSG6 gene expression was increased in synovial membrane and cartilage from OA joints. Gene expression of hyaluronan synthases (HAS1,
HAS2, HAS3), hyaluronidases and hexosaminadases (HYAL2 and HEXA), and TSG6 were detected by qRT-PCR (OA, osteoarthritis). Gene expression is
reported as 2−ΔΔCT where ΔCT = CT (gene of interest) – CT (18S rRNA), ΔΔCT = (individual ΔC T) – healthy ΔCT average and calculated as 2−ΔΔCT. A
Synovial membrane (n = 11 healthy and n = 25 OA) and B cartilage (n = 4 healthy and n = 14 OA) gene expression. *P < 0.05 , ****P < 0.0001.
Data are displayed as box-and-whisker plots representing the first and third quartiles, median, and range of fold change gene expression levels
for healthy and OA samples

Fig. 5 HC-HA complex formation was increased in OA joints. A Heavy chain-hyaluronic acid (HC-HA) complex formation was analyzed by western
blot. Paired synovial fluid samples were run both with and without hyaluronidase (HAase) pre-digestion to release the HA-bound HC. Sample
mixes (12 μL with the equivalent of 1 μL of undiluted SF) were loaded per lane. Lane “–” = endogenous HC; lane “+” = endogenous HC + HA-
bound HC. B HC-HA relative absorbance unit (a.u.) = Δ(HC/Pre-IαI) = [HC (Lane “+”)/Pre-IαI]–[HC (Lane “–”)/Pre-IαI], used to compare healthy and
OA joints (n = 25 healthy and n = 61 OA). ****P < 0.0001. Data are displayed as box-and-whisker plots representing the first and third quartiles,
median, and spread of the HC-HA complex levels for healthy and OA samples. C The induction of HC-HA complex formation in synovial
membrane tissues was evaluated by immunostaining. Paraffin-embedded sections were stained with HA binding protein (green), the Dako IαI
antibody (red, to detect HC-HA complex), and DAPI (blue). Increased HC-HA was detected in the intimal and subintimal regions of OA synovial
membrane tissue and was prominent within OA synovial tissue vasculature and lymphatics. D HC-HA was observed within chondrocyte lacunae
of superficial zone chondrocytes in OA but not healthy articular cartilage
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Both gel electrophoresis and SS-nanopore analyses re-
vealed reduced HA size distributions as shown by both
Mw and Mn in OA joints as compared to healthy joints,
suggesting that changes in HA MW distribution may be
more relevant than HA concentration changes alone.
Previous studies have demonstrated a downward shift in
SF HA MW in human OA and RA patients as compared
to unaffected postmortem donors [41]. HA molecular
weight distribution in SF has even been shown to be a
successful predictor of OA progression; as HA MW dis-
tribution shifts downward, the odds of knee OA progres-
sion increases [13].

HA production in mammals is controlled by three iso-
forms of the enzyme hyaluronan synthase, HAS1, HAS2,
and HAS3 [42]. HAS2 is critical to development and is
found in greatest abundance in adult tissues [43], but
any specific functions of each HAS isoform in various
tissues are poorly understood [43]. In our study, HAS2
and HAS3 expression did not differ between OA and
healthy joints, whereas HAS1 expression was lower in
OA as compared to healthy synovial membrane tissue.
The function of HAS1 is not entirely understood, but it
may also regulate HAS2 and metabolism of inflamma-
tory matrices post-injury as HAS1-deficient mice develop
chronic joint inflammation and severe intra-articular fi-
brosis following cartilage injury [44].
Consistent with the variability in SF HA concentra-

tions, we did not detect significant differences in SF vis-
cosity between healthy and OA joints. SF HA
concentrations were strongly positively correlated with
viscosity in OA joints, whereas correlations between HA
and viscosity were weak for healthy joints. Our finding
that SF viscosity alone is not a reliable marker for OA is
corroborated by a recent study that determined that SF

Fig. 6 TSG6-mediated intermolecular crosslinking of HA. Size exclusion chromatography-multi-angle light scattering (SEC-MALS) was used to
determine how the quaternary structure of monodisperse, 150 kDa HA was altered in the presence of TSG-6 and inter-alpha-inhibitor protein
(IαIp), with one replicate (n = 1) for each treatment condition. A Control solution: HA and IαIp. Two significant peaks (HA and IαIp) were observed
at their calculated MW of 141 kDa and 154 kDa, respectively. B, C HA, TSG-6, and IαIp. C was created by re-scaling the MW y-axis of B to show the
high MW of HA aggregates. The light scattering (LS) shows 2 peaks with higher MW of ~ 220 kDa (equivalent to the MW of HC-HA complex, HC
+ HA = 75 kDa + 150 kDa) a weighted average of ~ 3288 kDa. The bold, dotted blue line indicates the calculated molecular weight across each
peak, corresponding to MW (kDa) on the right y-axis. The dashed blue line represents the expected MW of 150 kDa for the monodisperse HA
solution. D Viscosity increased in the TSG6-mediated HC-HA crosslinking reaction mixture (HA + IαI + TSG6) as compared to all other 3 controls.
Data are displayed as scatter plots representing the mean ± SD (n = 5 technical replicates)

Table 6 Viscosities of TSG-6-mediated HC-HA crosslinking
reaction mixtures

Reaction Viscosity (cP) (median ± IQR)

