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BMP-2, Hypoxia, and COL1A1/HitrA1 siRNAs
Favor Neo-Cartilage Hyaline Matrix
Formation in Chondrocytes
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Osteoarthritis (OA) is an irreversible pathology that causes a decrease in articular cartilage thickness, leading finally
to the complete degradation of the affected joint. The low spontaneous repair capacity of cartilage prevents any
restoration of the joint surface, making OA a major public health issue. Here, we developed an innovative
combination of treatment conditions to improve the human chondrocyte phenotype before autologous chondrocyte
implantation. First, we seeded human dedifferentiated chondrocytes into a collagen sponge as a scaffold, cultured
them in hypoxia in the presence of a bone morphogenetic protein (BMP), BMP-2, and transfected them with small
interfering RNAs targeting two markers overexpressed in OA dedifferentiated chondrocytes, that is, type I collagen
and/or HtrA1 serine protease. This strategy significantly decreased mRNA and protein expression of type I collagen
and HtrAl, and led to an improvement in the chondrocyte phenotype index of differentiation. The effectiveness of
our in vitro culture process was also demonstrated in the nude mouse model in vivo after subcutaneous implan-
tation. We, thus, provide here a new protocol able to favor human hyaline chondrocyte phenotype in primarily
dedifferentiated cells, both in vitro and in vivo. Our study also offers an innovative strategy for chondrocyte
redifferentiation and opens new opportunities for developing therapeutic targets.

Introduction some of them improve the i)atient’s life. Although there are

now new molecular targets,” since 1956, in patients suffering

OSTEOARTHRITIS (OA) is a degenerative disease of ar-
ticular cartilage observed in several joints, with the knee
and the hip being the most affected.' By severely limiting
mobility, this pathology changes the lifestyle of 27 million
Americans®; in Europe, prevalence reaches about 72% in the
65 years and older population. Nevertheless, and despite
Osteoarthritis Research Society International recommenda-
tions,” both pharmacological (nonsteroidal anti-inflammatory
medicines, analgesics, and anti-arthritic medicines) and non-
pharmacological treatments (exercise, weight reduction) are
unable to restore a hyaline functional cartilage, even if

from severe OA, the affected joint is commonly removed
and replaced with an orthopedic prosthesis.” Currently, there
are some methods that can repair the affected joint, such
as osteochondral allograft transplantation,® but most of
them do not restore functional hyaline cartilage and gener-
ally result in a fibrocartilage, which is more rapidly degraded.’
One of the most promising methods for repairing cartilage
is based on Brittberg’s procedure.® However, chondrocyte
amplification in 2D, in addition to the catabolic phenotype,
induces chondrocyte dedifferentiation with inappropriate type I
collagen synthesis.” Therefore, several studies have attempted
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to maintain chondrocytes in a differentiated state before au-
tologous chondrocyte implantation (ACI).'"'® Some factors are
known to improve the chondrocyte phenotype, such as oxy-
gen tension.'317-19 At less than 5% oxygen, chondrocytes
synthesize higher amounts of type II collagen and/or ag-
zc:{recan,w’17 which confer the two essential biomechanical
properties of cartilage: tension resistance and viscoelasticity.>®
The viscoelastic properties of cartilage, due to its biphasic
characteristics, are essential. Engineered chondrocyte con-
structs lacking a homogeneous and structural extracellular
matrix (ECM) are unable to support physiological loads and
are, therefore, unlikely to function successfully on implan-
tation. Inside the joint, chondrocytes live in hypoxia with a
variable oxygen percentage, from 0.5% to 5%, depending on
depth.21 Furthermore, their microenvironment has a tridi-
mensional structure. Consequently, attention has turned to
the design of an efficient biomaterial to mimic natural living
conditions of chondrocytes'®'® in conjunction with hyp-
oxia (i.e., low oxygen concentrations).'®-'° Nevertheless, pro-
chondrogenic factors, such as bone morphogenetic proteins
(BMPs) or the transforming growth factor-beta (TGF-f)
family, have already shown their ability to induce markers
specific to cartilage.?>>> BMP-2 is currently the best candidate
among all the BMPs for improving the chondrocyte phenotype
at low concentrations, although it can induce hypertrophy and
osteogenesis at high concentrations.”* In a previous study
using dedifferentiated chondrocytes from OA patients, we
demonstrated in vitro that the chondrocytes recover their dif-
ferentiated phenotype and that the index of differentiation is
higher in hypoxia than in normoxia after 7 days of culture with
BMP-2 (50 ng/mL) in type I collagen sponges.'® Furthermore,
in OA cartilage, several proteases show increased expres-
sion, including the high temperature requirement factor Al
(HtrA1).% " HtrA1 mRNAs increased seven-fold in OA car-
tilage compared with healthy cartilage.® This protease is
particularly involved in the proteolysis of aggrecan and in the
degradation of proteins from the TGF-P receptor family.**~°

