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Fragmented hyaluronan has no alarmin
function assessed in arthritis synovial
fibroblast and chondrocyte cultures

Mia Olsson ®, Lisa Bremer, Cecilia Aulin and Helena
Erlandsson Harris

Abstract

Hyaluronan (HA) is a large polymer and an important component of the extracellular matrix. During homeostasis, high
molecular mass HA is the predominant form, but upon inflammation, degradation products of HA accumulate. These HA
fragments (HA-fs) have been reported to possess pro-inflammatory activities and thus act as alarmins, notifying immune
cells of danger via TLR4 and CD44. HA is found in large quantities in synovial joint fluid. In order to reveal a potential
role of HA-fs in arthritis pathogenesis, the in vitro effects of HA of various molecular masses (from 1680 kDa to oligo-
saccharide HA) on synovial fibroblasts and chondrocytes from rheumatoid arthritis patients, and on peripheral blood
mononuclear cells from healthy donors, were investigated. TLR4 and CD44 surface expression was confirmed by
immunocytochemistry, and cell activation was determined based on cytokine and chemokine production. While the
cell types investigated expressed TLR4 and CD44, no increased release of IL-1B, IL-6, IL-8, IL-10, IL-12 or TNF-o. was
detected after HA stimulation. Similarly, HA did not enhance activation after priming cells with low doses of LPS or by
forming complexes with LPS. Hence, this study does not support the common view of HA-fs being pro-inflammatory
mediators and it is not likely that HA-fs generated during arthritis contribute to disease pathogenesis.
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Intreduction and subsequently lysosomes, where it is first degraded

Hyaluronan (HA) is a large glycosaminoglycan that is
mainly synthesized and secreted by stromal -cells.
Following secretion, HA either remains associated
with the cell or becomes a component of the extracel-
lular matrix, where it plays a major role in maintaining
tissue integrity and homeostasis. HA is found in almost
every tissue and significant amounts are located in
synovial joint fluid, cartilage and the skin.! At homeo-
stasis, HA predominantly exists in its native high-
molecular mass (MM) form (>1x 10°kDa), and its
continuous synthesis is balanced by cellular uptake
and by degradation mediated by HA-specific enzymes:
hyaluronidases.? The normal process of HA turnover is
primarily upheld by nearby tissue macrophages. HA is
internalized through the CD44 receptor into endosomes

into oligosaccharides and then to its individual sugar
components by hyaluronidases.>* Via drainage, HA
can also enter the lymphatics, and become degraded
in the liver.’ During inflammation when homeostasis
is lost, increased HA synthesis is accompanied by a
decrease in MM, possibly due to altered activity rates
of both HA synthases and hyaluronidases.®’ The gen-
erated HA fragments (HA-fs) are often smaller than
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500 kDa in size. Such low-MM HA may also be gener-
ated as a result of physical damage. In mouse models of
inflammation, HA-fs have been shown to accumulate
extracellularly to an extent that correlates with the
inflammatory intensity.®® Reduction of HA-fs by
blocking hyaluronidases has been reported to reduce
TNF-o-induced TLR4 and CD44 expression and
thereby reduce the production of pro-inflammatory
cytokines.” How and where the degradation of HA
occurs during inflammation is not clear, but it may
result from the release of hyaluronidases from damaged
or necrotic cells, or breakdown by reactive oxygen spe-
cies released from infiltrating immune cells.'®!!
HA-fs, including oligosaccharide HA (oligo-HA),
have been reported to possess pro-inflammatory activ-
ities and thus act as an alarmin, an endogenous mol-
ecule that notifyies immune cells of danger and initiates
an inflammatory response. However, the literature is
conflicting in many aspects. In the 1990s, the first art-
icles were published reporting that HA-fs have the cap-
acity to induce pro-inflammatory chemokines,
cytokines and NF-kB-mediated inducible nitric oxide
synthase (iNOS) in mouse macrophages.'>!” At first
it was thought that CD44 alone facilitated the observed
response mediated by HA-fs, but in several subsequent
studies, HA-fs of MM between 135-200 kDa were pro-
posed to bind TLR2 and/or TLR4, and thereby induce
inflammatory activities in mouse macrophages and den-
dritic cells (DCs)."®?° In two other studies, increased
release of IL-1B, TNF-o and IL-12 by mouse DCs after
stimulation with oligo-HA (4-, 6- and 8-mers) was
observed to occur independently of CD44, TLR2 and
RHAMM, with TLR4 being the sole receptor being
involved.?"*? Interestingly, HA-fs with MM between
80-200 kDa, which in past studies were reported to
stimulate macrophages, had no pro-inflammatory
effect on DCs in one of these studies.?! Next, a hetero-
complex of the receptors TLR4, CD44 and MD-2 was
suggested to mediate the pro-inflammatory effect of an
oligo-HA (of undefined size) in both mouse and human
cell lines.?® The same group also proposed a model for
NLRP3 inflammasome activation stimulated by HA-fs
via a complex involving both TLR4 and CD44, with
IL-1B release as a downstream result.”* An increase of
IL-18 and TNF-oo mRNA expression was also observed
in chondrocytes from healthy mice upon stimulation
with HA-fs of 50kDa, a response that is dependent
on CD44.%° Although most of the work regarding the
role of HA-fs as alarmins has been performed using
murine cells, it has also been reported that human
macrophages, monocytes, fibroblasts, chondrocytes
and alveolar epithelial cells are activated upon stimula-
tion with HA-fs with MMs < 500 kDa.>* > In addition
to their endogenous alarmin functions, alarmins may
enhance the response to other inflammatory mediators
by complex formation. This has been demonstrated for
the alarmin high mobility group box 1 protein

(HMGBI), which can form enhancing complexes with
LPS, IL-1B, CXCL12 and other inflammatory medi-
ators.’*! Whether HA-fs exert their alarmin functions
by forming complexes is presently unknown.