HA 1.50 ± 0.4

HA + IαI 1.54 ± 0.3

HA + TSG6 1.37 ± 0.7

HA + IαI + TSG6 2.78 ± 0.5
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viscosity is not a suitable marker for human OA due to
the large variance between individuals, and SF viscosity
measurements commonly overlap between healthy and
OA patients [45]. While there may be too much vari-
ation between individuals to use viscosity as a determin-
ant for OA diagnosis, knowledge about SF viscosity may
be useful for identifying rheologically or tribologically
deficient synovial fluid phenotypes [46] or for identifying
appropriate candidates for viscosupplementation. Our
finding that HA concentrations correlated strongly with
SF viscosity in OA patients is consistent with previous
publications that identify HA as the primary determinant
of SF viscosity [47, 48].
The TNF-α-TSG-6-HC-HA axis is active in naturally

occurring equine carpal OA, suggesting that the horse
could be a viable translational model to study the effects
of HC-HA complex formation in PTOA. Increased ex-
pression of TNF-α has been documented in the syno-
vium of human OA patients [49] and in some equine
models [6, 50]. As TNF-α levels increase in inflamma-
tory disease states, so too does the expression of genes
stimulated by TNF-α, including TSG-6 [27]. Although
we were unable to directly measure the TSG-6 protein
in equine synovial fluid due to the unavailability of
equine-specific antibodies or detection reagents, TSG6
mRNA expression was greater in OA synovial mem-
brane and cartilage tissues as compared to healthy tis-
sues. To our knowledge, TSG6 expression has not
previously been evaluated in equine joint disease, but
has been documented to increase following intra-
articular administration of triamcinolone acetonide in
exercised horses [51].
TSG-6 has been identified as a potential biomarker of

OA progression [27, 29]; however, its role in osteoarth-
ritis pathophysiology is less understood, and TSG-6 is
thought to have both beneficial and adverse effects in
the joint. TSG-6 is chondroprotective by blocking prote-
ase activation, including plasmin and MMPs [52], which
mitigates ECM degradation in rodent PTOA and inflam-
matory arthritis models [26, 53]. In addition, TSG-6
transfers HC from IαI to HA, creating HC-HA com-
plexes that may encourage cartilage matrix assembly
[23]. However, IαI is unable to penetrate into intact
intermediate and deep zones of cartilage, and increased
TSG-6 activity may induce a deleterious state referred to
as “futile synthesis” that may weaken cartilage [23]. HC-
HA complex formation was increased in OA versus
healthy synovial fluid, and HC-HA staining was much
more prominent in OA cartilage and synovial membrane
tissues, localizing to superficial zone chondrocytes and
intimal, subintimal, and vascular regions of synovial
membrane tissues. HC-HA can have a context-specific
role in different tissues and disease states; while HC-HA
crosslinking promotes inflammation in irritable bowel

disease [21], it provides an anti-inflammatory matrix in
wound healing [54]. In OA, HC-HA may play both benefi-
cial and detrimental roles. While the HC-HA complex
promotes leukocyte adhesion to HA matrices, it could ac-
cumulate and prevent the resolution of inflammation as in
other tissues [18, 40, 55] or it may sequester inflammatory
cells [56]. On the other hand, HC-HA may have the cap-
ability to encourage cartilage matrix assembly [23].
The crosslinked HC-HA complex plays important

roles in several tissues. HA is necessary for the expan-
sion of the cumulus cell-oocyte complex in female mam-
mals and is a critical component of extracellular matrix
organization [57]. HC is required to stabilize the cumu-
lus extracellular matrix; because female Tsg6 knockout
mice fail to develop this matrix, they are sterile [58]. Co-
valent HC-HA complexes have also been discovered in
the synovial fluid of human RA patients [59], yet the bio-
physical effect on these complexes on synovial fluid
remained unclear [18]. Here, SEC-MALS analysis re-
vealed a significant increase in HA MW upon the
addition of TSG-6 and IαI, evidence for TSG-6-
facilitated HA crosslinking. Similarly, microfluidic vis-
cosity measurements also revealed an increase in the vis-
cosity of HA solutions in the presence of TSG-6 and IαI,
indicating that HA-HC crosslinking may be at least par-
tially responsible for increased HA viscosity when TSG-
6 is present.
As the samples used in this study were selected from

equine patients with naturally occurring joint injury,
there is inherent variability in disease severity and dur-
ation, similar to studies investigating PTOA in humans.
This is both a strength and a limitation—the strength
being that the findings more closely mimic clinical sce-
narios with increase translatability to humans; however,
it can be more difficult to parse group and temporal ef-
fects. Advantages of the horse as an OA model is that
this species naturally develops OA, the horse provides a
source for a large quantity of SF, and advanced imaging
and arthroscopy techniques are regularly used in the
horse [60]. An additional limitation is that synovial fluid
samples were only evaluated at a single time point;
therefore, the relationship between TNF-α, TSG-6, and
HC-HA formation and progression of OA could not
specifically be evaluated in this study. It should also be
noted that there is no current method to directly meas-
ure TSG-6 protein in the horse; while several anti-
human antibodies were tested, none of these cross-
reacted with equine TSG-6. In addition, while this study
examines the biophysical effects of the TNF-α-TSG-6-
HC-HA axis, the biological effects were not investigated
here, including effects on synovial cell inflammatory
cells.
To our knowledge, this study is the first to examine

