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Abstract

Objective. In osteoarthritis (OA), a loss of healthy cartilage extracellular matrix (ECM) results in cartilage degeneration.
Attracting chondrogenic progenitor cells (CPCs) to injury sites and stimulating them toward chondrogenic expression profiles
is a regenerative approach in OA therapy. High mobility group box | protein (HMGBI) is associated with chemoattractant
and proinflammatory effects in various pathological processes. Here, we investigate the migratory effects of HMGBI in
knee OA and CPCs for the first time. Design. Inmunohistochemistry, immunoblotting, and immunocytochemistry were
performed to identify HMGBI and its receptors, receptor for advanced glycation end products (RAGE) and toll-like
receptor 4 (TLR4) in OA knee tissue, chondrocytes, and CPCs. In situ hybridization for HMGBI mRNA was performed
in CPCs ex vivo. The chemoattractant effects of HMGBI on CPCs were analyzed in cell migration assays. Results. HMGBI
expression in OA tissue and OA chondrocytes was higher than in healthy specimens and cells. HMGBI, RAGE, and TLR4
were expressed in CPCs and chondrocytes. In situ hybridization revealed HMGBI mRNA in CPCs after migration into
OA knee tissue, and immunohistochemistry confirmed HMGBI expression at the protein level. Stimulation via HMGBI
significantly increased the migration of CPCs. Conclusions. Our results show the chemoattractant role of HMGBI in knee
OA. HMGBI is released by chondrocytes and has migratory effects on CPCs. These effects might be mediated via RAGE
and TLR4. The in vitro and ex vivo results of this study need to be confirmed in vivo.
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Introduction progenitor cells (CPC), were isolated from repaired human
OA knee tissue. CPCs exhibit stem cell characteristics such
as clonogenicity, multipotency, and migratory activity. CPCs
are controlled by the major transcription factors SOX9 and
RUNX2. Therefore, they are able to produce a repair tissue
in the diseased OA cartilage.'? Attracting CPCs to sites of
OA injury and influencing them toward the expression of
healthy cartilage ECM might be crucial for new OA treat-
ment strategies. In cattle, one of the chemoattractant proteins

Osteoarthritis (OA) is a proliferative joint disease that
severely restricts the quality of life and is becoming an
increasing economic burden, as it is associated with aging
and obesity."> Chondrocytes are the dominant cells in the
articular cartilage and facilitate cartilage homeostasis.’
During the pathogenesis of OA, mechanical stress by abnor-
mal loading, cartilage aging processes or trauma can cause
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ubiquitous nonhistone protein with a variety of functions
inside and outside of the cell."*'® For example, nuclear
HMGBI supports nucleosomal structure and stability, sup-
ports the binding of transcription factors to their associated
DNA,"” enhances DNA transcription,'®" and is associated
with tumor growth.*?' Although, HMGBI is primarily
located in the nucleus, it can translocate to the cytoplasm
and can be secreted into the surrounding ECM during cell
activation and cell death.”> Moreover, active release of
HMGB1 by macrophages and monocytes is induced by oxi-
dative stress, endotoxins, or proinflammatory cytokines.”*°
Necrotic or injured cells can passively release HMGB
Extracellular HMGBI is associated with chemoattractant
and inflammatory signaling: in endochondral ossification,
HMGBI is released from differentiating chondrocytes; sub-
sequently, HMGBI regulates endochondral ossification by
attracting osteoblasts, osteoclasts, and endothelial cells.?® In
endotoxemia, hemorrhagic shock and arthritis, extranuclear
expression of HMGBI is considerably increased.”>***%*
HMGBI signaling via toll-like receptor 4 (TLR4) affects the
inflammatory reaction of autoimmune myositis and contrib-
utes to the secretion of interleukin-6 (IL-6) and IL-8 in upper
airway inflammation.*"** The binding of HMGBI to recep-
tor for advanced glycation end products (RAGE) on mono-
cytes triggers their transendothelial migration, which
ultimately contributes to inflammation.”® In heart disease,
diabetic retinopathy, and skeletal muscle inflammation,
RAGE-dependent HMGB1 binding to tissue-specific cells
causes inflammation.>>*® Also, in synovitis and arthritis,
several authors suggest a role for HMGBI1 and RAGE.>"*!
Yet their particular functions in inflammation and cell migra-
tion in OA remain unclear and need further elucidation.