In this work, we developed a combinatory cellular therapy
strategy to promote a differentiated chondrocyte phenotype in
human articular chondrocytes (HACs). We first cultured HACs
for 7 days in hypoxia in type I collagen sponges with BMP-2,
and transfected the HACs with small interfering RNAs (siRNAs).
We successfully silenced type I collagen by using specific
siRNAs and increased type II collagen and aggrecan, both
in vitro and in vivo. We then used a siRNA targeting HtrA 1
to prevent the degradation of BMP and TGF-f receptors and
that of ECM proteins such as collagens and aggrecan. Taken
together, our results show that this strategy helped increase
cartilage-specific markers (type Il collagen and aggrecan) and
decrease nonspecific markers (type I collagen and HtrAl),
providing recovery of chondrocyte differentiation.

Materials and Methods
Chondrocyte isolation and culture

HACs were prepared from macroscopically healthy zones
of femoral heads of patients undergoing joint arthroplasty
(age range: 52-83) as previously described.'”'® All patients
signed an informed consent agreement form, which was
approved by the Local Ethics Committee. Chondrocytes
were seeded at 4x10% cells/cm? in plastic vessels. They
were cultured in Dulbecco’s modified Eagle’s medium
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(DMEM) supplemented with 10% fetal calf serum (FCS;
Invitrogen Life Technologies) and antibiotics, under 5%
CO,. At confluence, and after one passage, cells were har-
vested by trypsinization (0.25% trypsin/l mM EDTA; In-
vitrogen). For redifferentiation studies, we used sponges
composed of native type I collagen (90-95%) and type III
collagen (5-10%) from calf skin, manufactured by Symatese
Biomatériaux. Sponges were 2mm thick and 5mm in di-
ameter. They were cross-linked using glutaraldehyde to in-
crease their stability and sterilized with B radiation. HACs
were seeded onto the sponges (10 x 10° cells/cm?) in 96-well
culture plates and incubated at 37°C under 5% CO, for 16 h
with DMEM + 2% FCS. The next day, cells were incubated
in DMEM + 2% FCS pre-equilibrated to 3% O, by bubbling,
with or without 50 ng/mL of BMP-2 (R&D Systems). This
point established day 0, and HACs were incubated in hyp-
oxia (3% O,) for 7 days. Hypoxic cultures were performed
in a sealed chamber as previously described.'”

Gene silencing experiments

After one passage (P1), HACs were harvested by trypsini-
zation, centrifuged, and seeded onto type I collagen sponges
as described earlier.'® At day zero, HACs were transfected with
a mix of INTERFERin™ (Polyplus-transfection SA; 3 pL),
OptiMEM (Invitrogen; 100pL) and small interfering RNA
(siRNA) for 10 min at room temperature (siRNAs were
used at 5nM for the analysis of chondrocyte phenotype
and at 50nM for kinetics and in vivo studies). Then, the
INTERFERin®-siRNA complex was supplemented with
200 L. DMEM +2% FCS, pre-equilibrated to 3% O, by
bubbling, with or without 50 ng/mL of BMP-2. HACs were
then cultured in hypoxia (3% O,) until day 7 or 10, and the
medium was changed (DMEM +2% FCS) on day 2, 5, and 7.
siRNAs specifically targeted the COLIAI mRNA (target se-
quence: 5-ACCAATCACCTGCGTACAGAA-3’; Qiagen), the
HtrAl mRNA (target sequence: 5-CGGCCGAAGTTGCCTC
TTTT-3’; Eurogentec), or a negative control (NC; target
sequence: 5-AATTCTCCGAACGTGTCACGT-3"; Qiagen).