In the last decade, the role of HA-fs (including oligo-
HAs) as alarmins has been questioned and concerns
about possible endotoxin contamination in the HA
preparations used in earlier studies have been
raised.*>* In two different reports, HA and HA-fs
with 11-1000 kDa MMs neither activated NFkB nor
induced increases of iNOS, NO or TNF-a production
in mouse macrophages®*3* or splenocytes.>* In studies
where endotoxin levels were reduced to minimal levels
(0.03 endotoxin units (EU)/mg), HA-fs failed to
increase NO production in murine and human tissue
macrophages.®>*® Likewise, in another recent study,
endotoxin-free HA-fs, including oligo-HAs, did not
upregulate co-stimulatory molecules and did not
induce IL-18, TNF-o or IL-12 production in mouse
macrophages and DCs.>* In contrast to the majority
of studies in this field, the more recent reports suggest
that the accumulation of HA-fs in inflamed tissue might
be a consequence, rather than a driver, of
inflammation.

Increased levels of circulating HA have been
reported in several human inflammatory diseases,
including rheumatoid arthritis (RA).*” % RA is a
chronic autoimmune disease of unknown cause, which
is associated with an inflamed synovium and a progres-
sive destruction of bone and cartilage. Normal synovial
fluid contains large amounts of high-MM HA, which
has important lubricating function for the joints.
However, in the inflamed synovium of RA patients,
the activity of hyaluronidases is augmented, which sug-
gests a higher presence of HA-fs as compared to
healthy joints.*! Apart from immune cells infiltrating
the arthritic joint, resident tissue cells such as
fibroblasts and chondrocytes are considered important
for the perpetuation of the initiated inflammation.
Synovial fibroblasts actively communicate with the
immune cells infiltrating the synovial compartment
through the release of pro-inflammatory cytokines.*?
Chondrocytes populating the cartilage have been sug-
gested to secrete cytokines and enzymes, which escalate
the degradation process in the RA joint.** Even though
HA-fs are reported to be potent alarmins and are alleg-
edly present in the RA joint, little is known about the
potentially activating or enhancing effect of HA-fs in
the dysregulated inflammatory response that character-
istic of RA. In this in vitro study, we investigated
whether HA-fs (including oligo-HAs) could stimulate
or enhance pro-inflammatory cytokine and chemokine
production in synovial fibroblasts and chondrocytes
derived from patients with RA, and in PBMCs from
healthy donors. None of the patient-derived synovial
cell types have been used before in a similar experimen-
tal setting.
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Materials and methods

HA panel

Pharmaceutical-grade ~ high-MM  HA ~1680kDa
(HA15M-1) and HA-fs of various MMs (~234kDa
(HA200K), ~28kDa (HA20K) and 4-10kDa
(HAS5K) were purchased from Lifecore Biomedical
(Chaska, MN, US), and are referred to as 1.5M,
200K, 20K and 5K, respectively. The HA forms
used originated from bacteria and were isolated after
bacterial fermentation. The oligo-HA (HYA-
OLIGOG6EF) with a MM of approximately ~1.2kDa
was purchased from Amsbio (Abingdon, UK) and is
referred to as 6-mer. The 6-mer was prepared by
enzymatic digestion of HA of animal origin using hya-
luronidase Type V from Sheep testes and subsequently
purified. All HA samples were certified to have low
endotoxin levels (<0.01 EU/mg for Lifecore HA
and < | EU/mg for Amsbio oligo-HA).

Cell isolation and culture conditions

Synovial fibroblasts were isolated from RA patients
(n=3) undergoing knee replacement surgery at
Karolinska University Hospital and cultured in com-
plete media consisting of high-Glc DMEM, 10% heat-
inactivated FCS, 100 pg/ml penicillin—streptomycin and
2mM L-glutamine from Sigma-Aldrich (Saint Louis,
MO, US) in standard tissue culture (TC) flasks
(Sarstedt, Niimbrecht, Germany) in a TC incubator at
37°C with 5% CO,. Chondrocytes were isolated from
RA patients (n=3) undergoing knee replacement sur-
gery at Karolinska University Hospital. Chondrocytes
were cultured in complete media with DMEM-F12
(Sigma-Aldrich) in standard TC flasks (Sarstedt) in a
TC incubator at 37°C with 5% CO,. PBMCs were pur-
ified from blood samples from healthy adult donors
(n=3) using standard Ficoll-Paque (Ficoll-Paque
Plus, GE Healthcare, Uppsala, Sweden) separation
(www.miltenyibiotec.com). Washed cells were resus-
pended in Roswell Park Memorial Institute-1640
media supplemented with 10% heat-inactivated FCS,
100 pg/ml Penicillin—Streptomycin and 2mM L-gluta-
mine (Sigma-Aldrich). All procedures were approved
by the Institutional Ethical Committee (Solna,
Stockholm, Sweden, ethical number 2009/1262-31/3)
and are in compliance with all ethical standards and
patients’ written consent, in accordance with the
Declaration of Helsinki.

Cell stimulation

Prior to stimulation experiments, cells were harvested
at 80-90% confluency using trypsin (Sigma-Aldrich).
Cells were used between passages 3-5 for synovial
fibroblasts and passages 1-3 for chondrocytes.
Synovial fibroblasts, chondrocytes and PBMCs were

seeded in 96-well cell culture plates (Sarstedt) at a con-
centration of 6000 cells/well (synovial fibroblasts and
chondrocytes) or 100,000 cells/well (PBMCs). All cells
were left to adhere overnight (ON, 18h) in a TC incu-
bator at 37°C with 5% CO, prior to stimulation. HAs
of different MMs were used in a concentration of
100 pg/ml, except for 6-mer HA, which was used at
10 pg/ml.