The present study shows the expression of HMGB1 and
its associated receptors RAGE and TLR4 in chondrocytes
and CPCs and demonstrates the migratory effects of
HMGBI1 on CPCs in various migration assays. For the first
time, HMGBI1 expression is shown in CPCs in vitro and
after migration into OA tissue ex vivo. Understanding the
expression and the effects of HMGB1, RAGE, and TLR4
on CPCs might be helpful for developing novel regenera-
tive therapeutic strategies in OA.
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Methods

Tissue Sources and Preparation

Tissue samples were obtained from the lateral condyle of
knee joints from patients who underwent total knee
replacement. Tissue samples were collected from a region
directly adjacent to the main defect with grade 4.0 to 4.5
(Pritzker et al.**) and exhibited deep surface fissures and
chondrocyte clusters with a loss of the superficial zone.
The patients (n = 15; 7 males and 8 females), with a mean
age of 67.5 years (range 60-75 years), met the American

College of Rheumatology classification* and gave their
written informed consent, consistent with the ethical regu-
lations of the Medical Faculty of the University of
Gottingen (application number 25/12/10). Healthier speci-
mens from 3 accident victims displayed macroscopically
and histologically intact hyaline cartilage with a smooth
surface and a grade 0 to 1.

Cell Isolation, Cell Culture, and Immortalization

Our work group has established a stock of more than 600
cell lines obtained by own production. They are named in
continuous order according to the patient numbers; in this
study, we used the numbers to distinguish between the dif-
ferent cell lines. Cell isolation was performed as described
elsewhere'>: CPCs (CPC241ht, CPC242ht, CPC531ht)
were obtained using 8- to 15-mm? tissue specimens taken
from areas adjacent to the main defect. After 10 days, out-
grown cells were harvested and 10° cells/cm?® transferred
to a monolayer culture in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (GIBCO,
lot number 41F2061K), supplemented with penicillin/
streptomycin (50,000 U/50 mg) and L-glutamine (10 mM),
and cultured under standard conditions. Differentiation
and characterization of the used CPCs was described by
Koelling et al."?

Chondrocytes from healthy (CH292ht) and OA
(CH656-OA, CH657-OA) cartilage tissue samples were
harvested after digestion for 6 hours at 37°C with the aid of
collagenase I (152 U/mL; Invitrogen, Karlsruhe, Germany),
collagenase 11 (280 U/mL; Biochrom, Berlin, Germany),
and dispase (15 U/mL; Invitrogen). To eliminate cell matrix
residues, the digested material was filtered through a
40-um mesh sieve (BD Falcon, Heidelberg, Germany).

Immortalization of all cell lines was performed as
follows.**

Virus Production. We seeded 5 X 105 293T-cells (ACC635;
DSM?Z) into a dish (diameter = 10 cm) and grew them to
80% confluence. At the next day, 10 g lenti-plasmid-DNA
of hTERT (customer order; amsbio) and 10 wg packing-
plasmid-mix (LV053; abm) were mixed together with 1 ml
DMEM. Furthermore, 80 L lentifectin (GO74; abm) with 1
ml DMEM were mixed. Both solutions rested for 5 minutes
at room temperature, afterward they were mixed together to
allow for the formation of the transfection complex. After
20 minutes, 4.5 mL DMEM was added to the transfection
complex. The transfection complex mixture was pipetted to
the cells and 0.65 mL heat inactivated fetal calf serum
(FCS) was added after 6 hours. The next day, the medium
was carefully removed from the cells and 10 mL DMEM or
keratinocyte growth medium 2 + 10% heat-inactivated
FCS + 1% bovine serum albumin (BSA) fraction V (BL63-
0500; Equitech-Bio; Kerrville, TX, USA) was added. After
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24 hours, the cells produced enough of the virus and the
supernatant was harvested to get centrifuged and filtered
(SLHAO033SB; Merck Millipore, Burlington, MA, USA).

Transfection. A total of 1.8 X 10° freshly trypsinized cells
were resuspended in 3 mL of the virus supernatant and
30 wL protaminsulfate (P3369; Sigma-Aldrich, St. Louis,
MO, USA). Three wells of a 24-well plate were each filled
with 1 mL of that solution. After 6 hours additionally, 1 mL
of the medium was added to each well. The next day, the
medium and the dead cells were removed, and the adhered
cells received yet another treatment with 1 mL of virus
supernatant together with 10 wL protaminsulfate per well
over night.