the biophysical effects of the TNF-α-TSG-6-HC-HA axis
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in synovial fluid in both healthy and OA samples and to
reveal the distribution of HC-HA complexes in synovial
and cartilage tissues. One notable result of this study is
the use of SEC-MALs to confirm HA intermolecular ag-
gregation as a function of TSG6-mediated crosslinking,
with increased viscosity of these crosslinked products
confirmed by microrheology viscosity measurements. At
least two studies have identified a link between SF TSG-
6 levels and OA progression in human subjects [29, 61],
and others have demonstrated an increase in HC-HA
complex formation in RA and in murine models of in-
flammatory arthritis [40, 59]. Our finding that SF HA
concentration and viscosity varied significantly between
and among healthy and OA individuals supports the hy-
pothesis that OA is a heterogenous disease that contains
multiple endotypes that may progress differently and re-
spond differently to various treatments [62, 63].
The results of this study have several potential clinical

applications. One such application is the use of synovial
fluid TNF-α, TSG-6, and HC-HA as potential bio-
markers of OA. All three molecules were greater in OA
as compared to healthy joints and could therefore be
useful diagnostic markers of disease state. While healthy
and OA SF samples did not differ in HA concentration
between groups, significant inter-individual variability in
concentrations was present, as were reduced HA MW
distributions in OA versus healthy joints. These results
support the use of viscosity and HA MW distribution
measurements in a clinical setting to differentiate disease
endotypes and identify patients that may benefit from
targeted viscosupplementation. Finally, this study moti-
vates further investigation into the role of the TNF-α-
TSG-6-HC-HA axis in joint disease, including how
TSG-6 and HC-HA may affect infiltration, activation,
and residence times of inflammatory cells and synovial
fluid lubrication.

Conclusions
Neither synovial fluid HA concentration nor viscosity
was a reliable maker for naturally occurring equine OA
due to substantial inter-individual variability; however,
HA distributions were skewed to lower molecular weight
variants in OA joints. The TNF-α-TSG-6-HC-HA axis is
upregulated in equine OA, with evidence of HC-HA for-
mation in several joint tissues, including synovial fluid,
synovial membrane, and cartilage. TSG-6 induces
macromolecular aggregation of HA, and the implications
of HC-HA formation in multiple joint tissues, including
synovial fluid, should be investigated in future studies.

Abbreviations
ACJ: Antebrachiocarpal joint; BSA: Bovine serum albumin; CCL: Chemokine
ligand; COC: Cell-oocyte complex; HA: Hyaluronic acid; HABP: Hyaluronan
binding protein; HAS: Hyaluronan synthase; HC-HA: Heavy chain-hyaluronic
acid; HC: Heavy chains; HEXA: Hexosaminidase subunit α;

HYAL: Hyaluronidase; IL-1β: Interleukin-1β; IαI: Inter-α-inhibitor;
mAbs: Monoclonal antibodies; MCJ: Middle carpal joint; Mn: Number average;
MPTM: Multiple particle-tracking microrheology; MW: Molecular weight;
Mw: Weight average; OA: Osteoarthritis; PBS: Phosphate-buffered saline;
PDI: Polydispersity index; PTOA: Post-traumatic osteoarthritis; qRT-
PCR: Quantitative real-time polymerase chain reaction; SEC-MALS: Size
exclusion chromatography with multi-angle light scattering; SF: Synovial
fluid; SM: Synovial membrane; SS: Solid state; TAE: Tris-acetate-EDTA; TSG-
6: TNF-α-stimulated gene 6

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13075-021-02588-7.

Additional file 1. Fig S1. Representative agarose gel
electrophoretogram to measure HA distribution in equine synovial fluid.
Healthy: Synovial fluid (SF) was collected from healthy horses (9 lanes);
OA: SF samples were collected from horses with OA (26 lanes). HA MW
markers are shown in the 1st lane.

Additional file 2. Table S1. Horse demographics and tissue disposition.

Additional file 3. Table S2. qRT-PCR checklist.

Additional file 4. Table S3. qRT-PCR cycle threshold (CT) values.

Acknowledgements
The authors would like to acknowledge Drs. Vince Hascall and Jacki Loftis
and the Cleveland Clinic Program of Excellence in Glycoscience (NHLBI/NIH
grant P01HL107147) for providing the anti-HC-HA antibody and protocols for
HA gels and HC-HA detection. Development of the cytokine and chemokine
mAbs was supported by USDA/NIFA grants #2015-67015-23072 and #2019-
67015-29833 to BW. The authors would also like to acknowledge Drs. Alan
Nixon, Norm Ducharme, Lisa Fortier, and Jon Cheetham for contributing
equine synovial fluid samples to this study. The authors would like to thank
Dr. Jen Grenier from the Cornell Transcriptional Regulation and Expression
Facility for consultation on gene expression analysis.

Authors’ contributions
The authors that contributed to the study design: HLR, ARH, ER, PD, and MJP.
The authors that contributed to study execution: DCF, JS, SD, RY, MJC, JMB,
CMK, HF, AR, FR, and HLR. All authors contributed to the data analysis and
interpretation. Preparation of the manuscript was performed by DCF, JS, and
HLR. All authors approved the final version of the manuscript.