Experiments to test the capacity of HA-fs as inducers of
inflammation. Cells were stimulated with 10ng/ml LPS
(from Escherichia coli strain 055:B35, cell culture-tested,
v-irradiated and purchased from Sigma-Aldrich) or
HAs of different MMs, and incubated in a TC incuba-
tor at 37°C with 5% CO, for 21 h.

Experiments to test the capacity of HA-fs to act as the first or
second signal in inflammasome activation. To measure
IL-1B secretion, two signals are required: one to up-
regulate the expression of pro-IL-1B and a second
signal to activate the inflammasome assembly necessary
for the cleavage of pro-IL-1f to IL-1B. To orchestrate
this two-step process, cells were incubated with either
LPS or HAs of different MMs for 4 h as the first step,
followed by the addition of 5SmM ATP (Sigma-Aldrich)
or HA as the second step for 1h.

Experiments to test the capacity of HA-fs to enhance
inflammation. Cells were first primed with a low concen-
tration of LPS (0.5ng/ml for synovial fibroblasts and
chondrocytes, and 10 pg/ml for PBMCs) for 2h, fol-
lowed by stimulation with HAs for 19 h (total stimula-
tion time 21 h). The priming concentration of LPS was
determined by a titration study prior to the experiment
and cells were considered primed when a low, but still
detectable, release of IL-6 was recorded in the cell cul-
ture media after 21 h, as measured by ELISA DuoSet
(R&D systems, Minneapolis, MN, US). After stimula-
tion, cells were spun down (300 x g for 5min at 20°C),
and supernatants collected and analysed either directly
or stored at —20°C until quantification of cytokines
and chemokines.

Immunocytochemistry

Cells were seeded at a density of approximately 6000
cells/well (synovial fibroblasts and chondrocytes) and
200,000 cells/well (PBMCs) on eight-chamber polystyr-
ene vessel TC-treated glass slides (Falcon, Corning Inc.,
NY, US) or Poly-D-Lysine cellware culture slides
(Discovery Labware, Corning Inc., MA, USA) and
incubated ON at 37°C with 5% CO, Slides were
washed twice with PBS, fixed with 2-4% paraformal-
dehyde in 0.1 M phosphate buffer (pH 7.4) (Histolab
Products, Askim, Sweden) for 10 min at 4°C in dark-
ness, before being washed twice with PBS (cold PBS for
PBMCs) and stored at 4°C in PBS until staining. Slides
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were blocked with 5% FCS (Sigma-Aldrich) for 10 min
at room temperature (RT, 21°C) and washed in PBS
(3 x 5min).

For TLR4 staining, slides were blocked with 5%
normal donkey serum (Sigma-Aldrich) for 1h at RT
and washed again in PBS (3 x 5 min), before being incu-
bated ON at 4°C with 1 pg/ml anti-TLR4 (8694 from
Santa Cruz Biotechnology Inc., Santa Cruz, CA, US)
or an irrelevant IgG Ab from goat serum (Sigma-
Aldrich). Slides were washed again in PBS (3 x 5min)
and incubated with Alexa Fluor 488-conjugated
donkey anti-goat (A11058, Molecular Probes Inc.,
Eugene, OR, US) at a 1:1000 dilution for 1h at RT.

For CD44 staining, slides were blocked with 5%
normal goat serum (DAKO, Glostrup, Denmark) for
1h at RT. PBMCs were additionally blocked with
Background Buster (Innovex Biosciences, Richmond,
CA, US) at RT for 30 min. The slides were washed in
PBS (3 x Smin) before being incubated at 4°C ON
with  1pg/ml anti-CD44 (ab6124 from Abcam,
Cambridge, MA, US) or an irrelevant mouse anti-
IgG2a Ab (DAKO). After washing in PBS (3 x 5 min),
slides were incubated with biotinylated goat anti-
mouse IgG2a (Invitrogen, Frederick, CA, US) at a
1:800 dilution for 1h at RT, washed (3 x 5min) in
PBS and incubated for 30min at RT with streptavi-
din-conjugated Alexa Fluor 594 (Invitrogen), diluted
1:500.

After incubation with the secondary Abs, all slides
(for TLR4 and CD44 staining) were washed again in
PBS (3 x 5min) followed by one wash in 70% ethanol
and slides were left to dry. Slides were mounted in
ProLong Gold antifade reagent with 4’,6-diamidino-2-
phenylindole (Life Technologies, Eugene, OR, US) and
analysed in a Leica DM RXA2 microscope (Leica
Microsystems, Wetzlar, Germany).

Quantification of cytokines and chemokines

Cytokine bead array (CBA, B&D Biosciences,
Pharmingen, San Diego, CA, US) was used for the
detection of TNF-a, IL-18, IL-6, IL-8 and IL-10, ana-
lysed according to the manufacturer’s instructions.
IL-1B, IL-6 and IL-8 were additionally quantified
with ELISA DuoSet (R&D systems). Raw data was
analysed wusing the Flow Cytometric Analysis
Program (FCAP) Array Software (BD Biosciences,
San Jose, CA, US) for CBA and SoftMax Pro 6.2.1
(Molecular Devices, Sunnyvale, CA, US) for ELISA.

Statistical analysis

All graphs were made using GraphPad Prism version
7.03. P-values were calculated by using one-way
ANOVA with Dunnett’s multiple comparison post-test.
A P-value<0.05 was considered statistically
significant.