Selection. The infected cells were transferred to a 75 cm®
flask and selected with up to 10 pwg/mL of blasticidin.

For the performed experiments, cell lines were P7
to P10.

Green Fluorescent Protein Transfection

Green fluorescent protein (GFP) transfection of CPCs was
performed using a human MSC Nucleofector Kit (VPE-
1001, Lonza, Cologne, Germany). CPCs (5 X 10°) were
transfected with 2.5 pg of the vector pmaxGFP in 100 pL
of Nucleofector solution using Nucleofector program U-23.
Immediately afterward, the cells were transferred to DMEM
supplemented with 20% FCS, incubated overnight, and cul-
tured under standard conditions. The transfection efficiency
reached approximately 75%. Fluorescence-activated cell
sorting (FACS) enriched GFP-positive CPCs to greater than
99%. Before performing the ex vivo assay, sorted cells were
cultured under standard conditions.

Migration Assays

Scratch Assay. Six-well plates were marked with 3 differ-
ent reference lines that defined the survey area. The cul-
ture plates were coated with 1 mL of fibronectin (10 pg/
mL) for 12 hours at 4°C; each well was blocked with 3 mL
of BSA (2 mg/mL) at 37°C before 5 X 10* CPCs/well
were seeded. The chemoattractant lipopolysaccharide
(LPS)-free HMGBI1 (10 or 50 ng/mL; HM-122, HMGBio-
tech, Milan, Italy) was added. CPCs without added
HMGBI served as controls. Scratches were executed per-
pendicularly to the defined survey area with the tip of a
pipette following an established protocol® to create stan-
dardized gaps within the cell monolayer. Confluence of
the gap was determined visually under a light microscope
after 0, 12, 48, and 72 hours.

Boyden Chamber Assay. Cell migration was performed in a
Boyden chamber (CBA-100, Cell Biolabs, San Diego, CA,

USA).*® Briefly, 5 X 10* CPCs were added to the upper
transwell; the chamber was placed in serum-free medium
alone or in medium with the chemoattractant LPS-free
HMGBI. Three different concentrations of HMGB1 (10,
50, and 100 ng/mL) were tested. Micro-membranes with a
defined pore size (8 pm) ensured an active migration from
the upper transwell to the medium. Plates were incubated
for 24 hours prior to processing at 37°C. Cells were detached
with trypsin EDTA (ethylenediaminetetraacetic acid) and
transferred to another 24-well plate containing serum-free
medium with 8 wmol/L calcein-AM (calcein-acetoxymethyl
ester) and incubated for 45 minutes. Fluorescence analysis
was performed using a multimode microplate reader at a
wavelength of 560 nm (SpectraMax M2, Molecular
Devices, Sunnyvale, CA, USA). Absolute fluorescence val-
ues correlate linearly to the amount of living migrated cells.

Ex Vivo Assay. Samples of diseased tibia from 9 patients
(69-79 years old) with OA who underwent total knee
replacement were obtained using commercial arc punches;
no bone tissue was included. Stainless steel barrels with a
diameter of 10 mm and a height of 15 mm provided a vessel
for cartilage specimens and GFP-labeled CPCs for an
aligned migration within the reservoir. Barrels containing
the specimens were transferred to 6-well plates containing
DMEM with 10% FCS supplemented with gentamycin (50
pwg/mL), and cells were placed on top using a sterile micro-
pipette. Migration was carried out for 5 days under standard
conditions. Specimens were released from the steel barrels
and washed with phosphate buffered saline (PBS) before
being transferred to flasks containing 4% paraformalde-
hyde. Fixation was carried out for 6 hours at 4°C. Speci-
mens were dehydrated for 8 hours in 70% ethanol.
Visualization was carried out via fluorescence microscopy.

