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Abstract

Novel strategies have been proposed for articular cartilage damage occurring during osteo-
arthritis (OA) and -among these- Extracorporeal Shock Wave Therapy (ESWT), intra-articu-
lar injections of Platelet-Rich Plasma (PRP) or Hyaluronic Acid (HA) revealed encouraging
results. To investigate the possible mechanisms responsible for those clinical benefits, we
established primary cultures of human chondrocytes derived from cartilage explants and
measured the in vitro effects of ESW, PRP and HA therapies. After molecular/morphological
cell characterization, we assessed those effects on the functional activities of the chondro-
cyte cell cultures, at the protein and molecular levels. ESWT significantly prevented the
progressive dedifferentiation that spontaneously occurs during prolonged chondrocyte cul-
ture. We then attested the efficiency of all such treatments to stimulate the expression of
markers of chondrogenic potential such as SOX9 and COL2A, to increase the Ki67 prolifera-
tion index as well as to antagonize the traditional marker of chondrosenescence p16INK4a
(known as Cdkn2a). Furthermore, all our samples showed an ESW- and HA-mediated
enhancement of migratory and anti-inflammatory activity onto the cytokine-rich environment
characterizing OA. Taken together, those results suggest a regenerative effect of such ther-
apies on primary human chondrocytes in vitro. Moreover, we also show for the first time that
ESW treatment induces the surface expression of major hyaluronan cell receptor CD44
allowing the increase of COL2A/COL1A ratio upon HA administration. Therefore, this work
suggests that ESW-induced CD44 overexpression enhances the in vitro cell susceptibility of
human chondrocytes to HA, presumably favouring the repair of degenerated cartilage.
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Introduction

Osteoarthritis (OA) is considered the most common form of chronic arthritis involving differ-
ent joints and characterized by progressive degeneration of cartilage[1, 2]. It is the result of an
abnormal wound healing response, culminating in an imbalance between synthesis and degra-
dation of extracellular matrix (ECM) provided by articular chondrocytes|3, 4]. In fact, it has
been primarily documented that the presence of specific markers such as the chondrogenic
master regulator SRY (sex-determining region Y) box 9 (SOX9) and Collagen type 2A
(COL2A) characterizes healthy human cartilage, whereas in damaged OA cartilage there is a
pathologic predominance of profibrotic Collagen type 1A (COL1A)[5, 6].

Unfortunately, human hyaline cartilage has a limited capacity for intrinsic regeneration
and damage repair -probably due to poor vascularization- and it is now accepted that its main-
tenance depends on chondrocyte synthesis of several mediators|[7, 8].

Nowadays, curative treatments for OA remain unsatisfactory, and its management focuses
on the alleviation of symptoms, as recommended by the guidelines[9]. Current therapies are
conservative, even though -for patients with severe OA- joint replacement can be required
[10]. However, to reduce pain and induce a functional recovery, promising approaches using
Extracorporeal Shock Wave Therapy (ESWT), Hyaluronic Acid (HA) or Platelets-Rich Plasma
(PRP) were proposed[11-13].

Despite the shockwave efficacy in reducing symptoms, the molecular mechanisms evoked
by such strategy are not yet completely understood, although the clinical benefits may be
ascribed to induction of tissue regeneration[14-17].

HA is a major component of the cartilage ECM, and its molecular weight modification may
lead to a compromised function of OA-affected joints[18]. For this reason, recent advances
suggest that hyaluronan supplementation in OA patients, progressively affected by decreasing
levels of HA concentration, may improve their clinical outcomes[19, 20].

Previous in vitro studies indicate that HA effects on cartilage tissue and cells are mediated
through cluster differentiation 44 (CD44), the main hyaluronan receptor, whose expression
in human chondrocytes can significantly influence the benefits of this therapy facilitating cell-
matrix interaction[18, 21].

PRP is another promising treatment performed with autologous platelets purified from
whole blood, whose advantages presumably depend on its anti-inflammatory and tissue heal-
ing properties through several mediators stored in the a—granules, which are supposed to
improve tissue repair[13, 22].

Notwithstanding several difficulties to perform cultures of human chondrocytes -also due
to the paucity of cells within articular cartilage-, tissue engineering and cell-based therapy are
nowadays explored[1, 2]. However, their main disadvantage concerns the chondrocyte ten-
dency to progressively dedifferentiate in vitro, which is not suitable for cartilage regeneration
and also increases the risk of developing fibrosis[6, 7, 23].

Furthermore, one of the major limitations in healing the damaged cartilage is represented
by cellular senescence associated with OA and characterized by an advanced age (or trauma-
dependent) decline of tissue regeneration capacity[1, 2, 4, 7, 24, 25]. This chondrosenescence
is intimately linked to several factors and may be measured in primary cultured human chon-
drocytes by different biomarkers of cell senescence, such as the p16™** protein expression
(also known as Cdkn2a)[26-28]. It is now widely believed that novel strategies should be
explored to counteract chondrocyte dedifferentiation and senescence in vitro.

Many studies suggest that a further contribution to OA onset and progression is repre-
sented by an inflammatory environment characterizing either early or advanced disease, such
as an increase in proinflammatory catabolic (e.g., TNF-o, IL-6 and IL-17A) and a decrease in
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anti-inflammatory regenerative cytokines (e.g. IL-10) can be considered an etiologic factor
playing important roles also in the development and evolution of the disease[8, 18, 29-31].

In the present work, we established primary cultures of human chondrocytes explanted
from femoral head articular cartilage of six patients undergoing total hip replacement, to eval-
uate the effects of their exposure to ESWT, HA and PRP, and to achieve a better understanding
of the molecular mechanisms triggered in vivo by such treatments.

Our results indicate that these therapies promote a regenerative effect on primary human
chondrocytes in vitro.

Material and methods
Tissue samples, human primary cultured chondrocytes and treatments

The IRB (Institutional Review Board) of “Sapienza” University and Sant’ Andrea Hospital
(Rome, Italy) approved this study, and each patient gave their written informed consent to the
experimental research, following the principles outlined in the Declaration of Helsinki.

Four primary cultures of human chondrocytes have been established using femoral head
articular cartilage biopsies obtained from six patients enrolled in this study (aged 58-67 years),
who underwent total hip replacement for a prolonged history of OA. Tissue biopsies were
derived from femoral head articular cartilage, cut into small pieces (2.5-3.0 mm?) and then
digested with 2 mg/ml collagenase type I (Gibco, USA) for 1 hour at 37°C. The samples were
centrifuged (1000 rpm for 10°), the supernatants discarded, and the pellet was cultured in a
sterile flask (Falcon, BD, USA), in Ham’s F12 medium, supplemented with 10% fetal bovine
serum (FBS, Hyclone, Euroclone, Italy) and 1% penicillin/streptomycin/glutamine solution
(Gibco, USA). Primary cultures were expanded and, once they reached 80% confluence, at pas-
sage three (P3), they were used for the following experiments. Chondrocytes were detached
with 1 ml of 0.05% trypsin/ethylenediaminetetraacetic acid (EDTA, Euroclone, Italy), counted
and then used for all experiments.