Funding
This work was supported by the National Institute of Arthritis and
Musculoskeletal and Skin Diseases of the NIH K08AR068469 (HLR), the Harry
M. Zweig Memorial Fund for Equine Research (HLR), and the Cornell
Veterinary Biobank under NIH grant (R24 GM08291) and NIH grant number
R01 GM134226 (ARH) as well as USDA/NIFA grants #2015-67015-23072 and
#2019-67015-29833 (BW).

Availability of data and materials
The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due to
privacy or ethical restrictions.

Declarations

Ethics approval and consent to participate
The Institutional Animal Care and Use Committee (IACUC) at Cornell
University approved the animal studies with IACUC protocol numbers 2005-
0151 and 2011-0027. Owner informed consent was obtained for all horses in-
cluded in the study.

Consent for publication
Not applicable.

Fasanello et al. Arthritis Research & Therapy          (2021) 23:218 Page 15 of 17

https://doi.org/10.1186/s13075-021-02588-7
https://doi.org/10.1186/s13075-021-02588-7


Competing interests
Adam R. Hall, Elaheh Rahbar, and Paul L. DeAngelis are included as inventors
on a patent describing SS-nanopore technology.

Author details
1Department of Clinical Sciences, College of Veterinary Medicine, Cornell
University, Ithaca, NY, USA. 2Robert Frederick Smith School of Chemical and
Biomolecular Engineering, Cornell University, Ithaca, NY, USA. 3Department of
Molecular Medicine, College of Veterinary Medicine, Cornell University, Ithaca,
NY, USA. 4Department of Population Medicine and Diagnostic Sciences,
College of Veterinary Medicine, Cornell University, Ithaca, NY, USA. 5Virginia
Tech-Wake Forest University School of Biomedical Engineering and Sciences,
Wake Forest School of Medicine, Winston-Salem, NC, USA. 6Department of
Biochemistry & Molecular Biology, University of Oklahoma Health Sciences
Center, Oklahoma City, OK, USA.

Received: 1 March 2021 Accepted: 22 July 2021

References
1. Brown T, Johnston R, Saltzman C, Marsh J, Buckwalter J. Posttraumatic

osteoarthritis: a first estimate of incidence, prevalence, and burden of
disease. J Orthop Trauma. 2006;20(10):739–44. https://doi.org/10.1097/01.
bot.0000246468.80635.ef.

2. Lieberthal J, Sambamurthy N, Scanzello CR. Inflammation in joint injury and
post-traumatic osteoarthritis. Osteoarthr Cartil. 2015;23(11):1825–34. https://
doi.org/10.1016/j.joca.2015.08.015.

3. Riordan EA, Little C, Hunter D. Pathogenesis of post-traumatic OA with a
view to intervention. Best Pract Res Clin Rheumatol. 2014;28(1):17–30.
https://doi.org/10.1016/j.berh.2014.02.001.

4. Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier J-P, Fahmi H. Role of
proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat Rev
Rheumatol. 2011;7(1):33–42. https://doi.org/10.1038/nrrheum.2010.196.

5. Larsson S, Englund M, Struglics A, Lohmander LS. Interleukin-6 and tumor
necrosis factor alpha in synovial fluid are associated with progression of
radiographic knee osteoarthritis in subjects with previous meniscectomy.
Osteoarthr Cartil. 2015;23(11):1906–14. https://doi.org/10.1016/j.joca.2015.05.
035.

6. Kamm JL, Nixon AJ, Witte TH. Cytokine and catabolic enzyme expression in
synovium, synovial fluid and articular cartilage of naturally
osteoarthriticequine carpi. Equine Vet J. 2010;42(8):693–9. https://doi.org/1
0.1111/j.2042-3306.2010.00140.x.

7. Niemelä TM, Tulamo RM, Carmona JU, López C. Evaluation of the effect of
experimentally induced cartilage defect and intra-articular hyaluronan on
synovial fluid biomarkers in intercarpal joints of horses. Acta Vet Scand.
2019;61(1):1–9. https://doi.org/10.1186/s13028-019-0460-6.

8. Fraser JRE, Laurent TC, Laurent UBG. Hyaluronan: its nature, distribution,
functions and turnover. J Intern Med. 1997;242(1):27–33. https://doi.org/10.1
046/j.1365-2796.1997.00170.x.

9. Kwiecinski JJ, Dorosz SG, Ludwig TE, Abubacker S, Cowman MK, Schmidt TA.
The effect of molecular weight on hyaluronan’s cartilage boundary
lubricating ability - alone and in combination with proteoglycan 4.
Osteoarthr Cartil. 2011;19(11):1356–62. https://doi.org/10.1016/j.joca.2011.07.
019.

10. Temple-Wong MM, Ren S, Quach P, Hansen BC, Chen AC, Hasegawa A,
et al. Hyaluronan concentration and size distribution in human knee
synovial fluid: variations with age and cartilage degeneration. Arthritis Res
Ther. 2016;18(1):1–8. https://doi.org/10.1186/s13075-016-0922-4.

11. Tulamo RM, Heiskanen T, Salonen M. Concentration and molecular weight
distribution of hyaluronate in synovial fluid from clinically normal horses
and horses with diseased joints. Am J Vet Res. 1994;55(5):710–5.

12. Altman RD, Manjoo A, Fierlinger A, Niazi F, Nicholls M. The mechanism of
action for hyaluronic acid treatment in the osteoarthritic knee: a systematic
review. BMC Musculoskelet Disord. 2015;16(1):1–10. https://doi.org/10.1186/
s12891-015-0775-z.