Antibodies

A rabbit polyclonal anti-HMGBI1 antibody (ab18256,
Abcam, Cambridge, UK), a rabbit polyclonal anti-RAGE
antibody (R12-2327; Assay Biotechnology, Fremont, CA,
USA), a mouse monoclonal anti-TLR4 antibody (14-9917-
80; Thermo Fisher Scientific, Waltham, MA, USA), a
mouse monoclonal anti-GFP antibody (sc-9996; Santa Cruz
Biotechnology, Dallas, TX, USA), a monoclonal mouse
anti-a-tubulin antibody (T6199, Sigma-Aldrich, Steinheim,
Germany) and a goat anti-DIG antibody (CU-3210-0488-
IgPG, Biogenesis, Poole, UK) were used as primary anti-
bodies. All antibodies have been demonstrated to be specific
for each protein.*’>

Immunoblotting

A total of 1.5 X 10° cells were dissolved in 30 puL 3 X
sodium dodecyl sulfate (SDS) with 10% B-mercaptoethanol
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and heated at 95°C for 5 minutes. SDS—polyacrylamide gel
electrophoresis (PAGE) was performed with 5% acrylamide
in the stacking gel and 15 % in the separation gel. After
SDS-PAGE, the separated proteins were blotted on an
Immobilon-P Transfer Membrane (PVH07850; Merck
Millipore). General detection of the proteins was performed
with Coomassie blue staining. After destaining, the mem-
brane was blocked with 5% milk in TRIS-buffered saline
with TWEEN (TBS-T) for 1 hour, followed by 5 washing
steps with TBS-T. Then, the primary antibodies were dis-
solved in 5% milk in TBS-T, according to the dilution
instructions provided by the manufacturer, and incubated
for 12 hours at 4°C. Again, 5 washing steps were performed.
Then, secondary antibodies (anti-rabbit-IgG-PO, A0545,
Sigma-Aldrich; anti-mouse-IgG-PO, A9917, Sigma-
Aldrich) were incubated for 1 hour at room temperature,
followed by 5 washing steps. Proteins were visualized by
applying WesternBright Sirius HRP substrate (cat.
R03027-D10; Advansta, Menlo Park, CA, USA). To control
the immunoreactions of the Western blotting, membranes
were incubated with the secondary antibody only.

Immunohistochemistry

Immunoperoxidase staining was performed on paraffin-
embedded tissue sections as follows. Tissue samples were
deparaffinized, rehydrated, and rinsed for 10 minutes in
PBS. Endogenous peroxidase was blocked for 45 minutes
with 3% H O_/methanol in the dark. Each reaction was
followed by rinsing for 10 minutes in PBS. The sections
were pretreated for 5 minutes with 10 wg/mL protease
XXIV (P8038, Sigma-Aldrich, St. Louis, MO, USA). The
anti-HMGBI1 antibody was applied at a dilution of 1:200
in PBS and the anti-GFP antibody at 1:100 for 12 hours at
room temperature. For detection, a HiDef Detection Alk
Phos Polymer System (962D, Cell Marque, Rocklin, CA,
USA) or a HiDef Detection HRP System (954D, Cell
Marque) was used. Intracellular detection of HMGB1 was
accomplished via antigen retrieval with 1 mM citrate buf-
fer (pH 6.0) for 10 minutes at 90°C. Negative controls
were processed by treating the sections with swine serum
instead of the rabbit polyclonal antibodies and with iso-
type-matched IgGs instead of the mouse monoclonal anti-
bodies. Counterstaining was performed using Fast Green
or Hemalaun.

Immunocytochemistry

Immunocytochemistry (ICC) was conducted as described
elsewhere.'? Briefly, P1 cells were grown on coverslips,
fixed, and incubated with 100 wL of primary antibody
(1:50 dilution in PBS) for 1 hour at room temperature. As
secondary antibodies, Alexa Fluor 555 donkey anti-rabbit
IgG (ab150062, Abcam) was used to detect HMGBI1 and

RAGE, and Alexa Fluor 555 goat anti-mouse IgG
(ab150114, Abcam) was used to detect TLR4. Dilution of
the secondary antibodies was 1:500 in PBS, and staining
was carried out for 20 minutes at room temperature. Cell
nuclei were stained with DAPI in PBS (1:500) for 20 min-
utes at 37°C. Negative controls were treated with second-
ary antibody only.

In Situ Hybridization

In situ hybridization (ISH) was performed as described
elsewhere.”® Briefly, probes were generated from DNA
plasmids for the genes of interest using T7 (EPO111, Thermo
Fisher Scientific) and Sp6 RNA polymerases (EP0131,
Thermo Fisher Scientific). Cloning was carried out using
the pPGEM-T Easy vector kit (TM042, Promega, Fitchburg,
WI, USA) and the restriction enzymes Spel (FD1254,
Thermo Fisher Scientific) and Ncol (FD0574, Thermo
Fisher Scientific).