RT-PCR analysis

Total RNA was extracted using TRIzol Reagent® (In-
vitrogen). After extraction, 1 pg of DNase I-treated total RNA
was reverse transcribed at 37°C for 1h into complementary
DNA (cDNA) and processed as previously described.” Real-
time PCR amplifications were performed with SYBR Green
PCR Master mix. Sequence-specific primers were designed
with “Primer Express” software (Applied Biosystems).'®'
Thermal cycling parameters were as previously described,”!
and amplification was carried out with an ABI Prism 7000
Sequence Detection System (Applied Biosystems). Riboso-
mal protein L13a (RPL13a) was used as an endogenous ref-
erence gene. The relative gene expression was calculated
using the 27AAC method or the standard curve method de-
pending on the efficiency of the amplification of RPL13a and
each target gene, and expressed as the mean of triplicate
samples.”?

The sequences of the primers used are as follows:

COLIAI S: 5’- CACCAATCACCTGCGTACAGAA-3,
AS: 5-CAGATCACGTCATCGCACAAC-3;

COL2A1, S: 5-GGCAATAGCAGGTTCACGTACA-3,
AS: 5’-CGATAACAGTCTTGCCCCACTT-3";
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COL9AI, S: 5 -GCCAATCCTGATCTTTGGACA-3’,
AS: 5-TGTGTGCAGTTTCCTGGAACC-3";

COLIOAI, S: 5-AAACCAGGAGAGAGAGGACCAT
ATG-3", AS: 5"-CAGCCGGTCCAGGGATTC-3";

COLI11AI S: 5-CTCTAGTGTGAAAACGAAACGG-3’,
AS: 5-CGAGGGTTGTTACGGTGAAATC-3";

ACAN, S: 5-TCGAGGACAGCGAGGCC-3’, AS: 5-
TCGAGGGTGTAGCGTGTAGAGA-3’;

HirAl S: 5-GGGACTGGTCGTGTTTGTGC-3’, AS: 5'-
CATTGACCTTTGGGTGCTGACT-3";

RPLI3, S: 5-GAGGTATGCTGCCCCACAAA-3’, AS:
5-GTGGGATGCCGTCAAACAC-3";

SOX9, S: 5’-CCC ATG TGG AAG GCA GAT-3, AS: 5'-
TTC TGA GAG GCA CAG GTG ACA-3;

MMP-1, S: 5-GAA GCT GCT TAC GAA TTT GCC G-
3’, AS: 5-CCA AAG GAG CTG TAG ATG TCC T-3%;

MMP-13, S: 5-AAG GAG CAT GGC GAC TTC T-3,
AS: 5-TGG CCC AGG AGG AAA AGC-3%;

Agrecanase-1, S: 5’-T GCC GCT TCA TCA CTG A-3,
AS: 5-CAA TGG AGC CTC TGG TTT GTC-3%;

Agrecanase-2, S: 5-CAG AAA CAA CGG ACG C-3,
AS: 5-CGG AAT TAC TGT ACG GC-3%

TIMP-1, S: 5-GTG TCT GCG GAT ACT TCC ACA G-
3’, AS: 5-AGC TAA GCT CAG GCT GTT CCA-3;

Cbfal, S: 5-GCA GCA CGC TAT TAA ATC CAA
ATT-3", AS: 5-ACA GAT TCA TCC ATT CTG CCA
CTA G-3%;

Osterix, S: 5-TGC CTC CTC AGC TCA CCT TC-3’,
AS: 5-GCA GGT ATC AGG CAC AAG GG-3".

Western blotting

After treatment, sponges with cells were rinsed once with
ice-cold phosphate-buffered saline (PBS), crushed, and lysed in
RIPA buffer to prepare cellular extracts for Western blots. The
supernatants were collected by centrifugation, and the amount
of protein was determined by Bradford’s colorimetric proce-
dure (Bio-Rad SA). Cellular extracts (20 p1g) underwent so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis under
reducing conditions and were electrotransferred to a poly-
vinylidene difluoride transfer membrane (PVDF; Millipore).
Primary antibodies against type I collagen (Novotec), type II
collagen (Novotec), type X collagen (Sigma-Aldrich), HtrA1l
(Millipore), and GAPDH (Santa-Cruz Biotechnology) were
incubated with the PVDF membrane overnight at 4°C. The
PVDF membrane was then washed with 1X TBS-T (Tris-
buffered saline-Tween 20) solution, and secondary antibodies
were added for 1 h at room temperature. Finally, proteins were
revealed using a chemiluminescent detection kit (GE Health-
care Amersham™ ECL™ Western blotting detection reagent),
and membranes were exposed to X-ray films.