13. Band PA, Heeter J, Wisniewski HG, Liublinska V, Pattanayak CW, Karia RJ,
et al. Hyaluronan molecular weight distribution is associated with the risk of
knee osteoarthritis progression. Osteoarthr Cartil. 2015;23(1):70–6. https://
doi.org/10.1016/j.joca.2014.09.017.

14. Baranova NS, Nilebäck E, Haller FM, Briggs DC, Svedhem S, Day AJ, et al. The
inflammation-associated protein TSG-6 cross-links hyaluronan via

hyaluronan-induced TSG-6 oligomers. J Biol Chem. 2011;286(29):25675–86.
https://doi.org/10.1074/jbc.M111.247395.

15. Lauer ME, Aytekin M, Comhair SA, Loftis J, Tian L, Farver CF, et al.
Modification of hyaluronan by heavy chains of inter-α-inhibitor in idiopathic
pulmonary arterial hypertension. J Biol Chem. 2014;289(10):6791–8. https://
doi.org/10.1074/jbc.M113.512491.

16. Day AJ, Milner CM. TSG-6: a multifunctional protein with anti-inflammatory
and tissue-protective properties. Matrix Biol. 2019;78–79:60–83. https://doi.
org/10.1016/j.matbio.2018.01.011.

17. Milner CM, Day AJ. TSG-6: a multifunctional protein associated with
inflammation. J Cell Sci. 2003;116(10):1863–73. https://doi.org/10.1242/jcs.
00407.

18. Petrey AC, de la Motte CA. Hyaluronan, a crucial regulator of inflammation.
Front Immunol. 2014;5 MAR:1–13.

19. Bost F, Diarra-Mehrpour M, Martin J-P. Inter-alpha-trypsin inhibitor
proteoglycan family: a group of proteins binding and stabilizing the
extracellular matrix. Eur J Biochem. 1998;252(3):339–46. https://doi.org/10.1
046/j.1432-1327.1998.2520339.x.

20. Milner CM, Tongsoongnoen W, Rugg MS, Day AJ. The molecular basis of
inter-α-inhibitor heavy chain transfer on to hyaluronan. Biochem Soc Trans.
2007;35(4):672–6. https://doi.org/10.1042/BST0350672.

21. Petrey AC, de la Motte CA. Hyaluronan in inflammatory bowel disease:
cross-linking inflammation and coagulation. Matrix Biol. 2019;78–79:314–23.
https://doi.org/10.1016/j.matbio.2018.03.011.

22. Chen L, Mao SJT, McLean LR, Powers RW, Larsen WJ. Proteins of the inter-α-
trypsin inhibitor family stabilize the cumulus extracellular matrix through
their direct binding with hyaluronic acid. J Biol Chem. 1994;269(45):28282–7.
https://doi.org/10.1016/S0021-9258(18)46925-6.

23. Chou CH, Attarian DE, Wisniewski HG, Band PA, Kraus VB. TSG-6 – a double-
edged sword for osteoarthritis (OA). Osteoarthr Cartil. 2018;26(2):245–54.
https://doi.org/10.1016/j.joca.2017.10.019.

24. Broeren MGA, Di Ceglie I, Bennink MB, van Lent PLEM, van den Berg WB,
Koenders MI, et al. Treatment of collagenase-induced osteoarthritis with a
viral vector encoding TSG-6 results in ectopic bone formation. PeerJ. 2018;
2018.

25. Mindrescu C, Thorbecke GJ, Klein MJ, Vilek J, Wisniewski HG. Amelioration of
collagen-induced arthritis in DBA/1J mice by recombinant TSG-6, a tumor
necrosis factor/interleukin-1-inducible protein. Arthritis Rheum. 2000;43(12):
2668–77. https://doi.org/10.1002/1529-0131(200012)43:12<2668::AID-A
NR6>3.0.CO;2-E.

26. Glant TT, Kamath RV, Bárdos T, Gál I, Szántó S, Murad YM, et al. Cartilage-
specific constitutive expression of TSG-6 protein (product of tumor necrosis
factor α-stimulated gene 6) provides a chondroprotective, but not
antiinflammatory, effect in antigen-induced arthritis. Arthritis Rheum. 2002;
46(8):2207–18. https://doi.org/10.1002/art.10555.

27. Wisniewski HG, Maier R, Lotz M, Lee S, Klampfer L, Lee TH, et al. TSG-6: a
TNF-, IL-1-, and LPS-inducible secreted glycoprotein associated with arthritis.
J Immunol. 1993;151:6593–601 http://www.ncbi.nlm.nih.gov/pubmed/82454
87.

28. Zhao M, Yoneda M, Ohashi Y, Kurono S, Iwata H, Ohnuki Y, et al. Evidence
for the covalent binding of SHAP, heavy chains of inter-α-trypsin inhibitor,
to hyaluronan. J Biol Chem. 1995;270(44):26657–63. https://doi.org/10.1074/
jbc.270.44.26657.

29. Wisniewski H-G, Colón E, Liublinska V, Karia RJ, Stabler TV, Attur M, et al.
TSG-6 activity as a novel biomarker of progression in knee osteoarthritis.
Osteoarthr Cartil. 2014;22(2):235–41. https://doi.org/10.1016/j.joca.2013.12.
004.