The following cDNA was used to generate antisense
probes: HMGBI forward primer 5-AAGCACCCAGATG
CTTCAGT and reverse primer 5'-GCAACATCACCAAT
GGACAG.

The hybridization solution contained 50% deionized for-
mamide, tRNA (0.25 mg/mL), 1X Denhardt’s Solution
(750018, Thermo Fisher Scientific), 10% dextran sulfate
and 4 X saline-sodium citrate (SSC). Cartilage tissue slides
were incubated with digoxigenin (DIG)-labeled antisense
probes (50-100 ng/pL), and hybridization was performed at
39°C for 16 hours. Posthybridization treatment consisted of
washing with 5X SSC followed by 2X SSC and additional
washing with PBS for 5 minutes. Detection was carried out
with NBT/BCIP (11681451001; Sigma-Aldrich) as a sub-
strate for anti-DIG-alkaline phosphatase (11093274910,
Roche, Basel, Switzerland), and the hybridized probes were
visualized using light microscopy. For confocal micros-
copy, the goat anti-DIG antibody (dilution 1:500 in PBS)
and Alexa Fluor 555 donkey anti-goat IgG antibody
(ab150130, Abcam) (dilution 1:500 in PBS) were used to
detect HMGB1 mRNA.

Statistical Analysis

We reported representative data from at least 3 independent
experiments and statistically tested our results using sepa-
rate specimens. For immunoblotting, we performed 1-way
analysis of variance (ANOVA) after testing for normal dis-
tribution; then we performed Tukey’s multiple comparison
testing. For the scratch assay, cells were counted within
defined survey areas using digital photographs of light
microscopic magnifications and Image] 1.51 software.
After testing the data for normal distribution, we performed
1-way ANOVA and, if significant differences were encoun-
tered, Tukey’s multiple comparison testing. For the Boyden
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chamber assay, we acquired representative data from 3 CPC
cell lines and a total of 19 independent experiments. Since
the data were not normally distributed, we determined the
medians and performed Kruskal-Wallis testing. If signifi-
cant differences were encountered, Mann-Whitney U test-
ing was performed for multiple comparisons.

The analyses were executed using SPSS software (SPSS,
IBM Corp, Armonk, NY, USA) and GraphPad Prism 7
(GraphPad Software, La Jolla, CA, USA). The results are
reported as the mean values and standard deviations; P val-
ues <0.05 were considered statistically significant.

Results

IHC was performed to detect HMGB1 in human OA articu-
lar cartilage. OA specimens showed typical surface fissures
and breaks in the tidemarks (Fig. 1a and ¢), whereas healthy
specimens had smooth articular surfaces and intact tide-
marks (Fig. 1b and d). HMGB1 was found in the nucleus,
cytoplasm and the pericellular matrix of chondrocytes (Fig.
1a), as well as in the ECM (Fig. 1¢). In healthy cartilage,
HMGBI was detectable in the nuclei of some chondrocytes,
but most chondrocytes showed no HMGBI1 expression
(Fig. 1b and d).

ICC showed HMGBI1 expression in both CPCs and
chondrocytes. Unlike in cartilage tissue sections, in mono-
layer culture, the CPCs and chondrocytes were fibroblast-
like in shape. HMGBI1 expression was detectable in
chondrocytes in both the nucleus and cytoplasm, but in
CPCs it was restricted to the nucleus. RAGE and TLR4, 2
receptors for HMGBI1, were observed in CPCs via ICC and
showed an equal distribution in chondrocytes. Staining of
cell nuclei was achieved via DAPI (Fig. 1e).

Immunoblotting was performed in 7 different cell lines:
2 OA chondrocyte cell lines (CH656-OA, CH657-0A), 1
healthy chondrocyte cell line (CH292ht) and 3 CPC cell
lines (CPC531ht, CPC241ht, CPC242ht); mesenchymal
stem cells (MSC577) served as positive control. CPCs from
different passages (P20 to P50) were chosen in order to
show if long term cell culture altered HMGB1 expression
patterns of the cells. Immunoblotting results confirmed
HMGBI expression in all tested cells (Fig. 2a). OA chon-
drocytes showed significantly higher expression levels of
HMGBI (P < 0.05) than healthy chondrocytes. CPCs from
different passages did not differ significantly in terms of
HMGBI expression (Fig. 2b).