For ESWT, primary cultured chondrocytes were treated with the shockwave generator at
a dose of 0.14 mJ/mm?> energy level and 1000 impulses, as previously described[14, 17, 32],
whereas the control group was maintained in conventional medium, without previous shock-
wave exposure. Intensity and energy levels were previously selected[14, 17, 32] to maximize
the therapeutic effects without significantly decrease the cell viability. The shockwave treat-
ment was applied by an electromagnetic shockwave generator MODULITH SLK (STORZ
MEDICAL AG, Switzerland). A cryogenic vial (Corning Incorporated, NY, USA) containing
10° cells/ml was placed on the generator with a coupling gel (Aquasonic 100; Parker Laborato-
ries, USA) to minimize the loss of energy at the interface between the head of the device and
the cryovial. The tube was placed precisely in the focus of the application pad under ultrasono-
graphic control. Then, cells were cultured in a 6 cm dish for 72 hours.

For HA experiments, we used hyaluronic acid hybrid complex commercialized by IBSA
Farmaceutici (Italy), (ratio 1:1) with H-HA (MW: 1200 £100 kDa) and L-HA (MW: 100 + 10
kDa) prepared as reported[24]. HA stock solution was mixed with culture media and the final
concentration of hyaluronan mixture was 0.5%. Then, 10° chondrocytes were seeded in a 6 cm
dish and cultured overnight before treatment. Finally, cells were treated with the HA solution
for 72 hours.

For ESWT pretreatment followed by HA exposure, after shockwave cells were cultured for
an additional 48 hours in the HA-containing medium.

Platelet-rich plasma (PRP) was supplied by Immunohematology and Transfusion Unit
(SIMT) of the Sant’Andrea Hospital. 20 ml of blood were collected using two tubes of Regen-
Kit BCT-3 (Regenlab, Le Mont-sur-Lausanne, Switzerland) for each donor. All donors gave
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their informed consent. The tubes were then centrifuged for 12 min (1300 to 1500 rpm) result-
ing in 6-7 ml of PRP. To obtain a higher cellular concentration, we delicately removed 2 ml of
the upper layer of the platelet-poor supernatant (PPP) and the remaining cellular deposit was
collected in one tube (mean platelets concentration of 0.9-1.1 x 10° ml). To induce PRP to
release growth factors and cytokines, we added five NIH units of thrombin followed by cal-
cium gluconate 1:20, allowing PRP to clot for 5 minutes at 37°C. The clot was centrifuged for
10 minutes at 600 rpm to obtain supernatants rich in growth factors and cytokines released
from activated platelets[33]. Tubes were centrifuged at 600 rpm for 6 min, and the plasma
layer was collected avoiding aspiration of the bufty coat, the resulting product includes fibrino-
gen. Platelets and leukocytes in PRP were counted by a Coulter Counter (Beckman, Brea, CA,
USA). 10° chondrocytes were seeded in a 6 cm dish and cultured overnight and then treated
with such preparation for 72 hours. For all our treatments, 10° chondrocytes were seeded in a
6 cm dish and cultured for 72 hours as control.

Morphological evaluation

Chondrocytes were seeded (10° cells/dish), grown at 37°C for 12 days and then assessed for
cellular morphology. At day 4, 8, and 12 photomicrographs were recorded using an Axiovert
200 inverted microscope (Carl Zeiss, Micro Imaging, GmbH, Germany), equipped with a
Camera Power Shot A640 (Canon, Japan). According to previous studies on the differentiation
of human skin fibroblasts[34], chondrocytes were distinct for their phenotype into two sub-
populations: Elongated (E) and Ovoid (O) cells[17]. A cell count of ten photomicrographs per-
formed quantitative analysis for each time point. Results are shown as means + SD. Student’s
t-test was performed, and significance levels have been defined as p<0.05.

Scratch assay

Cells treated as above described were seeded on 6 cm dishes and incubated for 24 hours at
37°C. Untreated cells were used as control. Then a standardized cell-free area was introduced
by scraping the monolayer with a sterile tip, as previously described[35]. After intensive wash,
the remaining cells were incubated for further 48 hours, treated as above, then fixed with 4%
paraformaldehyde for 30 min at 25°C; photographs were taken using an Axiovert 200 inverted
microscope (Zeiss, Germany). Some plates were fixed and photographed immediately after
scratching representing a TO control. Migration was quantitated by a measure of the recovered
scratch area, performed using the Axiovision software (Zeiss, Germany). The data now pre-
sented is a mean percentage + SD of residual open area compared to the respective cell-free
surface in TO. Results are shown as means + SD. Student’s ¢-test was performed, and signifi-
cance levels have been defined as p<0.05.

Immunofluorescence

Chondrocytes primary cultures, grown on coverslips and treated as above described, were fixed
with 4% paraformaldehyde followed by treatment with glycine 0.1 M for 20 min at 25°C and
with 0.1% Triton X-100 for additional five min. at 25°C to allow permeabilization. Cells were
then incubated, alternatively, with the following primary antibodies: the mouse monoclonal
anti-p16 (1:100 in PBS; BIO-p16, UCS Diagnostic, Italy) and the rabbit polyclonal antibody
anti-Ki67 (1:50; Zymed Laboratories, USA) and the directly conjugated mouse monoclonal
anti-CD44-FITC (Becton and Dickinson Company, USA). The primary antibodies were visual-
ized, after washing with PBS, using the goat anti-mouse IgG-Alexa Fluor 488 (1:200 in PBS; Life
Technologies, USA) and the goat anti-rabbit IgG-FITC (1:200; Jackson Immunoresearch Labo-
ratories, USA), for 30 min. at 25°C. Nuclei were stained with 4’-6’-diamido-2-phenylindole
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dihydrochloride (DAPI) (1:10000 in PBS, Sigma Chemical Company, USA). Finally, coverslips
were mounted with Mowiol in PBS for observation. Fluorescence signals were analyzed by con-
ventional fluorescence with an ApoTome System (Zeiss, Germany) connected with an Axiovert
200 microscope (Zeiss); image analysis was then performed by a software Axiovision (Zeiss,
Germany). Quantitative analysis of the fluorescence intensity was performed by the Axiovision
software (Zeiss, Germany), analyzing 10 different fields randomly taken from three indepen-
dent experiments as reported in other studies[36]. Results are shown as means + SD. Student’s
t-test was performed, and significance levels have been defined as p<0.05.

Cytokine levels in supernatants of human primary cultured chondrocytes

In cells treated as above, cytokine supernatant levels [IL-6, IL-17A, IL-10, and tumour necrosis
factor (TNF-0] were measured simultaneously by multiple immunoassay kits (Human Mag-
netic Luminex Assay, R&D System Inc. Bio-Techne brand) following the manufacturer’s
instructions and using the Luminex Technology. Quantitative data were obtained by the Lumi-
nex-200 MagPix system (Luminex Corporation, TX, USA), and the data were analyzed using
Luminex 200 software. Quantitative analysis of cytokine secretion was performed as mean
fluorescence intensity (MFI) as above. Results are shown as means + SD. Student’s ¢-fest was
performed, and significance levels have been defined as p<0.05.