30. Reesink HL, Watts AE, Mohammed HO, Jay GD, Nixon AJ. Lubricin/
proteoglycan 4 increases in both experimental and naturally occurring
equine osteoarthritis. Osteoarthr Cartil. 2017;25(1):128–37. https://doi.org/1
0.1016/j.joca.2016.07.021.

31. Lauer ME, Fulop C, Mukhopadhyay D, Comhair S, Erzurum SC, Hascall VC.
Airway smooth muscle cells synthesize hyaluronan cable structures
independent of inter-α-inhibitor heavy chain attachment. J Biol Chem. 2009;
284(8):5313–23. https://doi.org/10.1074/jbc.M807979200.

32. Bhilocha S, Ripal A, Pandya M, Yuan H, Tank M, LoBello J, et al. Agarose and
polyacrylamide gel electrophoresis methods for molecular mass analysis of
5- to 500-kDa hyaluronan. Anal Biochem. 2011;417(1):41–9. https://doi.org/1
0.1016/j.ab.2011.05.026.

33. Cowman MK, Chen CC, Pandya M, Yuan H, Ramkishun D, LoBello J, et al.
Improved agarose gel electrophoresis method and molecular mass

Fasanello et al. Arthritis Research & Therapy          (2021) 23:218 Page 16 of 17

https://doi.org/10.1097/01.bot.0000246468.80635.ef
https://doi.org/10.1097/01.bot.0000246468.80635.ef
https://doi.org/10.1016/j.joca.2015.08.015
https://doi.org/10.1016/j.joca.2015.08.015
https://doi.org/10.1016/j.berh.2014.02.001
https://doi.org/10.1038/nrrheum.2010.196
https://doi.org/10.1016/j.joca.2015.05.035
https://doi.org/10.1016/j.joca.2015.05.035
https://doi.org/10.1111/j.2042-3306.2010.00140.x
https://doi.org/10.1111/j.2042-3306.2010.00140.x
https://doi.org/10.1186/s13028-019-0460-6
https://doi.org/10.1046/j.1365-2796.1997.00170.x
https://doi.org/10.1046/j.1365-2796.1997.00170.x
https://doi.org/10.1016/j.joca.2011.07.019
https://doi.org/10.1016/j.joca.2011.07.019
https://doi.org/10.1186/s13075-016-0922-4
https://doi.org/10.1186/s12891-015-0775-z
https://doi.org/10.1186/s12891-015-0775-z
https://doi.org/10.1016/j.joca.2014.09.017
https://doi.org/10.1016/j.joca.2014.09.017
https://doi.org/10.1074/jbc.M111.247395
https://doi.org/10.1074/jbc.M113.512491
https://doi.org/10.1074/jbc.M113.512491
https://doi.org/10.1016/j.matbio.2018.01.011
https://doi.org/10.1016/j.matbio.2018.01.011
https://doi.org/10.1242/jcs.00407
https://doi.org/10.1242/jcs.00407
https://doi.org/10.1046/j.1432-1327.1998.2520339.x
https://doi.org/10.1046/j.1432-1327.1998.2520339.x
https://doi.org/10.1042/BST0350672
https://doi.org/10.1016/j.matbio.2018.03.011
https://doi.org/10.1016/S0021-9258(18)46925-6
https://doi.org/10.1016/j.joca.2017.10.019
https://doi.org/10.1002/1529-0131(200012)43:12<2668::AID-ANR6>3.0.CO;2-E
https://doi.org/10.1002/1529-0131(200012)43:12<2668::AID-ANR6>3.0.CO;2-E
https://doi.org/10.1002/art.10555
http://www.ncbi.nlm.nih.gov/pubmed/8245487
http://www.ncbi.nlm.nih.gov/pubmed/8245487
https://doi.org/10.1074/jbc.270.44.26657
https://doi.org/10.1074/jbc.270.44.26657
https://doi.org/10.1016/j.joca.2013.12.004
https://doi.org/10.1016/j.joca.2013.12.004
https://doi.org/10.1016/j.joca.2016.07.021
https://doi.org/10.1016/j.joca.2016.07.021
https://doi.org/10.1074/jbc.M807979200
https://doi.org/10.1016/j.ab.2011.05.026
https://doi.org/10.1016/j.ab.2011.05.026


calculation for high molecular mass hyaluronan. Anal Biochem. 2011;417(1):
50–6. https://doi.org/10.1016/j.ab.2011.05.023.

34. Rivas F, Zahid OK, Reesink HL, Peal BT, Nixon AJ, DeAngelis PL, et al. Label-
free analysis of physiological hyaluronan size distribution with a solid-state
nanopore sensor. Nat Commun. 2018;9:1–9.

35. Dekker C. Solid-state nanopores. Nat Nanotechnol. 2007;2(4):209–15. https://
doi.org/10.1038/nnano.2007.27.

36. Jay GD, Torres JR, Warman ML, Laderer MC, Breuer KS. The role of lubricin in
the mechanical behavior of synovial fluid. Proc Natl Acad Sci U S A. 2007;
104(15):6194–9. https://doi.org/10.1073/pnas.0608558104.

37. Wagner B, Freer H. Development of a bead-based multiplex assay for
simultaneous quantification of cytokines in horses. Vet Immunol
Immunopathol. 2009;127(3-4):242–8. https://doi.org/10.1016/j.vetimm.2008.1
0.313.