In vitro migration assays were performed to investigate
the migratory effects of HMGB1 on CPCs. In a scratch
assay, after 12 and 48 hours, the gaps between CPCs were
smaller in specimens with 10 and 50 ng/mL. HMGBI than
in control specimens (Fig. 3a, second and third column
from left). After 72 hours, the gaps were confluent after
stimulation with 10 and 50 ng/mL HMGBI. In the control
group, the created gaps were still visible after 72 hours

(Fig. 3a, fourth column from left). Quantification of the
results showed that after 0 hours, migration was not signifi-
cantly different between the tested groups. After 12 hours,
HMGBI1 stimulation with 10 and 50 ng/mL increased
migration of CPCs significantly (P < 0.05) compared with
the control group. After 48 hours, migration of CPCs was
significantly higher (P < 0.05) after stimulation with 10 ng/
mL HMGBI than after stimulation with 0 ng/mL (control)
or 50 ng/mL HMGBI. After 72 hours, both test groups
exhibited significantly higher CPC migration (P < 0.05)
than the control group (Fig. 3b).

Using a Boyden chamber assay, the migration of CPCs
stimulated by different concentrations of HMGBI1 was
observed via fluorescence analysis after 6, 12, and 24 hours.
At all points in time, cell migration was significantly higher
in specimens with any of the tested HMGB1 concentrations
than in unstimulated controls (P < 0.05). After 6 hours,
higher concentrations of HMGBI led to significantly higher
migration rates (P < 0.05) than lower concentrations. After
12 hours, cell migration was significantly higher for 100 ng/
mL HMGBI than for 10 and 50 ng/mL HMGBI1 (P < 0.05).
After 24 hours, cell migration was significantly higher for
50 and 100 ng/mL HMGBI than for 10 ng/mL HMGBI1 (P
< 0.05) (Fig. 4).

In an ex vivo setting, GFP-tagged CPCs were placed on
top of OA tissue explants to observe their aligned migration
toward OA injury sites. After 5 days of migration, GFP-
tagged CPCs were detected within the tissue using confocal
microscopy (Fig. 5a). In the migrated CPCs, HMGB1 was
identified at the mRNA and protein levels. HMGB1 mRNA
in the migrated CPCs was detected by ISH and visualized
by light microscopy (Fig. 5b and ¢) and confocal micros-
copy (Fig. 5d). At the protein level, HMGBI1 and GFP
expression in the migrated CPCs was confirmed by IHC
(Fig. 5e and f).

Discussion

In the present study, the distribution of HMGB1 in human
late stage OA knee cartilage was shown. The IHC results of
late-stage OA specimens showed nuclear, cytosolic, and
pericellular expression of HMGBI1, whereas in healthy spec-
imens, HMGB1 expression was restricted to the nuclei of
few chondrocytes, and most cells in the healthy tissue
showed no HMGBI expression. The observation that nuclear
expression in healthy chondrocytes was higher than cyto-
solic expression is in line with previous findings showing
that the ratio of nuclear to cytoplasmic HMGBI is approxi-
mately 30:1.%* Perhaps in resting chondrocytes, tight nucleo-
somal HMGBI1 binding causes steric hindrance of
immunostaining. OA-mediated chondrocyte activation leads
to nuclear staining, and the proinflammatory cytokines
IL-1pB and tumor necrosis factor o (TNFa) cause the translo-
cation of HMGBI1 from the nucleus to the cytosol.*'> The
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Figure I. Light microscopic detection of HMGBI via IHC (a-d) and fluorescence microscopic detection of HMGBI, RAGE, and
TLR4 via ICC (e). (a and c) Chondrocytes in OA cartilage express HMGBI. Insets: Detail of chondrocyte clusters with HMGBI
expression in nucleus, cytoplasm, and pericellular regions; the arrow indicates a break in the tidemark. (b and d) HMGBI expression
in healthy cartilage is restricted to few chondrocytes. Insets: details of chondrocytes without HMGBI expression. Scale bars shown