Primers

Oligonucleotide primers necessary for target genes and the housekeeping gene were chosen
utilizing the online tool Primer-BLAST and purchased from Invitrogen (USA).The following
primers were used: for the transcription factor, SOX9 target gene: 5’ ~CCCCCAACGCCATCT
TCAA-3’ (sense), 5/ ~CTGGGATTGCCCCGAGTG-3" (anti- sense); for the type II collagen,
COL2A target gene: 5’ ~ACACTGGGACTGTCCTCTGCGA-3" (sense), 5/ ~CCTTTGGTCCT
GGTTGCCCACTG-3’ (anti-sense); for the type I collagen, COL1A target gene: 5’ ~ACATGT
TCAGCTTTGTGGACCTCCG-3" (sense), 5/ ~ACGCAGGTGATTGGTGGGATGTCT-3’ (anti-
sense); for the cyclin-dependent kinase Inhibitor 2A CDKN2A/p16 target gene: 5’ ~CGTGGA
CCTGGCTGAGGA-3’ (sense), 5’ - AATCGGGGATGTCTGAGGGA-3' (anti-sense); for
CD44 target gene: 5’ ~-TCCAACACCTCCCAGTATGACA-3" (sense), 5’ ~GGCAGGTCTGTGA
CTGATGTACA-3' (anti-sense); and for the 18S rRNA housekeeping gene: 5’ ~AACCAACCC
GGTCAGCCCCT-3’ (sense), 5/ —-TTCGAATGGGTCGTCGCCGC-3’ (antisense). For each
primer pair, we performed no-template control and no-reverse-transcriptase control assays,
which produced weak signals.

RNA extraction and cDNA synthesis

RNA was extracted using the TRIzol (Invitrogen) according to manufacturer’s instructions
and eluted with 0.1% diethylpyrocarbonate (DEPC)-treated water. Each sample was treated
with DNAase I (Invitrogen, USA). Total RNA concentration was quantitated by spectropho-
tometry; 1 pg of total RNA was used to reverse transcription using iScriptTM cDNA synthesis
kit (Bio-Rad, USA) according to manufacturer’s instructions.

PCR amplification and real-time quantitation

Real-time RT-PCR was performed using the iCycler Real-Time Detection System (iQ5 Bio-
Rad, USA) with optimized PCR conditions. The reaction was carried out in 96-well plate using
iQ SYBR Green Supermix (Bio-Rad, USA) adding forward and reverse primers for each gene
and one pl of diluted template cDNA to a final reaction volume of 15 pl. All assays included a
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negative control and were replicated three times. The thermal cycling program was performed
as described[33]. Real-time quantitation was performed with the help of the iCycler IQ optical
system software version 3.0a (Bio-Rad, USA), according to the manufacturer’s manual. Results
are reported as mean + SD from three different experiments in triplicate. Student’s t-test was
performed, and significance levels have been defined as p<0.05.

Results

Characterization of primary cultured human chondrocytes

Primary cultured human chondrocytes have been used to evaluate the possible mechanisms
responsible for the clinical benefits encountered after promising strategies as Extracorporeal
Shock Wave Therapy (ESWT), Hyaluronic Acid (HA) and Platelets-Rich Plasma (PRP) for the
management of several musculoskeletal disorders.

We established four primary cultures of human chondrocytes derived from femoral head
articular cartilage of six patients (aged 58-67 years) undergoing total hip replacement for a
prolonged history of OA.

First, conventional chondrocyte status markers -including SOX9, COL1A and COL2A-
have been evaluated by RT-PCR. The molecular analysis permitted to detect the simultaneous
expression of all gene markers in the samples, assessing the quality of our cell cultures (Fig 1).

In this model, the human chondrocytes seeded in vitro showed different patterns of cell
morphology. Indeed, inside the cultures, a first and prevalent group of classically rounded,
polygonal, ovoid (O) and enlarged chondrocytes, as well as a second group of elongated (E),
flattened, fibroblast-like cells were observed (Fig 2).
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Fig 1. Characterization of the four primary cultures of chondrocytes derived from femoral head articular
cartilage biopsies. Molecular analysis of the expression of typical chondrocyte markers: SOX9, COL1A and COL2A.
Real-time RT PCR quantitated mRNA transcript levels. Results were obtained from four different primary cultures of
chondrocytes.

https://doi.org/10.1371/journal.pone.0218740.9001
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Fig 2. ESWT significantly antagonized the in vitro phenotypic dedifferentiation of primary human chondrocytes.

Quantitative analysis of cell morphology performed over a 12-day (d) period in human primary cultured cells was

derived from 4 different explants, then exposed to ESW, HA and PRP or left untreated as control (Unt). According to

morphological criteria, cells defined as O (ovoid) or E (elongated) were counted from five different fields taken

randomly. Results were performed by assessing the percentage of elongated cells and are expressed as mean values

+SD. Student’s t-test was calculated to evaluate significant differences: values of p<0.001 (**) were considered

statistically significant vs the corresponding untreated. Photomicrographs are representative of one single culture. Bar

50 pm.
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ESWT significantly antagonized the in vitro phenotypic dedifferentiation
of primary human chondrocytes

We compared untreated long-term cell cultures with cultures exposed to either ESWT, or HA
or PRP.

A quantitative evaluation to check the percentages of E and O morphologies in four differ-
ent cultures was performed, showing a significant correlation between the cellular shapes and
the various treatments. In particular, the analysis conducted after one day up to the following
12 days (as documented in Fig 2 by photomicrographs of representative fields) showed pheno-
typic dedifferentiation observable in control cells, consisting in a significant increase of E vs O
phenotype. Interestingly, only the shockwave exposure prevented this morphological modifi-
cation after eight up to 12 days, whereas no significant differences have been detected in PRP-
and HA-treated cells: ESWT significantly antagonized this progressive drift from E to O mor-
phology (Fig 2).

The expression of SOX9 is increased and the functional shift COL2A
towards COL1A is impaired in human primary cultured chondrocytes in
response to ESWT, HA and PRP

Thus, we compared the molecular expression of collagen type IA (COL1A: fibrotic marker
whose expression is enhanced during chondrocyte dedifferentiation) and type IIA (COL2A: a
typical chondrogenic marker of the functionally active chondrocyte), as well as the expression
of SOX9 (the chondrogenic master regulator).

Our treatments (more significantly PRP and ESWT) impair the functional shift of COL2A-
toward COL1A-expressing cultured chondrocytes and upregulate the levels of SOX9. To con-
firm the preservation of chondrocyte phenotype, the COL2A/COL1A ratio was also calculated
(Fig 3).

Proliferation and repair is stimulated by ESWT, HA and PRP treatment in
chondrocyte cultures

We then analyzed (both at the protein and molecular level) the expression of p16™<** (also

known as Cdkn2a), a specific biomarker of cell ageing. Our data support a possible role of
shockwave (mainly), PRP and HA in retarding chondrosenescence, as indicated by the signifi-
cant decrease of p16"™~** expression in treated, compared with untreated, chondrocytes.
Those results were confirmed at protein level by quantitative immunofluorescence evaluation
and at the molecular level by mRNA analysis (Fig 4). Following these data, ESW- HA- and
PRP-treated cells, after 6-well plates seeding, were also analyzed in immunofluorescence for
the expression of Ki67, a nuclear marker of cycling cells. Quantitative analysis -measured by
the percentage of Ki67" cells- revealed a proliferative stimulus of such treatments on our cul-
tures, mainly after three days. Those effects persisted after five days exclusively for PRP and
HA exposure, becoming not significant in ESW-treated chondrocytes (Fig 5). Using the algo-
rithm [http://www.doubling-time.com/] provided by Widera et al.[37], untreated cells com-
pared with PRP and HA-treated cells showed at day three a threefold increase in doubling
time, although this rate resulted significantly diminished at day five (Fig 5A). At the same
time, migratory behavior was assessed by a scratch test, able to mimic a possible in vitro-
induced cartilage repair. Cell migration was quantified measuring the mean of recovered areas
after scratching (see Material and Methods paragraph). The HA- and ESW-exposure pro-
moted a significant decrease in residual open field and a typical migratory phenotype in most
of the chondrocytes, while no considerable outcome was observed after PRP-treatment. The
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Fig 3. The expression of SOX9 is increased and the functional shift COL2A towards COLI1A is impaired in human
primary cultured chondrocytes in response to ESWT, HA and PRP. Real-time RT PCR quantitated mRNA
transcript levels. The expression of SOX9, COL1A, COL2A and COL1A/COLIA ratio was calculated. Results reported
in the graph were obtained from four different cultures and represent the mean values +SD obtained from three
independent experiments. Student’s ¢-test was calculated to evaluate significant differences: values p<0.001 (**) and
p<0.05 (*) were considered statistically significant vs the corresponding untreated.

https://doi.org/10.1371/journal.pone.0218740.9003

quantitative analysis demonstrates that the HA- and ESWT-mediated motility was signifi-
cantly higher compared to untreated control (p<0.01) (Fig 5B).