38. Schnabel CL, Wemette M, Babasyan S, Freer H, Baldwin C, Wagner B. C-C
motif chemokine ligand (CCL) production in equine peripheral blood
mononuclear cells identified by newly generated monoclonal antibodies.
Vet Immunol Immunopathol. 2018;204:28–39.

39. Wagner B, Hillegas JM, Babasyan S. Monoclonal antibodies to equine CD23
identify the low-affinity receptor for IgE on subpopulations of IgM + and
IgG1 + B-cells in horses. Vet Immunol Immunopathol. 2012;146(2):125–34.
https://doi.org/10.1016/j.vetimm.2012.02.007.

40. Lauer ME, Glant TT, Mikecz K, DeAngelis PL, Haller FM, Husni ME, et al.
Irreversible heavy chain transfer to hyaluronan oligosaccharides by tumor
necrosis factor-stimulated gene-6. J Biol Chem. 2013;288(1):205–14. https://
doi.org/10.1074/jbc.M112.403998.

41. Kosinska MK, Ludwig TE, Liebisch G, Zhang R, Siebert HC, Wilhelm J, et al.
Articular joint lubricants during osteoarthritis and rheumatoid arthritis
display altered levels and molecular species. PLoS One. 2015;10:1–18.

42. Sikes KJ, Renner K, Li J, Grande-Allen KJ, Connell JP, Cali V, et al. Knockout of
hyaluronan synthase 1, but not 3, impairs formation of the retrocalcaneal
bursa. J Orthop Res. 2018;36(10):2622–32. https://doi.org/10.1002/jor.24027.

43. Passi A, Vigetti D, Buraschi S, Iozzo RV. Dissecting the role of hyaluronan
synthases in the tumor microenvironment. FEBS J. 2019;286(15):2937–49.
https://doi.org/10.1111/febs.14847.

44. Chan DD, Xiao WF, Li J, de la Motte CA, Sandy JD, Plaas A. Deficiency of
hyaluronan synthase 1 (Has1) results in chronic joint inflammation and
widespread intra-articular fibrosis in a murine model of knee joint cartilage
damage. Osteoarthr Cartil. 2015;23(11):1879–89. https://doi.org/10.1016/j.
joca.2015.06.021.

45. Kohlhof H, Gravius S, Kohl S, Ahmad SS, Randau T, Schmolders J, et al.
Single molecule microscopy reveals an increased hyaluronan diffusion rate
in synovial fluid from knees affected by osteoarthritis. Sci Rep. 2016;6.

46. Irwin RM, Feeney E, Galesso D, Secchieri C, Ramonda R, Cohen I, et al.
Distinct tribological phenotypes of arthritic synovial fluid reveal differences
in viscosupplementation efficacy. Osteoarthr Cartil. 2019.

47. Swann DA, Radin EL, Nazimiec M, Weisser PA, Curran N, Lewinnek G. Role of
hyaluronic acid in joint lubrication. Ann Rheum Dis. 1974;33(4):318–26.
https://doi.org/10.1136/ard.33.4.318.

48. Ahumada LAC, González MXR, Sandoval OLH, Olmedo JJS. Evaluation of
hyaluronic acid dilutions at different concentrations using a quartz crystal
resonator (QCR) for the potential diagnosis of arthritic diseases. Sensors.
2016;16.

49. Smith MD, Triantafillou S, Parker A, Youssef PP, Coleman M. Synovial
membrane inflammation and cytokine production in patients with early
osteoarthritis. J Rheumatol. 1997;24(2):365–71.

50. Billinghurst RC, Fretz PB, Gordon JR. Induction of intra-articular tumour
necrosis factor during acute inflammatory responses in equine arthritis.
Equine Vet J. 1995;27(3):208–16. https://doi.org/10.1111/j.2042-3306.1995.
tb03064.x.

51. Knych HK. Nonsteroidal anti-inflammatory drug use in horses. Vet Clin North
Am - Equine Pract. 2017;33(1):1–15. https://doi.org/10.1016/j.cveq.2016.11.
001.

52. Bárdos T, Kamath RV, Mikecz K, Glant TT. Anti-inflammatory and
chondroprotective effect of TSG-6 (tumor necrosis factor-α-stimulated gene-
6) in murine models of experimental arthritis. Am J Pathol. 2001;159(5):
1711–21. https://doi.org/10.1016/S0002-9440(10)63018-0.

53. Tellier LE, Treviño EA, Brimeyer AL, Reece DS, Willett NJ, Guldberg RE, et al.
Intra-articular TSG-6 delivery from heparin-based microparticles reduces
cartilage damage in a rat model of osteoarthritis. Biomater Sci. 2018;6(5):
1159–67. https://doi.org/10.1039/C8BM00010G.

54. He H, Zhang S, Tighe S, Son J, Tseng SCG. Immobilized heavy chain-
hyaluronic acid polarizes lipopolysaccharide-activated macrophages toward
m2 phenotype. J Biol Chem. 2013;288:25792–803.

55. Cowman MK. Hyaluronan and hyaluronan fragments. Adv Carbohydr Chem
Biochem. 2017;74:1–59. https://doi.org/10.1016/bs.accb.2017.10.001.

56. Lee-Sayer SSM, Dong Y, Arif AA, Olsson M, Brown KL, Johnson P. The where,
when, how and why of hyaluronan binding by immune cells. Front
Immunol. 2015;6:1–12.