Results

HA-fs do not induce an inflammatory response in
synovial fibroblasts, chondrocytes or PBMCs

Synovial fibroblasts and chondrocytes from RA
patients and PBMCs derived from healthy blood
donors were incubated with HAs of different MMs or
LPS. To estimate the stimulatory properties of HA-fs,
the secretion of key inflammatory cytokines and che-
mokines — IL-18, IL-6, IL-8, IL-10 and TNF-o. — was
measured in cell culture media after 21 h of incubation
using CBA and ELISA.

LPS, but not HAs, induced significant secretion of
IL-6 and IL-8 in synovial fibroblasts and of IL-6 in
chondrocytes from RA patients as compared to non-
stimulated cells (Figure 1a and b). Similarly, LPS, but
not Has, upregulated 1L-6, IL-8, TNF-o and IL-10 in
PBMCs from healthy donors (Figure 1(c)). CBA was
run for the first individual for all cell types, but as the
synovial fibroblasts and chondrocytes did not release
TNF-o0 and IL-10 (Supplementary Figure 1(a) and
(b)), these cell types were analysed using IL-6 and IL-
8 ELISA. No stimulus induced IL-18 secretion in any
cell type. A higher concentration of HA (200 pg/ml) or
increased incubation time (72h) did not induce a
response to HA in any of the investigated cell types
(data not shown). To make sure that no analytes were
degraded during freeze—thawing cycles, cell culture
media from one individual representing each cell type
was determined by CBA before and after freezing. No
analytes were lost after one freeze—thawing cycle (data
not shown).

For IL-1B to be secreted from cells, two signals are
required: one to upregulate the expression of pro-I1L-1
and another to activate caspase-1 via the assembly of
inflammasomes, which cleave pro-1L-1f into its mature
and active form. The positive control in our experimen-
tal system was represented by cells first stimulated with
the TLR4 agonist LPS for 4 h (signal 1) followed by the
addition of ATP for 1h (signal 2). This combination
induced a significant release of IL-1p from PBMCs, but
not from synovial fibroblasts or chondrocytes
(Figure 2). The ability of HAs of different MMs to
replace either the first or second signals in this system
was investigated. Again, none of the different HA sizes
could increase pro-inflammatory activities in PBMCs,
or replace LPS or ATP as the first or second signals in
this system. Incubation with only LPS, but not with
HAs of any MM, induced small but non-significant
amounts of IL-1f in PBMCs from healthy donors
(Figure 2). Thus, in contrast to previous studies report-
ing increased inflammatory activities in both immune
and non-immune cells after stimulation with HA-fs, we
could not detect any such pro-inflammatory effect on
synovial fibroblasts or chondrocytes from RA patients
or PBMCs from healthy donors.
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Figure I.

HA fragments do not function as inducers of inflammatory cytokine production in synovial fibroblasts, chondrocytes or

PBMCs. Cells from three individuals per cell type were incubated with 10ng/ml LPS or 100 pg/ml HA (10 pg/ml for 6-mer HA) of
different MMs for 21 h. LPS, but not HA, significantly increased the release of the pro-inflammatory cytokines IL-6 and IL-8 from
synovial fibroblasts (a) and chondrocytes (b) from RA patients and PBMCs from healthy donors (c). PBMCs, but not synovial fibro-
blasts or chondrocytes, also released TNF-o and IL-10 upon LPS stimulation, but not after stimulation with HA (c). HA samples were:
1.5M (~1680kDa), 200K (~234kDa), 20K (~28kDa), 5K (4-10kDa) and 6-mer (~1.2kDa). Cytokines and chemokines were
measured in cell culture media by CBA and ELISA, and P-values were calculated using Dunnett’s multiple comparison post-test.

*(P < 0.05), (P < 0.01) and **(P < 0.001).

HA-fs do not enhance the inflammatory response
in LPS-primed synovial fibroblasts, chondrocytes or
PBMCs

The ability of HA-fs to enhance an inflammatory
response was investigated by stimulating LPS-primed
cells with HAs of different MMs. The priming concen-
tration was determined by titration of LPS and the
concentration, which induced a low but still detectable
amount of IL-6 in the different cell types, was chosen
(data not shown). Cells were stimulated for 2 h with the
priming concentrations of LPS followed by incubation
with HAs of different MMs for 19 h (in total 21 h). Low
concentration of LPS induced detectable amounts of

both IL-6 and IL-8 in all cell types, but the addition
of HA did not enhance this secretion (Figure 3). Again,
synovial fibroblasts and chondrocytes did not release
IL-10 or TNF-a (Supplementary Figure 1(c) and (d)),
and PBMC:s released very low levels of these cytokines
after stimulation with the priming concentration of
LPS (Figure 3(c)). To test the ability of HA-fs to
form complexes with other ligands and modulate their
inflammatory effect, HAs of different MMs were co-
incubated overnight with the priming concentration of
LPS before being added to synovial fibroblasts from
one RA patient and incubated for 21 h. Again, in this
experiment, HA-fs appeared to be immunologically
inert and mixtures had no effect on the release of
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Figure 2. HA fragments cannot serve as first or second signals in inflammasome activation for IL-1p release. Cells from three
individuals per cell type were incubated with 10 ng/ml LPS or 100 pig/ml HA (10 pg/ml for 6-mer HA) of different MMs for 4 h, followed
by the addition of 5mM ATP or HAs of the different MMs for | h. Synovial fibroblasts and chondrocytes did not release IL-13 upon
stimulation with any of the combinations ((a) and (b)). In PBMCs, the only combination that significantly increased the release of IL-1§
was LPS followed by ATP. HA samples of different MMs were: [.5M (~1680 kDa), 200K (~234 kDa), 20K (~28 kDa), 5K (4-10kDa)
and 6-mer (~1.2 kDa). Cytokines and chemokines were measured in cell culture media by ELISA and P-values were calculated using
Dunnett’s multiple comparison post-test. *(P < 0.05), **(P < 0.01) and **(P < 0.001).

pro-inflammatory  cytokines and  chemokines
(Supplementary Figure 2). We concluded that HA-fs
do not have enhancing properties when added to
already activated RA synovial fibroblasts and chondro-
cytes or PBMCs from healthy donors.