Pro-inflammatory cytokine secretion is reduced whereas anti-
inflammatory IL-10 level is increased in supernatants collected from
chondrocyte cultures treated with ESWT and HA

We measured the secretion of inflammation-related cytokines (TNF alpha, IL-6, IL-10 and IL-
17A) in supernatants of cultured chondrocytes, collected 5 days after ESW and HA exposure
(Fig 6). The cytokine secretion was not evaluated in PRP-treated cells, because it would not
have been possible to understand if these were produced by chondrocytes or rather directly
released by platelet degranulation. Interestingly, HA and ESWT exposure significantly inhib-
ited IL-6, TNF-o and IL-17A, while stimulated IL-10 production (Fig 6). The analysis of cyto-
kines showed decreased values for pro-inflammatory TNF-o, IL-6 and IL-17A and increased
for anti-inflammatory IL-10.
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positive cells. Quantitative immunofluorescence analysis of p16 was performed as described in material and methods. p16 mRNA transcript

levels after ESWT, HA and PRP, were quantitated by real-time RT PCR. Results reported in the graph were obtained from four different

cultures and represent the mean values +SD obtained from three independent experiments. Student’s t-test was calculated to evaluate

significant differences: values as p<0.001 (**) and p<0.05 (*) were considered statistically significant vs the corresponding untreated.

https://doi.org/10.1371/journal.pone.0218740.9004
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Functional effect of CD44 up-regulation mediated by ESWT

Considering the described in vitro beneficial effects of HA, we quantified the surface expres-
sion of the major Hyaluronan cell receptor -CD44- on primary cultured human chondrocytes.
The ubiquitous expression of CD44 in all human cultured chondrocytes was analyzed by
Immunofluorescence microscopy. After only 3 days following ESW exposure, CD44 was
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Fig 5. Proliferation and repair is stimulated by ESWT, HA and PRP treatment in chondrocyte cultures. Analysis
of proliferation and migration induced by ESWT, HA and PRP were performed as described in material and methods.
(a) ESWT, HA and PRP effects on cell proliferation of chondrocyte cultures. Inmunolabeling with anti-Ki67 antibody
(green) was achieved on cell cultures after ESW, HA and PRP exposure for 24 days (T24). Nuclei are stained with
DAPI Photomicrographs are representative of one single culture. Bar 20 pum.Quantitative immunofluorescence
analysis of proliferation induced by ESWT, HA and PRP was performed as described in material and methods. Results
are shown as means +SD. Student’s ¢-test was performed, and significance levels have been defined as p<0.001 (**) and
p<0.05 (*). (b) ESWT, HA and PRP effects on cell migration of chondrocyte cultures. Results reported in the graph were
obtained from four different cultures and represent the mean percentage +SD of a residual open area as described in
material and methods. Results are shown as means percentage +SD. Student’s t-test was performed, and significance
levels have been defined as p<0.001 (**) and p<0.05 (*). Bar 50 um.

https://doi.org/10.1371/journal.pone.0218740.9005

significantly enhanced, whereas no relevant differences after HA- and PRP-treatments were
observed (Fig 7). This result was first obtained by immunofluorescence and expressed in

a quantitative analysis of the signal as fold increase CD44 fluorescence intensity (Fig 7A).
Such an increase in CD44 cell surface protein expression was then confirmed at the molecular
level by RT-PCR. Again, 3 days after ESWT, mRNA fold expression of CD44 was significantly
enhanced compared to untreated control cells (Fig 7A).

Intriguingly, we also measured the functional effect of CD44 overexpression on the activity
of HA treatment: in ESW-stimulated cells, HMW-HA added in the culture medium signifi-
cantly increases the chondrogenic COL2A expression, as documented by the enhanced
COL2A/COLI1A ratio shown in Fig 7B.
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Fig 6. Proinflammatory Cytokine secretion is reduced whereas anti-inflammatory IL-10 level is increased in
supernatants collected from chondrocyte cultures treated with ESWT and HA. Results reported in the graph
represent the means fluorescence intensity (MFI) +SD of 4 different cultures, as described above. Student’s t-test was
performed, and significance levels have been defined as p<0.001 (**) and p<0.05 (*).

https://doi.org/10.1371/journal.pone.0218740.g006

Discussion

In this study, we observe in vitro that HA, PRP and ESWT promote regeneration and attenuate
human chondrocyte degeneration of osteoarthritic cells explanted by patients subjected to
total hip replacement. In addition, we show for the first time that ESWT-mediated increase of
CD44 expression enhances their susceptibility to HA treatment.

Currently, novel treatments (including HA, PRP and ESWT) of patients with severe
OA are administered to alleviate the symptoms to defer joint replacement surgery and to
enhance the poor regenerative potential of human cartilage[38]. Nevertheless, there is an
ongoing debate over the exact mechanisms underlying the effectiveness of such therapies. In
order to develop more efficient protocols, a better comprehension of the underlying mecha-
nisms is required. This research aimed to investigate the in vitro biological effects of non-sur-
gical treatments for OA on osteoarthritic chondrocytes explanted by patients subjected to
total hip arthroplasty.

Each successful cell-based innovative therapy for cartilage repair showed two main limita-
tions: 1) the naturally occurring cell dedifferentiation during long-term in vitro expansion|[6,
7,23, 25,39] and 2) the chondrocyte senescence, probably triggered by different inflammatory
stimuli regulating the balance of anabolic/catabolic activities in OA[26-28].

In the current work, we emphasized that -although with different modalities- ESWT, HA
and PRP can help manage those restrictions affecting the cartilage repair capacity, confirming
a possible relationship in the pathways involved in the dedifferentiation and senescence of
human chondrocytes[4, 26].
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Fig 7. ESWT enhances CD44 expression and increases COL2A expression in chondrocyte cultures upon HA
treatment. (a) Immunofluorescence analysis of CD44 expression induced by ESWT, HA and PRP was performed as
described above. Immunolabeling with anti-CD44 (green) was achieved on cell cultures after ESW, HA and PRP
exposure. Nuclei are stained with DAPI. Photomicrographs are representative of one single culture. Bar 20 pum. CD44
mRNA transcript levels after ESWT, HA and PRP were quantitated by real-time RT PCR. Results reported in the graph
were obtained from four different cultures and represent the mean values +SE obtained from three independent
experiments. Student’s t-test was calculated to evaluate significant differences: values as p<0.001 (**) and p<0.05 (*)
were considered statistically significant vs the corresponding untreated. (b) ESWT, HA, and ESWT pretreatment
followed by HA (ESWT+HA) effects on the ratio of COL2A/COL1A expression. COL2A/COL1A ratio mRNA
transcript levels after ESWT, HA, and ESWT+HA were quantitated by real-time RT PCR. Results reported in the
graph were obtained from four different cultures and represent the mean values +SE obtained from three independent
experiments. Student’s t-test was calculated to evaluate significant differences: values as p<0.001 (**) and p<0.05 (*)
were considered statistically significant vs the corresponding untreated.