57. Salustri A, Yanagishita M, Underhill CB, Laurent TC, Hascall VC. Localization
and synthesis of hyaluronic acid in the cumulus cells and mural granulosa
cells of the preovulatory follicle. Dev Biol. 1992;151(2):541–51. https://doi.
org/10.1016/0012-1606(92)90192-J.

58. Fülöp C, Szántó S, Mukhopadhyay D, Bárdos T, Kamath RV, Rugg MS, et al.
Impaired cumulus mucification and female sterility in tumor necrosis factor-
induced protein-6 deficient mice. Development. 2003;130(10):2253–61.
https://doi.org/10.1242/dev.00422.

59. Yingsung W, Zhuo L, Mörgelin M, Yoneda M, Kida D, Watanabe H, et al.
Molecular heterogeneity of the SHAP-hyaluronan complex: Isolation and
characterization of the complex in synovial fluid from patients with
rheumatoid arthritis. J Biol Chem. 2003;278(35):32710–8. https://doi.org/10.1
074/jbc.M303658200.

60. McCoy AM. Animal models of osteoarthritis: comparisons and key
considerations. Vet Pathol. 2015;52(5):803–18. https://doi.org/10.1177/03
00985815588611.

61. Bayliss MT, Howat SLT, Dudhia J, Murphy JM, Barry FP, Edwards JCW, et al.
Up-regulation and differential expression of the hyaluronan-binding protein
TSG-6 in cartilage and synovium in rheumatoid arthritis and osteoarthritis.
Osteoarthr Cartil. 2001;9(1):42–8. https://doi.org/10.1053/joca.2000.0348.

62. Mobasheri A, Van Spil WE, Budd E, Uzieliene I, Bernotiene E, Bay-Jensen AC,
et al. Molecular taxonomy of osteoarthritis for patient stratification, disease
management and drug development: biochemical markers associated with
emerging clinical phenotypes and molecular endotypes. Curr Opin
Rheumatol. 2019;31(1):80–9. https://doi.org/10.1097/BOR.0000000000000567.

63. Borroni B, Benussi A. Recent advances in understanding frontotemporal
degeneration [version 1; peer review: 2 approved]. F1000Research. 2019;8:1–
11.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Fasanello et al. Arthritis Research & Therapy          (2021) 23:218 Page 17 of 17

https://doi.org/10.1016/j.ab.2011.05.023
https://doi.org/10.1038/nnano.2007.27
https://doi.org/10.1038/nnano.2007.27
https://doi.org/10.1073/pnas.0608558104
https://doi.org/10.1016/j.vetimm.2008.10.313
https://doi.org/10.1016/j.vetimm.2008.10.313
https://doi.org/10.1016/j.vetimm.2012.02.007
https://doi.org/10.1074/jbc.M112.403998
https://doi.org/10.1074/jbc.M112.403998
https://doi.org/10.1002/jor.24027
https://doi.org/10.1111/febs.14847
https://doi.org/10.1016/j.joca.2015.06.021
https://doi.org/10.1016/j.joca.2015.06.021
https://doi.org/10.1136/ard.33.4.318
https://doi.org/10.1111/j.2042-3306.1995.tb03064.x
https://doi.org/10.1111/j.2042-3306.1995.tb03064.x
https://doi.org/10.1016/j.cveq.2016.11.001
https://doi.org/10.1016/j.cveq.2016.11.001
https://doi.org/10.1016/S0002-9440(10)63018-0
https://doi.org/10.1039/C8BM00010G
https://doi.org/10.1016/bs.accb.2017.10.001
https://doi.org/10.1016/0012-1606(92)90192-J
https://doi.org/10.1016/0012-1606(92)90192-J
https://doi.org/10.1242/dev.00422
https://doi.org/10.1074/jbc.M303658200
https://doi.org/10.1074/jbc.M303658200
https://doi.org/10.1177/0300985815588611
https://doi.org/10.1177/0300985815588611
https://doi.org/10.1053/joca.2000.0348
https://doi.org/10.1097/BOR.0000000000000567

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Equine population and sample collection
	Hyaluronan (HA) ELISAs
	HA agarose gel electrophoresis for determination of HA MW
	Solid state (SS)-nanopore analysis of HA
	Multiple particle-tracking microrheology (MPTM) measurements
	qRT-PCR for HA-associated gene expression
	Chemokine multiplex assay
	Detection of heavy chain-HA complex (HC-HA) via immunoblotting
	Immunofluorescence of HC-HA in synovial membrane and cartilage
	Size exclusion chromatography with multi-angle light scattering (SEC-MALS)
	Viscosity measurements for TSG6-mediated HC-HA crosslinking reaction mixtures
	Data analysis

	Results
	HA concentrations did not differ between healthy and OA joints
	HA distributions were skewed to lower molecular weight variants in OA synovial fluid
	Synovial fluid viscosity did not differ between healthy and OA joints, but did correlate with HA concentration in OA joints
	TNF-α was increased and CCL11 was decreased in OA synovial fluid
	TSG6 gene expression was upregulated in OA synovial membrane and cartilage, and HAS1 gene expression was downregulated in OA synovial membrane
	HC-HA complex formation was induced in OA and positively correlated with TSG6 gene expression and synovial fluid TNF-α concentrations
	TSG-6-mediated intermolecular crosslinking of HA

	Discussion
	Conclusions
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