Immunocytochemistry

After treatment, sponges with cells were rinsed once with
0.1 M phosphate buffer, pH 7.4, fixed with buffered 4%
paraformaldehyde for 16h at 4°C, and rinsed twice with
0.1 M phosphate buffer. Then, they were embedded in 5%
agar (Super LM; Roth), in 0.1 M phosphate buffer. Then,
50 um floating sections were cut with a vibratome (MICROM
HM 650V) and mounted on microscope slides. They were
incubated for 5 min in PBS/0.5% Triton X-100 (Sigma Al-
drich), rinsed in PBS, incubated for 30 min at 37°C in PBS/
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0.2% hyaluronidase (Sigma Aldrich), rinsed in PBS, and
treated with PBS/10% bovine serum albumin (BSA; Sigma
Aldrich). Immunohistochemical staining was carried out
using polyclonal-specific antibodies against type I and type
II collagens diluted to 1:100 (Novotec). These primary an-
tibodies were revealed using a goat anti-rabbit IgG conju-
gated to Alexa Fluor 546 diluted to 1:2000 from a 2 mg/mL
solution (Invitrogen). As controls, primary antibodies were
omitted. Slides were then treated with UltraCruz™ Mount-
ing Medium and DAPI (4’,6-diamidino-2-phenylindole, di-
lactate; Santa Cruz Biotechnology, Inc.). The observations
were made on a confocal laser-scanning microscope
(Olympus FV1000). The same parameters were used for all
acquisitions, and representative pictures were shown in the
figures.

In vivo experiments

HAC:S (three groups from three OA femoral heads) were
seeded in type I collagen sponges for 7 days in hypoxia,
treated with or without BMP-2 and with NC siRNA, or
COLIAI siRNA, or HtrAl siRNA, or COLIAI and HtrAl
siRNAs as described earlier. Then, sponges were grafted in
a subcutaneous location in nude mice (Athymics nude-
foxnl, female, 4 weeks; Harlan France). Animal experi-
ments were approved by the Regional Ethics Committee (N/
01-10-11/18/10-14) and were performed in accordance with
institutional animal guidelines. Surgical procedures were
performed under general anesthesia with inhalation of 4%
isoflurane. After 28 days, nude mice were euthanized under
anesthesia (5% isoflurane) with CO, inhalation. Collagen
sponges were recovered, fixed with buffered 4% paraform-
aldehyde for 16 h at 4°C.

Immunohistochemistry

Once fixed, the neo-cartilage constructs were dehydrated in
successive baths: 100% ethanol (one bath of 30 min, followed
by five baths of 60 min), toluene (one bath of 30 min, followed
by two baths of 60 min) and finally plunged into paraffin (one
bath of 15 min, one bath of 30 min, one bath of 60 min, and
one bath of 90 min). These steps were carried out by an au-
tomaton (Laboratory of Pathological Anatomy, CHU). Sam-
ples were finally placed in an embedding cassette and
embedded in paraffin blocks. Then, 4 um sections were made
with a microtome and mounted on silanized slides for im-
munostaining. The sections were deparaffinized by successive
baths of toluene (two baths of 5min), 100% ethanol (two
baths of 5min), 90% ethanol (5 min), 70% ethanol (5 min),
and, finally, distilled water. Immunostaining was initiated by a
pretreatment with hyaluronidase (0.5% in PBS-BSA (3%),
30min at room temperature) to unmask the antigenic sites.
Immunohistochemistry was carried out using polyclonal-
specific antibodies against type I, type II, and type X collagens
and aggrecan (Novotec), diluted in PBS-BSA (3%). Slides
were incubated for 1 h with type I collagen antibody (1:1000
dilution) and for 3h with type II collagen antibody (1:250
dilution) at room temperature and overnight at 4°C with ag-
grecan (1:500 dilution) and type X collagen (1:2000 dilution)
antibodies. For the NCs, the primary antibodies were omit-
ted. After rinsing with PBS, the sections were permeabilized
with PBS-0.2% Tween 20. The endogenous peroxidases
were inhibited by incubation with 1.5% hydrogen peroxide in
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PBS-BSA (3%). Then, an anti-rabbit secondary antibody
(undiluted, EnVision+; DAKO) was applied to each sec-
tion. The peroxidase reaction was developed using 3,3’
diaminobenzidine tetrahydrochloride (DAB) as a chromogen
(DAKO). Cells were counterstained with hematoxylin (La-
bonord SAS), and specimens were dehydrated using an eth-
anol gradient starting from 70% to 100%, then toluene alone.
Samples were mounted with Eukitt (DAKO) and were ex-
amined under a light microscope. Alternatively, the depar-
affinized sections were also stained with hematoxylin-eosin-
safran (HES) and alizarin red (2%, pH 4.1; Sigma).