Synovial fibroblasts, chondrocytes and PBMCs
express CD44 and TLR4

The main receptors reported to facilitate pro-inflamma-
tory activities by HA-fs are CD44 and TLR4. To
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Figure 3. HA fragments do not function as enhancers of inflammatory cytokine production in LPS-primed synovial fibroblasts,

chondrocytes or PBMCs. Cells from three individuals per cell type were primed with low levels of LPS (0.5 ng/ml in synovial fibroblasts
and chondrocytes, and 10 pg/ml in PBMCs) for 2 h, followed by the addition of 100 pg/ml HAs (10 pg/ml for 6-mer HA) of different
MMs for 19 h. Low levels of LPS alone induced the release of IL-6 and IL-8 from synovial fibroblasts (a) and chondrocytes (b) from RA
patients and PBMCs from healthy controls (c). This effect was not enhanced by the addition of HAs of any MM. HA samples of different
MMs were: |.5M (~1680kDa), 200K (~234kDa), 20K (~28kDa), 5K (4-10kDa) and 6-mer (~1.2 kDa). Cytokines and chemokines
were measured in cell culture media by CBA and ELISA, and P-values were calculated using Dunnett’s multiple comparison post-test.

*(P < 0.05), (P < 0.01) and **(P < 0.001).

exclude the possibility that the unresponsiveness to
stimulation by HA-fs (including oligo-HA) seen in
this study is a result an absence or low expression of
the receptors on the cell surfaces, their expression was
determined by immunofluorescent staining. Non-per-
meabilized synovial fibroblasts, chondrocytes and
PBMCs were stained for the presence of
surface TLR4 and CD44 using specific Abs. To

control for unspecific staining, cells were also stained
with irrelevant Abs as negative controls. Strong
expression of both TLR4 and CD44 was observed in
all three cell types (Figure 4). Accordingly, an absence
of the main receptors suggested to be responsible for
pro-inflammatory signalling of HA-fs could not
explain the unresponsiveness of cells to HA-fs
observed in this study.
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Discussion

In this study, we evaluated the inflammatory properties
of HA-fs (~234, ~28 and 4-10kDa and 6-mer) in syn-
ovial fibroblasts and chondrocytes derived from
patients with RA and in PBMCs from healthy
donors. While the function of HA-fs as alarmins has
been intensely studied, a consensus regarding their
properties and mechanisms of action remains to be
reached. This is mainly due to the many conflicting
reports regarding which MM of HA is stimulatory,
which receptors are important in conveying this
signal, which cell types can be activated and what is
the exact outcome. Recent reports have questioned
whether HA-fs have pro-inflammatory properties at
all. Here, we investigated the responsiveness of synovial
fibroblasts and chondrocytes from RA patients to HA-
fs. Both synovial fibroblasts and chondrocytes play an
important role in the chronic inflammation seen in RA
as they can both receive and secrete inflammatory sig-
nals such as cytokines. HA metabolism is altered during
RA with higher degree of HA-fs formed. High HA-fs
levels have also been correlated with higher inflamma-
tory activity. Thus, it is plausible that both synovial
fibroblasts and chondrocytes are exposed to HA-fs

and that such exposure might contribute to their acti-
vated states in RA. However, how and if they respond
to HA-fs has not been studied before. In this study, we
investigated not only the directly activating properties
of HA-fs, but also the capacity of HA-fs to enhance
rather than induce inflammation, a function previously
described for alarmins.

First, we incubated cells with HAs of different MMs
and measured the release of pro-inflammatory cyto-
kines and chemokines in cell culture media to define
the immunoactivating properties of HA-fs. None of
the investigated HA forms increased the secretion of
cytokines or chemokines by any of the cell types stu-
died. This finding stands in contrast to most studies
conducted to date, which have demonstrated a capacity
of HA-fs to stimulate inflammation in both mouse and
human cells. For example, 4.3kDa HA-fs have been
recorded to induce CD44-mediated release of IL-6
and IL-8 in human dermal fibroblasts,”® and 200 kDa
HA, as well as oligo-HA (4-, 6- and 8-mers), were
described in two separate studies as potent stimulators
of IL-8 production in human endothelial and epithelial
cells.'™** Oligo-HAs (4-14-mers) have also been
reported to stimulate the production of IL-18, TNF-o
and IL-12 in human blood-derived DCs.?! In our study,

TLR4 Irrelevant

Synovial
fibroblasts

Chondrocytes

Adherent PBMC

CD44 Irrelevant

Figure 4. TLR4 and CD44 are expressed on synovial fibroblasts, chondrocytes and adherent PBMCs. Cells from one individual per
cell type were seeded in chamber slides without exogenous stimulation, and immunocytochemical staining was used to determine the
expression of TLR4 (green, Alexa Fluor 488) and CD44 (red, Alexa Fluor 594). Nuclei were counterstained with DAPI (blue). Synovial
fibroblasts, chondrocytes and adherent PBMCs all expressed TLR4 and CD44. Left-side of all pictures show Ab staining and right-side
control staining with irrelevant Ab (64 x magnification, scale bar is 50 pm).
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the corresponding MMs of HAs reported to be pro-
inflammatory were represented by 200 K HA-fs, 5K
HA-fs and a HA 6-mer.