in figure a are transferable to figures b, c, and d. (e) CPCs and chondrocytes express HMGBI, RAGE, and TLR4. Note that HMGBI
expression in CPCs is restricted to nuclear regions, whereas in chondrocytes it is expressed in cytoplasmic areas as well. The scale
bar is transferable to all figures in e. OA = osteoarthritis; CPCs = chondrogenic progenitor cells; HMGBI = high mobility group box
| protein; RAGE = receptor for advanced glycation end products; TLR4 = toll-like receptor 4; IHC = immunohistochemistry; ICC =
immunocytochemistry.
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Figure 2. immunoblotting results from 2 OA chondrocyte
cell lines (CH656-OA, CH657-OA), | healthy chondrocyte
cell line (CH292ht), and 3 CPC cell lines from different cell
culture passages (CPC531ht, CPC241ht, CPC242ht); MSCs
(MSC577) served as positive control. (a) Coomassie staining
of the transfer membrane stained proteins after separation;
immunoblotting showed HMGBI and a-tubulin expression in
the tested cells (merged figure). (b) Relative HMGBI expression
after normalization with a-tubulin: OA chondrocytes express
significantly more HMGBI than healthy chondrocytes; CPCs
from different cell culture passages do not differ significantly
in their HMGBI expression; statistical significance (P < 0.05)
is indicated by an asterisk. OA = osteoarthritis; CPCs =
chondrogenic progenitor cells; HMGBI = high mobility group
box | protein; MSCs = mesenchymal stem cells.

ratio of positive cytosolic expression of HMGBI1 within
chondrocytes tends to increase with the OA histological
grade, while the nuclear-positive cell ratio remains unaf-
fected.”® In the present study, the increase in cytosolic

HMGBI1 expression in OA tissue was confirmed.
Interestingly, the ICC results differed from the IHC results:
Chondrocytes taken from healthy specimens showed strong
nuclear but weak cytosolic HMGBI1 expression in mono-
layer culture. This might be explainable by the biological
and biochemical differences between in vitro and in vivo
conditions because monolayer culture does not mimic chon-
drocyte functions that occur in native cartilage ECM or
3-dimensional culture.”® For the first time, the present study
demonstrated HMGB1 expression in human CPCs by ICC;
CPCs express nuclear HMGBI1 but no cytosolic HMGBI.
Further research is needed to clarify if stimulation by proin-
flammatory cytokines causes the cytosolic translocation of
HMGBI not only in chondrocytes but in CPCs as well.

Moreover, ICC showed RAGE and TLR4 expression in
chondrocytes and CPCs. RAGE and TLR4 are receptors for
HMGBI involved in proinflammatory responses.”’”’ In
articular chondrocytes, RAGE expression has already been
demonstrated via IHC, immunoblotting, and reverse tran-
scriptionl—polymerase chain reaction®’; our results supple-
ment these findings via ICC. HMGBI and RAGE
overexpression in OA knee tissue indicates a role in the dis-
ease pathogenesis.*® The presence of TLR4 in chondrocytes
and CPCs suggests that it is another receptor for HMGB1 in
OA proinflammatory signaling besides RAGE.

In line with findings by Seol ez al.,"* the current results
of the migration assays showed that stimulation by HMGBI1
significantly increased the migration of CPCs compared
with control groups. Generally, the higher the concentration
of the chemoattractant HMGBI, the higher was the migra-
tion rate of CPCs in the Boyden chamber assay. On the
other hand, in the scratch assay, this linear correlation was
not observed at all times: after 48 hours, migration was sig-
nificantly lower in specimens with the highest tested
HMGBI concentration than in specimens with a lower
HMGBI concentration. Perhaps CPCs were damaged when
the scratches were executed and, subsequently, released
cytokines falsified the migratory effects of HMGBI, to
some extent. The results from 2 different migration assay
methods clearly showed that HMGBI1 enhanced migration
of CPCs.

Although there is various evidence about the migratory
effects of HMGBI on different cell types,®”** there are con-
trary conclusions about its RAGE-dependency in progeni-
tor and stem cells. Meng et al.** showed that bone marrow
mesenchymal stem cell migration is RAGE-independent,
whereas Seol ef al."* suppose that CPC migration is medi-
ated in part by RAGE. The present ICC results showed that
chondrocytes and CPCs express both HMGBI1 and RAGE,
but future research needs to clarify if they interact as part-
ners in cell migration.