Statistical analysis

For RT-PCR analysis, data are presented as box plots,
representative of four experiments performed in triplicate.
Box plots show the minimum value, the 25th, 50th (median),
and 75th percentiles, and the maximum value. Means are
shown as crosses. The Mann—Whitney U test was used to
determine significant differences between two groups of
treatments. No adjustment was made for multiple compar-
isons. Representative kinetics experiments were analyzed
using Student’s paired z-test to determine differences be-
tween NC siRNA and COLIAI or HtrAl siRNAs. p-values
of less than 0.05 were considered significant: ***p <0 .001,
*#p<0.01, and *p <0.05.

Results

BMP-2, hypoxia, and collagen sponges improve
the chondrocyte phenotype

We first focused on the redifferentiation of dediffer-
entiated OA chondrocytes to improve their phenotype before
ACI. This is an absolute necessary step to ensure the best
composition and structure of healthy hyaline cartilage. In a
previous study, we obtained a good differentiated phenotype
when chondrocytes were cultured in 3D collagen sponges
rather than in a 2D monolayer culture. In sponges, chon-
drocytes expressed more type II collagen and aggrecan and
less type I collagen when cultured in hypoxia (3% O,) rather
than in normoxia (21% O,).'® Moreover, our study suggested
that BMP-2 helps increase the cartilage-specific markers.
Similarly, in this study, the combination of BMP-2, hypoxia,
and collagen sponges increased the expression of specific
markers of healthy cartilage (type II collagen, aggrecan) after
7 days of culture (5.5- and 3.5-fold, respectively), and en-
hanced types I and X collagens to a lesser extent (1.3- and
2.4-fold respectively) (Fig. 1A). However, immunohisto-
chemistry analysis revealed that although BMP-2 increased
type II collagen expression, type I collagen expression per-
sisted (Fig. 1B and Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/tec). Thus,
to overcome type I collagen expression, an siRNA specifi-
cally targeting COLIAI mRNA was added to our culture
model. Moreover, to enhance the action of BMP-2 and re-
duce cartilage degradation, an siRNA targeting the HrrAl
mRNA was also added to our 3D culture model in hypoxia.