https://doi.org/10.1371/journal.pone.0218740.g007

First, we observed that ESWT significantly prevents the phenotypic shift of normal chon-
drocytes toward fibroblast-like cell dedifferentiation spontaneously occurring during pro-
longed cell culture, as already confirmed by previous studies[6, 7, 23, 25]. This is further
confirmed by its capacity to impair such functional shift in expressing the fibrotic COL1A
instead of chondrogenic COL2A marker, previously ascertained during dedifferentiation by
several authors[6, 7, 23]. Then, we evidenced that ESWT and PRP exposure not only strongly
decreases the expression of the senescence marker p16/CDKN2A, but also upregulates the lev-
els of the chondrogenic markers SOX9 and COL2A.

Furthermore, after ESWT, HA and PRP stimulations, cultured chondrocytes enhance pro-
liferation and migration, which represent essential prerequisites for tissue repair[39, 40].

OA is characterized by different stages of inflammation, playing a crucial role in cartilage
remodeling and degeneration[3, 4]. In the early stage of the disease, anabolic mediators may
correctly favour chondrocyte synthetic activity, while in advanced OA a panel of catabolic
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molecules including the most prominent inflammatory cytokines (e.g. TNF-o, IL-6 and IL-
17A) participate in progressive cartilage matrix degradation and fibrotic remodeling|3, 4, 7,

8, 18, 41, 42]. Intriguingly, our data suggest that HA- and ESW-based treatment can decrease
the inflammatory and to increase the anti-inflammatory cytokines production affecting OA
patients. In fact, after HA and ESWT exposure, human primary cultured chondrocytes reduce
the catabolic TNF-o, IL-6 and IL-17A, and enhance the regenerative IL-10 secretion[30, 31].
Our in vitro results are consistent with previous findings suggesting that such treatments may
also attenuate the progression of cartilage degeneration, sustained by the production of various
inflammatory molecules[8, 18, 43].

We propose that -through different and probably overlapping mechanisms- including the
capacity to antagonize chondrocyte dedifferentiation, senescence, and production of inflam-
matory cytokines, as well as to enhance cell chondrogenic markers expression, proliferation,
migration, and anabolic cytokine secretion, the aforementioned clinical strategies can support
cartilage regeneration.

Interestingly, the possible correlation between inflammation, hyaluronan fragmentation,
CD44 expression on chondrocytes, cartilage disruption and protective homeostatic tissue
remodeling during OA[18, 41, 44-46] have already been reported although with contradictory
results. In accordance with previous works[19, 20, 24], which revealed the synergistic proper-
ties of both low and high ranges of MW for in vitro treatment on human cultured chondro-
cytes, we used an innovative formulation of HA, consisting in a hybrid complex of combined
low (LMW) and high molecular weight (HMW)-HA[24].

Previous reports suggest that, under arthritic diseases, several mediators -including
enzymes and cytokines- actively contribute to increasing the amount of LMW-HA, which
interferes in the HA-CD44 pathway[18, 47]. Therefore CD44 overexpression occurring during
OA[18, 44-46] could represent -at early stages of inflammation- an attempt to increase protec-
tive cartilage regeneration through HA binding, which is limited by the fragmentation of large
size HA[48].

Considering the central role of HA-CD44 interaction in tissue remodeling during OA pro-
gression[45], we then measured the chondrocyte expression of CD44 at the protein and molec-
ular level.

We show for the first time that ESWT mediates CD44 overexpression on human OA cul-
tured chondrocytes. Moreover, -after shockwave treatment- CD44 up-regulation on human
cultured chondrocytes promotes a further HA-induced overexpression of the chondrogenic
and anabolic process marker COL2A, as confirmed by the significant enhancement of the
COL2A/COLI1A ratio. Thus, ESW-mediated CD44 receptor increase on human chondrocytes
may enhance their susceptibility to HA administration.

Taken together, these data display the presence of several molecules and mediators involved
either in damage or in the healing of articular tissue, which can drive the cartilage regenera-
tion, as well as SOX-9, COL1A-2A, p16, inflammatory cytokines and CD44 expression. Never-
theless, complete knowledge of the biological mechanisms triggered by ESWT, HA and PRP
approaches may implement their use.

However, the main limitation of this work is its focus on primary cell cultures derived from
OA explants, whereas a more exhaustive evaluation could also be performed on chondrocytes
collected during the early stages of the disease. Enhancing susceptibility to HA administration
through ESWT therefore represents an attractive therapeutic strategy against OA.

Further investigations should be conducted to better define the correct combination of
strategies able to provide novel cues to improve in vivo articular cartilage repair, impairing a
non-reparative fibrotic scarring response.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218740 June 28, 2019 14/18


https://doi.org/10.1371/journal.pone.0218740

@ PLOS|ONE

Novel approaches on human chondrocyte regeneration in vitro

Ethics approval and consent to participate

All research conducted was in compliance with the Declaration of Helsinki and was approved
by the IRB (Institutional Review Board) of “Sapienza” University and Sant’ Andrea Hospital
(Rome, Italy). All participants gave informed written consent at the start of the study.

Supporting information

S1 Fig. Negative control for the immunofluorescence analysis of p16™ <** expression. Neg-
ative control for the immunofluorescence analysis of p16™** expression was achieved with
GAM-FITC, in absence of anti-p16 immunolabeling (green). Nuclei are stained with DAPI.
Photomicrographs are representative of one single culture.

(PDF)

Acknowledgments

We thank the participants who made this study possible, and Dr. Gerardo Salerno for assis-
tance with statistical analysis of the paper.

Author Contributions

Conceptualization: Mario Vetrano, Danilo Ranieri, Florence Malisan, Maria Chiara Vulpiani,
Vincenzo Visco.

Data curation: Danilo Ranieri, Monica Nanni, Antonio Pavan.

Formal analysis: Monica Nanni.

Funding acquisition: Vincenzo Visco.

Investigation: Danilo Ranieri.

Methodology: Mario Vetrano, Danilo Ranieri, Monica Nanni, Maria Chiara Vulpiani.
Resources: Vincenzo Visco.

Supervision: Antonio Pavan, Maria Chiara Vulpiani.

Visualization: Antonio Pavan.

Writing - original draft: Vincenzo Visco.

Writing - review & editing: Florence Malisan, Vincenzo Visco.