As a comparison to RA synovial fibroblasts and
chondrocytes, we used PBMCs from healthy donors,
since both synovial fibroblasts and chondrocytes from
healthy individuals are rare and difficult to obtain.
None of the HA-fs used in our study had an effect on
the production of inflammatory cytokines and chemo-
kines (IL-18, IL-6, IL-8, IL-10 and TNF-a) in PBMCs.
The lack of response to stimulation with HA-fs of these
specialized immune cells is notable and stands in con-
trast to a study of human monocytes, in which cells
released IL-6 and IL-8 upon stimulation with HAs spe-
cified as ‘fragments of signalling size’.>” The lack of
response to HA-fs by any of the investigated cell
types in this study could not be explained by cells lack-
ing the suggested signalling receptors TLR4 and CD44.
Synovial fibroblasts and chondrocytes from RA
patients, as well as adherent PBMCs (monocytes)
from healthy donors, all express these cell surface
receptors, as verified by immunocytochemistry. Also,
all cell types responded to small amounts of LPS,
which is the prototype TLR4 ligand. Similar to LPS,
HA-fs are reported to signal through TLR4.

During homeostatic non-inflammatory conditions,
most immune cells (except alveolar macrophages) do
not bind HA.** CD44 expression, and thereby the abil-
ity to bind HA, increases when cells are exposed to an
inflammatory stimulus. Human monocytes increase
their binding to HA after stimulation with LPS or
TNF-0.** Therefore, we tested the ability of HAs of
different MMs to stimulate already activated cells and
thereby enhance the release of cytokines and chemo-
kines. In addition, we investigated if HA-fs can form
complexes with LPS and thereby augment inflamma-
tion. Such a scenario has been described for the well-
studied alarmin HMGBI, which can form complexes
with immunostimulating molecules including IL-18,
CXCL12, DNA and LPS, and enhance innate
immune responses.’®*!' An enhancing stimulatory
effect could not be recorded from HA-fs in this
study in either of these two experimental settings.
Taken together, we conclude that HAs of the MMs
used in this study do not by themselves activate, nor
do they enhance, a pro-inflammatory response in syn-
ovial fibroblasts and chondrocytes derived from RA
patients or PBMCs from healthy donors.

Our results contradict previous reports suggesting
that HA-fs (including oligo-HA) are recognized as alar-
mins by various cells expressing CD44 and TLR4. There
are different possible explanations for these conflicting
results, including deviations in experimental setup or
choice of read-out. Immunoactivation can be measured
in multiple ways, such as the changed expression of cell
surface costimulatory molecules, or the maturation and
migration of immune cells. The cytokines and

chemokines investigated in this study are classic inflam-
matory markers and were chosen to resemble previous
studies. Our general experimental settings were also
comparable to previous studies, including incubation
time and the concentrations of HAs used in the attempts
to stimulate cells. The MMs of HA-fs used (~234, ~28
and 4-10kDa and 6-mer) have also been reported pre-
viously to induce inflammation.'3!%1822:24:26.28 ye 4150
investigated time and concentration dependence by
stimulation with higher concentrations of HA-fs (up
to 200 pg/ml) and longer incubation times (up to 72 h).
In addition, we investigated a longer LPS priming step
(48 h before adding HA-fs) without observing an acti-
vation of the cells in terms of cytokine or chemokine
release in any of the settings. We argue that our experi-
ments are comparable with previously reported studies
in which HA-fs have been suggested to possess alarmin
functions and that we are unlikely to have excluded the
right signaling fragment size of HA.

In the majority of studies in which HA-fs have been
defined to be pro-inflammatory, HA was purified from
tissues such as human umbilical cord and rooster comb.
This results in HA preparations containing a wide
range of different MMs. In our study, and in the
other recent studies indicating that HA-fs are immuno-
logically inert, HAs of more specific MMs have been
used. HA preparations are now available that are gen-
erated from enzymatic synthesis or purified after bac-
terial fermentation to yield defined MMs. Furthermore,
HAs and HA-fs are available from several commercial
suppliers. As the source of HA-fs in earlier studies is
different from ours, this could be another possible
reason for the differing results. However, bacterial
HA synthases are not known to generate HA molecules
that are any different from their mammalian counter-
parts, so this explanation is also unlikely.*> The phar-
maceutical-grade HA purified from bacteria has
endotoxin levels below 0.01 EU/mg according to the
manufacturer. In some of the studies where HA-fs
were reported to have pro-inflammatory properties,
the potential problem with contamination has been
addressed. A standard method to remove endotoxin
from HA is by treatment with the neutralizing agent
polymyxin B. This method was also used in a study
where HA originating from human umbilical cord
induced various pro-inflammatory activities in mouse
innate immune cells. Interestingly, this method was
demonstrated to be insufficient to remove all endo-
toxins. Further analysis demonstrated that residual
TLR ligands were still present in the HA preparation,
which still induced inflammation.>® Hence, this study
suggests that other studies using polymyxin B to
ensure HA purity may have reported results caused
by remaining endotoxin contamination. In another
study of HA-fs and their stimulatory effect on mono-
cytes, DNA contaminated HA and was demonstrated
to be responsible for the induced pro-inflammatory
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response in monocytes.*® It is worth noting that the
direct binding of HA-fs to TLR4 has yet to be estab-
lished and that contaminants from HA production
(such as LPS) can give similar results.