In an ex vivo migration assay, CPCs were shown to
migrate into human OA knee tissue. To our knowledge,
this has previously been described for bovine tissue
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Figure 3. Scratch assay results performed on CPCs after 0, 12, 48, and 72 hours of stimulation with 0 (control), 10, or 50 ng/

mL HMGBI. (a) Light microscopy, the gap between the white lines indicates the initial scratch marks: after 0 and 12 hours, the gap
between CPCs is present in all groups; after 48 hours, confluence of CPCs stimulated by 10 and 50 ng/mL HMGBI is increasing,
while in the control group the initial gap is still present; after 72 hours, the CPC monolayer is confluent in specimens with stimulation
via HMGBI; in the control group, a small gap is still visible. Scale bars are transferable to all figures in (a). (b) Quantification of the
scratch assay results (n = 3): The number of cells between the white lines was counted and analyzed; statistical significance (P < 0.05)
between results is indicated by an asterisk. CPCs = chondrogenic progenitor cells; HMGBI = high mobility group box | protein.

only.”” Although the physiological function of CPCs
remains unknown, the present results strongly support the
assumption that CPCs migrate to sites of tissue injury in
order to participate in repair and regeneration processes.
We suggest that migration is stimulated via HMGBI1
released by chondrocytes at the injury site and mediated

by binding to RAGE; both proteins were expressed by
chondrocytes in the present study. Moreover, migrated
CPCs expressed HMGB1 as shown by ISH. For methodi-
cal reasons, in the ex vivo assay, we were not able to
examine HMGBI expression in living CPCs on top of the
explants. It would be of interest to know if HMGBI1
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Figure 4. Boyden chamber results (n = 19) performed on CPCs after 6, 12, and 24 hours of stimulation with 0 (control), 10, 50, or
100 ng/mL HMGBI; absolute fluorescence was measured and analyzed; statistical significance (P < 0.05) between results is indicated
by an asterisk. CPCs = chondrogenic progenitor cells; HMGBI = high mobility group box | protein.
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Figure 5. Migration of CPCs into OA tissue and their HMGBI expression ex vivo. (a) After 5 days of migration, GFP-tagged CPCs
are detected in OA cartilage tissue by confocal microscopy. (b) detection of HMGBI mRNA in migrated CPCs via ISH. (c) Detail of
a HMGBI| mRNA-positive migrated CPC. (d) Confocal reflection microscopy confirms HMGBI mRNA (red) in migrated GFP-tagged
CPCs (green). (e) IHC results show that migrated CPCs are GFP-positive. (f) IHC double-staining shows that migrated GFP-positive
CPCs (brown) express HMGBI (red). CPCs = chondrogenic progenitor cells; HMGBI = high mobility group box | protein; OA,
osteoarthritis; GFP = green fluorescent protein; ISH = in situ hybridization; IHC = immunohistochemistry

expression in CPCs changes or remains unaffected during ~ CPCs stimulates ECM restoration and healing processes
migratory activity. In human bronchial epithelial cells, at sites of tissue injury. Future research needs to clarify
HMGBI1 promotes ECM synthesis and wound repair  the expression profile of HMGBI1 during migration of
mediated by RAGE and TLR4.% Possibly, HMGBI in CPCs and its role in tissue regeneration.
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The present study investigated the expression and che-
motaxis of HMGBI1 both in vitro and ex vivo. The results we
obtained using CPC, MPC and chondrocyte cell lines need
to be confirmed in primary cells to make them transferable
to clinical situations.

In conclusion, the results of the present study give insight
into the migratory role of HMGB1 in knee OA beyond its
ubiquitous nuclear role. Proinflammatory cytokines IL-13
and TNFa are known to upregulate cytoplasmic HMGBI1
expression in chondrocytes.” Inflammasomes regulate
HMGBI release by immune and damaged cells.®®
Extracellular HMGBI participates in migratory, inflamma-
tory, and repair responses by binding to RAGE and TLR4
on effector cells.?>***77%7 I the present study, we dem-
onstrated that extracellular HMGB1 enhances migration of
CPCs and we suggest the mediation of this effect via RAGE
and TLR4 binding. Our ex vivo results showed that CPCs
that migrate into OA tissue express HMGBI. Future inves-
tigation is required to define the role of CPCs at OA injury
sites and the possible involvement of HMGBIlin further
inflammation and repair processes.
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