References

1. Andial, Martin JI, Maffulli N. Platelet-rich Plasma and Mesenchymal Stem Cells: Exciting, But . .. are
we there Yet? Sports medicine and arthroscopy review. 2018; 26(2):59—-63. https://doi.org/10.1097/
JSA.0000000000000191 PMID: 29722764

2. Caldwell KL, Wang J. Cell-based articular cartilage repair: the link between development and regenera-
tion. Osteoarthritis and Cartilage. 2015; 23(3):351-62. https://doi.org/10.1016/j.joca.2014.11.004
PMID: 25450846

3. Maldonado M, Nam J. The role of changes in extracellular matrix of cartilage in the presence of inflam-
mation on the pathology of osteoarthritis. BioMed Research International. 2013; 2013:284873. https://
doi.org/10.1155/2013/284873 PMID: 24069595

4. Varela-Eirin M, Loureiro J, Fonseca E, Corrochano S, Caeiro JR, Collado M, et al. Cartilage regenera-
tion and ageing: Targeting cellular plasticity in osteoarthritis. Ageing research reviews. 2018; 42:56—71.
https://doi.org/10.1016/j.arr.2017.12.006 PMID: 29258883

PLOS ONE | https://doi.org/10.1371/journal.pone.0218740 June 28, 2019 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218740.s001
https://doi.org/10.1097/JSA.0000000000000191
https://doi.org/10.1097/JSA.0000000000000191
http://www.ncbi.nlm.nih.gov/pubmed/29722764
https://doi.org/10.1016/j.joca.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25450846
https://doi.org/10.1155/2013/284873
https://doi.org/10.1155/2013/284873
http://www.ncbi.nlm.nih.gov/pubmed/24069595
https://doi.org/10.1016/j.arr.2017.12.006
http://www.ncbi.nlm.nih.gov/pubmed/29258883
https://doi.org/10.1371/journal.pone.0218740

@ PLOS|ONE

Novel approaches on human chondrocyte regeneration in vitro

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Hanley KP, Oakley F, Sugden S, Wilson DI, Mann DA, Hanley NA. Ectopic SOX9 mediates extracellular
matrix deposition characteristic of organ fibrosis. The Journal of biological chemistry. 2008; 283
(20):14063—71. https://doi.org/10.1074/jbc.M707390200 PMID: 18296708

von der Mark K, Gauss V, von der Mark H, Mdller P. Relationship between cell shape and type of colla-
gen synthesised as chondrocytes lose their cartilage phenotype in culture. Nature. 1977; 267
(5611):531-2. https://doi.org/10.1038/267531a0 PMID: 559947

Duan L, Ma B, Liang Y, Chen J, Zhu W, Li M, et al. Cytokine networking of chondrocyte dedifferentiation
in vitro and its implications for cell-based cartilage therapy. American journal of translational research.
2015; 7(2):194-208. PMID: 25901191

Muller S, Acevedo L, Wang X, Karim MZ, Matta A, Mehrkens A, et al. Notochordal cell conditioned
medium (NCCM) regenerates end-stage human osteoarthritic articular chondrocytes and promotes a
healthy phenotype. Arthritis Res Ther. 2016; 18(1):125. Epub 2016/06/04. https://doi.org/10.1186/
s$13075-016-1026-x PMID: 27255741

McAlindon TE, Bannuru RR, Sullivan MC, Arden NK, Berenbaum F, Bierma-Zeinstra SM, et al. OARSI
guidelines for the non-surgical management of knee osteoarthritis. Osteoarthritis and Cartilage. 2014;
22(3):363-88. https://doi.org/10.1016/j.joca.2014.01.003 PMID: 24462672

Maffulli N, Longo UG, Locher J, Romeo G, Salvatore G, Denaro V. Outcome of ankle arthrodesis and
ankle prosthesis: a review of the current status. British medical bulletin. 2017; 308:1-22. https://doi.org/
10.1093/bmb/Idx042 PMID: 29186357

Andia I, Maffulli N. How far have biological therapies come in regenerative sports medicine? Expert
opinion on biological therapy. 2018; 18(7):785-93. https://doi.org/10.1080/14712598.2018.1492541
PMID: 29939773

Lee J-K, Lee B-Y, Shin W-Y, An M-J, Jung K-1, Yoon S-R. Effect of Extracorporeal Shockwave Therapy
Versus Intra-articular Injections of Hyaluronic Acid for the Treatment of Knee Osteoarthritis. Annals of
Rehabilitation Medicine. 2017; 41(5):828-8. https://doi.org/10.5535/arm.2017.41.5.828 PMID:
29201822

Vetrano M, Castorina A, Vulpiani MC, Baldini R, Pavan A, Ferretti A. Platelet-Rich Plasma Versus
Focused Shock Waves in the Treatment of Jumper’s Knee in Athletes. The American journal of sports
medicine. 2013; 41(4):795-8083. https://doi.org/10.1177/0363546513475345

Leone L, Vetrano M, Ranieri D, Raffa S, Vulpiani MC, Ferretti A, et al. Extracorporeal Shock Wave
Treatment (ESWT) Improves In Vitro Functional Activities of Ruptured Human Tendon-Derived Teno-
cytes. PLoS ONE. 2012; 7(11):e49759-9. https://doi.org/10.1371/journal.pone.0049759 PMID:
23189160

Murata R, Nakagawa K, Ohtori S, Ochiai N, Arai M, Saisu T, et al. The effects of radial shock waves on
gene transfer in rabbit chondrocytes in vitro. Osteoarthritis Cartilage. 2007; 15(11):1275-82. Epub
2007/06/01. https://doi.org/10.1016/j.joca.2007.04.001 PMID: 17537650

Ochiai N, Ohtori S, Sasho T, Nakagawa K, Takahashi K, Takahashi N, et al. Extracorporeal shock wave
therapy improves motor dysfunction and pain originating from knee osteoarthritis in rats. Osteoarthritis
Cartilage. 2007; 15(9):1093-6. Epub 2007/05/01. https://doi.org/10.1016/j.joca.2007.03.011 PMID:
17466542

Vetrano M, d’Alessandro F, Torrisi MR, Ferretti A, Vulpiani MC, Visco V. Extracorporeal shock wave
therapy promotes cell proliferation and collagen synthesis of primary cultured human tenocytes. Knee
Surg Sports Traumatol Arthrosc. 2011; 19(12):2159-68. Epub 2011/05/28. https://doi.org/10.1007/
s00167-011-1534-9 PMID: 21617986

Avenoso A, D’Ascola A, Scuruchi M, Mandraffino G, Calatroni A, Saitta A, et al. The proteoglycan bigly-
can mediates inflammatory response by activating TLR-4 in human chondrocytes: Inhibition by specific
siRNA and high polymerized Hyaluronan. Arch Biochem Biophys. 2018; 640:75-82. Epub 2018/01/18.

https://doi.org/10.1016/j.abb.2018.01.007 PMID: 29339093

Abate M, Salini V. Efficacy and safety study on a new compound associating low and high molecular
weight hyaluronic acid in the treatment of hip osteoarthritis. International journal of immunopathology
and pharmacology. 2017; 30(1):89-93. https://doi.org/10.1177/0394632016689275 PMID: 28134596

Sirin DY, Kaplan N, Yilmaz |, Karaarslan N, Ozbek H, Akyuva Y, et al. The association between different
molecular weights of hyaluronic acid and CHAD, HIF-1a, COL2A1 expression in chondrocyte cultures.
Experimental and therapeutic medicine. 2018; 15(5):4205—12. https://doi.org/10.3892/etm.2018.5943

Luo N, Knudson W, Askew EB, Veluci R, Knudson CB. CD44 and hyaluronan promote the bone mor-
phogenetic protein 7 signaling response in murine chondrocytes. Arthritis Rheumatol. 2014; 66
(6):1547-58. Epub 2014/02/06. https://doi.org/10.1002/art.38388 PMID: 24497488

Giusti I, D’Ascenzo S, Manco A, Di Stefano G, Di Francesco M, Rughetti A, et al. Platelet Concentration
in Platelet-Rich Plasma Affects Tenocyte Behaviorln Vitro. BioMed Research International. 2014; 2014
(8):1-12. https://doi.org/10.1155/2014/630870 PMID: 25147809