In conclusion, we report that endotoxin-free HA-fs
of various MMs were unable to induce or enhance pro-
inflammatory cytokine release from synovial fibroblasts
and chondrocytes from RA patients or from PBMCs
from healthy donors, despite their proven expression of
the HA receptors CD44 and TLR4. Our results imply
that it is unlikely that HA-fs contribute to the inflam-
matory processes that are ongoing in arthritic joints,
although other cell types in the synovial compartment
have to be tested in order to completely exclude this
possibility. This study also supports a scenario where
the increased levels of HA-fs reported during the
inflammatory response are a consequence, rather than
the cause of, inflammation. To our knowledge, the abil-
ity of HA-fs to induce or enhance pro-inflammatory
activities in joint-derived cells from RA patients has
not been investigated previously; thus, our study con-
tributes important information on the role of HA-fs as
alarmins and in arthritis pathogenesis. Furthermore,
HA is a molecule widely that is used for multiple med-
ical device applications, as well as in the cosmetic indus-
try, hence it is important to fully understand its effect
on physiological processes, an on inflammation in
particular.

Acknowledgements

We acknowledge the excellent assistance of Heidi Wihdmaa
and Anca Catrina in the preparation and culture of synovial
fibroblasts.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship and/or publication of this
article: This work was supported by the Swedish Research
Council (grant numbers 537-2013-7428 and 2015-02776_3);
the Rheumatism Association; the Freemason Barnhuset
Foundation; and the King Gustaf V 80-year Foundation.

ORCID iD
Mia Olsson ® http://orcid.org/0000-0002-7228-2575.

References

1. Jiang D, Liang J and Noble PW. Hyaluronan in tissue injury and
repair. Annu Rev Cell Dev Biol 2007; 23: 435-461.

2. Erickson M and Stern R. Chain gangs: new aspects of hyaluronan
metabolism. Biochem Res Int 2012; 2012: 893947.

3. Weigel PH, Hascall VC and Tammi M. Hyaluronan synthases.
J Biol Chem 1997; 272: 13997-14000.

20.

21.

22.

23.

. Stern R, Asari AA and Sugahara KN. Hyaluronan fragments: an

information-rich system. Eur J Cell Biol 2006; 85: 699-715.

. Fraser JR, Laurent TC and Laurent UB. Hyaluronan: its nature,

distribution, functions and turnover. J Intern Med 1997; 242:
27-33.

. Cheng G, Swaidani S, Sharma M, et al. Hyaluronan deposition

and correlation with inflammation in a murine ovalbumin model
of asthma. Matrix Biol 2011; 30: 126-134.

. Bracke KR, Dentener MA, Papakonstantinou E, et al. Enhanced

deposition of low-molecular-weight hyaluronan in lungs of cig-
arette smoke-exposed mice. Am J Respir Cell Mol Biol 2010; 42:
753-761.

. Teder P, Vandivier RW, Jiang D, et al. Resolution of lung

inflammation by CD44. Science 2002; 296: 155-158.

. Campo GM, Avenoso A, D’Ascola A, et al. The inhibition of

hyaluronan degradation reduced pro-inflammatory cytokines in
mouse synovial fibroblasts subjected to collagen-induced arth-
ritis. J Cell Biochem 2012; 113: 1852-1867.

. Moseley R, Waddington RJ and Embery G. Degradation of gly-

cosaminoglycans by reactive oxygen species derived from stimu-
lated polymorphonuclear leukocytes. Biochim Biophys Acta 1997,
1362: 221-231.

. Agren UM, Tammi RH and Tammi MI. Reactive oxygen species

contribute to epidermal hyaluronan catabolism in human skin
organ culture. Free Radic Biol Med 1997; 23: 996-1001.

. Noble PW, Lake FR, Henson PM, et al. Hyaluronate activation

of CD44 induces insulin-like growth factor-1 expression by a
tumor necrosis factor-alpha-dependent mechanism in murine
macrophages. J Clin Invest 1993; 91: 2368-2377.

. McKee CM, Penno MB, Cowman M, et al. Hyaluronan (HA)

fragments induce chemokine gene expression in alveolar macro-
phages. The role of HA size and CD44. J Clin Invest 1996; 98:
2403-2413.

. McKee CM, Lowenstein CJ, Horton MR, et al. Hyaluronan

fragments induce nitric-oxide synthase in murine macrophages
through a nuclear factor kappaB-dependent mechanism. J Biol
Chem 1997; 272: 8013-8018.

. Horton MR, McKee CM, Bao C, et al. Hyaluronan fragments

synergize with interferon-gamma to induce the C-X-C chemo-
kines mig and interferon-inducible protein-10 in mouse macro-
phages. J Biol Chem 1998; 273: 35088-35094.

. Horton MR, Burdick MD, Strieter RM, et al. Regulation of

hyaluronan-induced chemokine gene expression by IL-10 and
IFN-gamma in mouse macrophages. J Immunol 1998; 160:
3023-3030.

. Hodge-Dufour J, Noble PW, Horton MR, et al. Induction of I1L-

12 and chemokines by hyaluronan requires adhesion-dependent
priming of resident but not elicited macrophages. J Immunol
1997; 159: 2492-2500.

. Taylor KR, Trowbridge JM, Rudisill JA, et al. Hyaluronan frag-

ments stimulate endothelial recognition of injury through TLR4.
J Biol Chem 2004; 279: 17079—-17084.

. Scheibner KA, Lutz MA, Boodoo S, et al. Hyaluronan fragments

act as an endogenous danger signal by engaging TLR2.
J Immunol 2006; 177: 1272-1281.

Jiang DH, Liang JR, Fan J, et al. Regulation of lung injury and
repair by Toll-like receptors and hyaluronan. Nature Medicine
2005; 11: 1173-1179.

Termeer CC, Hennies J, Voith U, et al. Oligosaccharides of hya-
luronan are potent activators of dendritic cells. J Immunol 2000;
165: 1863-1870.