PLOS ONE | https://doi.org/10.1371/journal.pone.0218740 June 28, 2019 16/18


https://doi.org/10.1074/jbc.M707390200
http://www.ncbi.nlm.nih.gov/pubmed/18296708
https://doi.org/10.1038/267531a0
http://www.ncbi.nlm.nih.gov/pubmed/559947
http://www.ncbi.nlm.nih.gov/pubmed/25901191
https://doi.org/10.1186/s13075-016-1026-x
https://doi.org/10.1186/s13075-016-1026-x
http://www.ncbi.nlm.nih.gov/pubmed/27255741
https://doi.org/10.1016/j.joca.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24462672
https://doi.org/10.1093/bmb/ldx042
https://doi.org/10.1093/bmb/ldx042
http://www.ncbi.nlm.nih.gov/pubmed/29186357
https://doi.org/10.1080/14712598.2018.1492541
http://www.ncbi.nlm.nih.gov/pubmed/29939773
https://doi.org/10.5535/arm.2017.41.5.828
http://www.ncbi.nlm.nih.gov/pubmed/29201822
https://doi.org/10.1177/0363546513475345
https://doi.org/10.1371/journal.pone.0049759
http://www.ncbi.nlm.nih.gov/pubmed/23189160
https://doi.org/10.1016/j.joca.2007.04.001
http://www.ncbi.nlm.nih.gov/pubmed/17537650
https://doi.org/10.1016/j.joca.2007.03.011
http://www.ncbi.nlm.nih.gov/pubmed/17466542
https://doi.org/10.1007/s00167-011-1534-9
https://doi.org/10.1007/s00167-011-1534-9
http://www.ncbi.nlm.nih.gov/pubmed/21617986
https://doi.org/10.1016/j.abb.2018.01.007
http://www.ncbi.nlm.nih.gov/pubmed/29339093
https://doi.org/10.1177/0394632016689275
http://www.ncbi.nlm.nih.gov/pubmed/28134596
https://doi.org/10.3892/etm.2018.5943
https://doi.org/10.1002/art.38388
http://www.ncbi.nlm.nih.gov/pubmed/24497488
https://doi.org/10.1155/2014/630870
http://www.ncbi.nlm.nih.gov/pubmed/25147809
https://doi.org/10.1371/journal.pone.0218740

@ PLOS|ONE

Novel approaches on human chondrocyte regeneration in vitro

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

Bergholt NL, Foss M, Saeed A, Gadegaard N, Lysdahl H, Lind M, et al. Surface chemistry, substrate,
and topography guide the behavior of human articular chondrocytes cultured in vitro. Journal of Biomed-
ical Materials Research Part A. 2018; 331:889-31. https://doi.org/10.1002/jbm.a.36467 PMID:
29907992

Alessio N, Stellavato A, Squillaro T, Del Gaudio S, Di Bernardo G, Peluso G, et al. Hybrid complexes of
high and low molecular weight hyaluronan delay in vitro replicative senescence of mesenchymal stro-
mal cells: a pilot study for future therapeutic application. Aging. 2018; 10(7):1575-85. https://doi.org/10.
18632/aging.101493 PMID: 30001217

Nazempour A, Wie BJ. Chondrocytes, Mesenchymal Stem Cells, and Their Combination in Articular
Cartilage Regenerative Medicine. Annals of Biomedical Engineering. 2016; 44(5):1325-54. hitps://doi.
org/10.1007/s10439-016-1575-9 PMID: 26987846

Ashraf S, Cha BH, Kim JS, Ahn J, Han |, Park H, et al. Regulation of senescence associated signaling
mechanisms in chondrocytes for cartilage tissue regeneration. Osteoarthritis and Cartilage. 2016; 24
(2):196—-205. https://doi.org/10.1016/j.joca.2015.07.008 PMID: 26190795

He S, Sharpless NE. Senescence in Health and Disease. Cell. 2017; 169(6):1000—11. https://doi.org/
10.1016/j.cell.2017.05.015 PMID: 28575665

Jeon OH, Kim C, Laberge R-M, Demaria M, Rathod S, Vasserot AP, et al. Local clearance of senescent
cells attenuates the development of post-traumatic osteoarthritis and creates a pro-regenerative envi-
ronment. Nature medicine. 2017; 23(6):775-81. https://doi.org/10.1038/nm.4324 PMID: 28436958

Berenbaum F. Osteoarthritis as an inflammatory disease (osteoarthritis is not osteoarthrosis!). Osteoar-
thritis and Cartilage. 2013; 21(1):16—-21. https://doi.org/10.1016/j.joca.2012.11.012 PMID: 23194896

Balaji S, Wang X, King A, Le LD, Bhattacharya SS, Moles CM, et al. Interleukin-10-mediated regenera-
tive postnatal tissue repair is dependent on regulation of hyaluronan metabolism via fibroblast-specific
STATS signaling. FASEB J. 2017; 31(3):868-81. Epub 2016/12/03. https://doi.org/10.1096/fj.
201600856R PMID: 27903619

Boehme KA, Rolauffs B. Onset and Progression of Human Osteoarthritis-Can Growth Factors, Inflam-
matory Cytokines, or Differential miRNA Expression Concomitantly Induce Proliferation, ECM Degrada-
tion, and Inflammation in Articular Cartilage? Int J Mol Sci. 2018; 19(8). https://doi.org/10.3390/
ijms19082282 PMID: 30081513

Leone L, Raffa S, Vetrano M, Ranieri D, Malisan F, Scrofani C, et al. Extracorporeal Shock Wave Treat-
ment (ESWT) enhances the in vitro-induced differentiation of human tendon-derived stem/progenitor
cells (nTSPCs). Oncotarget. 2016; 7(6):6410-23. https://doi.org/10.18632/oncotarget.7064 PMID:
26843618

Avitabile D, Genovese L, Ponti D, Ranieri D, Raffa S, Calogero A, et al. Nucleolar localization and circa-
dian regulation of Per2S, a novel splicing variant of the Period 2 gene. Cell Mol Life Sci. 2014; 71
(13):2547-59. Epub 2013/11/10. https://doi.org/10.1007/s00018-013-1503-1 PMID: 24202686

Bayreuther K, Rodemann HP, Hommel R, Dittmann K, Albiez M, Francz PI. Human skin fibroblasts in
vitro differentiate along a terminal cell lineage. Proceedings of the National Academy of Sciences of the
United States of America. 1988; 85(14):5112-6. https://doi.org/10.1073/pnas.85.14.5112 PMID:
3393534

Ranieri D, Rosato B, Nanni M, Magenta A, Belleudi F, Torrisi MR. Expression of the FGFR2 mesenchy-
mal splicing variant in epithelial cells drives epithelial-mesenchymal transition. Oncotarget. 2016; 7
(5):5440-60. https://doi.org/10.18632/oncotarget.6706 PMID: 26713601

Hopper N, Henson F, Brooks R, Ali E, Rushton N, Wardale J. Peripheral blood derived mononuclear
cells enhance osteoarthritic human chondrocyte migration. Arthritis Research & Therapy. 2015; 17:199.
Epub 2013/03/02. https://doi.org/10.1186/s13075-015-0709-z PMID: 26249339

Widera D, Zander C, Heidbreder M, Kasperek Y, Noll T, Seitz O, et al. Adult Palatum as a Novel Source
of Neural Crest-Related Stem Cells. Stem Cells. 2009; 27(8):1899-910. https://doi.org/10.1002/stem.
104 PMID: 19544446