Termeer C, Benedix F, Sleeman J, et al. Oligosaccharides of
Hyaluronan activate dendritic cells via toll-like receptor 4.
J Exp Med 2002; 195: 99-111.

Taylor KR, Yamasaki K, Radek KA, et al. Recognition of hya-
luronan released in sterile injury involves a unique receptor com-
plex dependent on Toll-like receptor 4, CD44, and MD-2. J Biol
Chem 2007; 282: 18265-18275.


http://orcid.org/0000-0002-7228-2575
http://orcid.org/0000-0002-7228-2575

Olsson et al.

141

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Yamasaki K, Muto J, Taylor KR, et al. NLRP3/cryopyrin is
necessary for interleukin-1beta (IL-1beta) release in response to
hyaluronan, an endogenous trigger of inflammation in response
to injury. J Biol Chem 2009; 284: 12762-12771.

Campo GM, Avenoso A, Campo S, et al. Differential effect of
molecular size HA in mouse chondrocytes stimulated with PMA.
Biochim Biophys Acta 2009; 1790: 1353-1367.

Vistejnova L, Safrankova B, Nesporova K, et al. Low molecular
mass hyaluronan mediated CD44 dependent induction of IL-6
and chemokines in human dermal fibroblasts potentiates innate
immune response. Cytokine 2014; 70: 97-103.

Liang J, Jiang D, Jung Y, et al. Role of hyaluronan and hyalur-
onan-binding proteins in human asthma. J Allergy Clin Immunol
2011; 128: 403-411. e3.

Eberlein M, Scheibner KA, Black KE, et al. Anti-oxidant inhib-
ition of hyaluronan fragment-induced inflammatory gene expres-
sion. J Inflamm (Lond) 2008; 5: 20.

de la Motte C, Nigro J, Vasanji A, et al. Platelet-derived hyalur-
onidase 2 cleaves hyaluronan into fragments that trigger mono-
cyte-mediated production of pro-inflammatory cytokines. Am J
Pathol 2009; 174: 2254-2264.

Hreggvidsdottir HS, Ostberg T, Wahamaa H, et al. The alarmin
HMGBI acts in synergy with endogenous and exogenous danger
signals to promote inflammation. J Leukoc Biol 2009; 86: 655-662.
Wihdmaa H, Schierbeck H, Hreggvidsdottir HS, et al. High
mobility group box protein 1 in complex with lipopolysaccharide
or IL-1 promotes an increased inflammatory phenotype in syn-
ovial fibroblasts. Arthritis Res Ther 2011; 13: R136.

Safrankova B, Hermannova M, Nesporova K, et al. Absence of
differences among low, middle, and high molecular mass hyalur-
onan in activating murine immune cells in vitro. Int J Biol
Macromol 2017; 107: 1-8.

Dong Y, Arif A, Olsson M, et al. Endotoxin free hyaluronan and
hyaluronan fragments do not stimulate TNF-alpha, interleukin-
12 or up-regulate co-stimulatory molecules in dendritic cells or
macrophages. Scientific reports 2016; 6: 36928.

Krejcova D, Pekarova M, Safrankova B, et al. The effect of dif-
ferent molecular mass hyaluronan on macrophage physiology.
Neuro Endocrinol Lett 2009; 30: 106—111.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Lyle DB, Breger JC, Baeva LF, et al. Low molecular mass hya-
luronic acid effects on murine macrophage nitric oxide produc-
tion. J Biomed Mater Res A 2010; 94: 893-904.

Baeva LF, Lyle DB, Rios M, et al. Different molecular mass
hyaluronic acid effects on human macrophage interleukin lbeta
production. J Biomed Mater Res A 2014; 102: 305-314.
Goldberg RL, Huff JP, Lenz ME, et al. Elevated plasma levels of
hyaluronate in patients with osteoarthritis and rheumatoid arth-
ritis. Arthritis Rheum 1991; 34: 799-807.

Engstrom-Laurent A and Hillgren R. Circulating hyaluronate in
RA: relationship to inflammatory activity and the effect of corti-
costeoid therapy. Ann Rheum Dis 1985; 44: 83-88.

Shigemori M, Takei S, Imanaka H, et al. Diagnostic significance
of increased serum hyaluronic acid in juvenile rheumatoid arth-
ritis. Pediatr Int 2002; 44: 394-399.

Duruoz MT, Turan Y, Cerrahoglu L, et al. Serum hyaluronic
acid levels in patients with ankylosing spondylitis. Clin
Rheumatol 2008; 27: 621-626.

Yoshida M, Sai S, Marumo K, et al. Expression analysis of three
isoforms of hyaluronan synthase and hyaluronidase in the syno-
vium of knees in osteoarthritis and rheumatoid arthritis by quan-
titative real-time reverse transcriptase polymerase chain reaction.
Arthritis Res Ther 2004; 6: R514-R520.

Huber LC, Distler O, Tarner I, et al. Synovial fibroblasts: key
players in rheumatoid arthritis. Rheumatology (Oxford) 2006; 45:
669-675.

Otero M and Goldring MB. Cells of the synovium in rheumatoid
arthritis. Chondrocytes. Arthritis Res Ther 2008; 9: 401.
Lee-Sayer SS, Dong Y, Arif AA, et al. The where, when, how,
and why of hyaluronan binding by immune cells. Front Immunol
2015; 6: 150.

Chong BF, Blank LM, McLaughlin R, et al. Microbial hyalur-
onic acid production. Appl Microbiol Biotechnol 2005; 66:
341-351.

Filion MC and Phillips NC. Pro-inflammatory activity of con-
taminating DNA in hyaluronic acid preparations. J Pharm
Pharmacol 2001; 53: 555-561.