Andia |, Maffulli N. Platelet-rich plasma for managing pain and inflammation in osteoarthritis. Nature
reviews Rheumatology. 2013; 9(12):721-30. https://doi.org/10.1038/nrrheum.2013.141 PMID:
24080861

WangY, Yang T, Liu Y, Zhao W, Zhang Z, Lu M, et al. Decrease of miR-195 Promotes Chondrocytes
Proliferation and Maintenance of Chondrogenic Phenotype via Targeting FGF-18 Pathway. Interna-
tional journal of molecular sciences. 2017; 18(5):975-18. https://doi.org/10.3390/ijms18050975 PMID:
28471382

Goldring MB, Tsuchimochi K, ljiri K. The control of chondrogenesis. Journal of Cellular Biochemistry.
2005; 97(1):33—44. https://doi.org/10.1002/jcb.20652 PMID: 16215986

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

PLOS ONE | https://doi.org/10.1371/journal.pone.0218740 June 28, 2019 17/18


https://doi.org/10.1002/jbm.a.36467
http://www.ncbi.nlm.nih.gov/pubmed/29907992
https://doi.org/10.18632/aging.101493
https://doi.org/10.18632/aging.101493
http://www.ncbi.nlm.nih.gov/pubmed/30001217
https://doi.org/10.1007/s10439-016-1575-9
https://doi.org/10.1007/s10439-016-1575-9
http://www.ncbi.nlm.nih.gov/pubmed/26987846
https://doi.org/10.1016/j.joca.2015.07.008
http://www.ncbi.nlm.nih.gov/pubmed/26190795
https://doi.org/10.1016/j.cell.2017.05.015
https://doi.org/10.1016/j.cell.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28575665
https://doi.org/10.1038/nm.4324
http://www.ncbi.nlm.nih.gov/pubmed/28436958
https://doi.org/10.1016/j.joca.2012.11.012
http://www.ncbi.nlm.nih.gov/pubmed/23194896
https://doi.org/10.1096/fj.201600856R
https://doi.org/10.1096/fj.201600856R
http://www.ncbi.nlm.nih.gov/pubmed/27903619
https://doi.org/10.3390/ijms19082282
https://doi.org/10.3390/ijms19082282
http://www.ncbi.nlm.nih.gov/pubmed/30081513
https://doi.org/10.18632/oncotarget.7064
http://www.ncbi.nlm.nih.gov/pubmed/26843618
https://doi.org/10.1007/s00018-013-1503-1
http://www.ncbi.nlm.nih.gov/pubmed/24202686
https://doi.org/10.1073/pnas.85.14.5112
http://www.ncbi.nlm.nih.gov/pubmed/3393534
https://doi.org/10.18632/oncotarget.6706
http://www.ncbi.nlm.nih.gov/pubmed/26713601
https://doi.org/10.1186/s13075-015-0709-z
http://www.ncbi.nlm.nih.gov/pubmed/26249339
https://doi.org/10.1002/stem.104
https://doi.org/10.1002/stem.104
http://www.ncbi.nlm.nih.gov/pubmed/19544446
https://doi.org/10.1038/nrrheum.2013.141
http://www.ncbi.nlm.nih.gov/pubmed/24080861
https://doi.org/10.3390/ijms18050975
http://www.ncbi.nlm.nih.gov/pubmed/28471382
https://doi.org/10.1002/jcb.20652
http://www.ncbi.nlm.nih.gov/pubmed/16215986
https://doi.org/10.1371/journal.pone.0218740

@ PLOS|ONE

Novel approaches on human chondrocyte regeneration in vitro

42,

43.

44.

45.

46.

47.

48.

knee joint cartilage damage. Osteoarthritis and Cartilage. 2015; 23(11):1879-89. https://doi.org/10.
1016/j.joca.2015.06.021 PMID: 26521733

Guan Y-J, LiJ, Yang X, Du S, Ding J, Gao Y, et al. Evidence that miR-146a attenuates aging- and
trauma-induced osteoarthritis by inhibiting Notch1, IL-6, and IL-1 mediated catabolism. Aging Cell.
2018; 17(3):e12752—13. https://doi.org/10.1111/acel.12752 PMID: 29575548

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 musculoskeletal disorders. 2015; 16
(1):321. https://doi.org/10.1186/s12891-015-0775-z PMID: 26503103

Quero L, Klawitter M, Schmaus A, Rothley M, Sleeman J, Tiaden AN, et al. Hyaluronic acid fragments
enhance the inflammatory and catabolic response in human intervertebral disc cells through modulation
of toll-like receptor 2 signalling pathways. Arthritis Res Ther. 2013; 15(4):R94. Epub 2013/08/24. https://
doi.org/10.1186/ar4274 PMID: 23968377

Tibesku CO. Expression of the matrix receptor CD44v5 on chondrocytes changes with osteoarthritis:
an experimental investigation in the rabbit. Annals of the Rheumatic Diseases. 2006; 65(1):105-8.
https://doi.org/10.1136/ard.2004.034694 PMID: 16344493

Zhang F-J, Gao S-G, Cheng L, Tian J, Xu W-S, Luo W, et al. The effect of hyaluronic acid on osteopon-
tin and CD44 mRNA of fibroblast-like synoviocytes in patients with osteoarthritis of the knee. Rheuma-
tology International. 2012; 33(1):79-83. https://doi.org/10.1007/s00296-011-2339-3 PMID: 22218639

Ohno-Nakahara M, Honda K, Tanimoto K, Tanaka N, Doi T, Suzuki A, et al. Induction of CD44 and
MMP expression by hyaluronidase treatment of articular chondrocytes. J Biochem. 2004; 135(5):567—
75. Epub 2004/06/03. https://doi.org/10.1093/jb/mvh069 PMID: 15173194.

Cowman MK, Lee HG, Schwertfeger KL, McCarthy JB, Turley EA. The Content and Size of Hyaluronan
in Biological Fluids and Tissues. Front Immunol. 2015; 6:261. Epub 2015/06/18. https://doi.org/10.
3389/fimmu.2015.00261 PMID: 26082778

PLOS ONE | https://doi.org/10.1371/journal.pone.0218740 June 28, 2019 18/18


https://doi.org/10.1016/j.joca.2015.06.021
https://doi.org/10.1016/j.joca.2015.06.021
http://www.ncbi.nlm.nih.gov/pubmed/26521733
https://doi.org/10.1111/acel.12752
http://www.ncbi.nlm.nih.gov/pubmed/29575548
https://doi.org/10.1186/s12891-015-0775-z
http://www.ncbi.nlm.nih.gov/pubmed/26503103
https://doi.org/10.1186/ar4274
https://doi.org/10.1186/ar4274
http://www.ncbi.nlm.nih.gov/pubmed/23968377
https://doi.org/10.1136/ard.2004.034694
http://www.ncbi.nlm.nih.gov/pubmed/16344493
https://doi.org/10.1007/s00296-011-2339-3
http://www.ncbi.nlm.nih.gov/pubmed/22218639
https://doi.org/10.1093/jb/mvh069
http://www.ncbi.nlm.nih.gov/pubmed/15173194
https://doi.org/10.3389/fimmu.2015.00261
https://doi.org/10.3389/fimmu.2015.00261
http://www.ncbi.nlm.nih.gov/pubmed/26082778
https://doi.org/10.1371/journal.pone.0218740