Improvement of the chondrocyte phenotype
with COL1A1 and/or HtrA1 siRNAs

HACs, seeded in type I collagen sponges, were trans-
fected with an NC siRNA, with COLIAI siRNA, with
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HitrA 1l siRNA, or with COLIAI and HtrAl siRNAs and then
cultured for 7 days in hypoxia with or without BMP-2. In
addition to the analyses of COLIA and HtrAl mRNA levels,
the phenotypic profile of chondrocytes were determined by
analyses of mRNA levels of two well-known chondrocyte
phenotype markers, type II collagen and aggrecan, SOX9,
which positively regulates their expression, associated
markers (type IX and XI collagens), and type X collagen, an
indicator of chondrocyte hypertrophy (Fig. 2). At day 7,
treatment with BMP-2 increased the steady-state mRNA
levels of type II collagen (four-fold in the NC siRNA
treatment, Fig. 2A) and, to a lesser extent, aggrecan (Fig.
2B). BMP-2 also increased the mRNA levels of type IX and
XI collagens (two-fold in the NC siRNA treatment, Fig. 2C,
D), and those of SOX9 (1.5-fold in the NC siRNA treatment,
Fig. 2E), and had no significant effect on type X collagen
mRNA (Fig. 2F). COLIAI and HtrAl mRNA levels did not
increase with the BMP-2 treatment (Fig. 2G, H). COLIAI
and HrrAI siRNAs inhibited their specific target after 7 days
of culture with or without BMP-2. We observed 80% inhi-
bition of COLIAI mRNA and 60% inhibition of HtrAl
mRNA (Fig. 2G, H). The combination of both siRNAs was
also effective with or without BMP-2. We noticed that nei-
ther siRNA species nor the combination of both siRNAs
influenced the BMP-2-induced expression of type II, type IX,
or type XI collagens, aggrecan, or SOX9 mRNA levels. The
expression of type X collagen was likewise not influenced by
siRNA treatments (Fig. 2F), reflecting the specific response
of siRNA treatments. To better apprehend the chondrocyte
phenotype, we also calculated two differentiation indexes
corresponding to the ratio of COL2A1 mRNA to COLIAI
mRNA (Fig. 2I) and of ACAN mRNA to COLIAI mRNA
(Fig. 2J). COLIA1I siRNA increased COL2A1:COLIA] ratio
by 3.5-fold and ACAN:COLIAI ratio by five-fold compared
with the NC siRNA treatment. In the presence of BMP-2,
COLIAI siRNA did not have a significant effect on COL2AI:
COLIA]I ratio but increased that of ACAN:COLIAI (3.5-fold
compared with NC siRNA with BMP-2). HtrAl siRNA had
no effect on COL2A1:COLIAI or ACAN:COLIA]I ratio with
or without BMP-2 (NC siRNA compared with HrAl siRNA
and NC siRNA with BMP-2 compared with HtrAl siRNA
with BMP-2). The combination of both siRNAs had no more
effect than COLIAI siRNA alone.

Finally, the phenotypic profile of HACs was further de-
termined by the analysis of some proteases involved in the
OA process (MMP-1 and -13, Aggrecanase-1 and -2), of
their inhibitor (TIMP-1) and of some transcription factors
implicated in hypertrophy (Cbfal) or in osteogenesis (Os-
terix) (Fig. 3). BMP-2 did not affect the steady-state mRNA
levels of catabolic markers such as MMP-1, MMP-13,
Aggrecanase-1, and Aggrecanase-2, compared with the NC
siRNA treatment. Moreover, a slight induction of MMP-1
was observed when chondrocytes were transfected with
HtrAl siRNA (Fig. 3A). The combination of both siRNAs
significantly increased MMP-1 and MMP-13 mRNA levels
in the presence of BMP-2 (2.5-fold compared with NC
siRNA with BMP-2; Fig. 3A, B), whereas the mRNA
amounts of Aggrecanase-1, Aggrecanase-2, and TIMP-1
were not modified by any treatment (Fig. 3C-E). While
BMP-2 decreased Chfal mRNA amounts (two-fold com-
pared with NC siRNA), it tended to increase Osterix
mRNA, but these effects were lost with the siRNA treatments
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Bone morphogenetic protein (BMP)-2 increased the expression of hyaline cartilage-specific markers in chon-

drocytes cultured in collagen sponges and in hypoxia. Human articular chondrocytes (HACs) were cultured in type I
collagen sponges for 7 days in hypoxia, in the absence (control), or in the presence of 50 ng/mL BMP-2. (A) The steady-
state mRNA levels of type II collagen, aggrecan, type I, and type X collagens were measured using real-time RT-PCR with
primers specific to type II collagen (COL2A1 mRNA), aggrecan (ACAN mRNA), type I collagen (COLIAI mRNA), or type
X collagen (COLI0AI mRNA). All results were normalized to RPLI3a mRNA, compared with untreated sponge-cultured
cells, and are presented as the relative expression of each gene. Box plots represent four independent experiments in
triplicate. Statistically significant differences between the untreated cells and BMP-2-treated cells were determined using
the Mann—Whitney U test (*p <0.05). (B) Immunostaining was carried out to detect type I and type II collagens (red). The
nuclei were counterstained with DAPI (blue). Images shown are representative of the experimental results. Magnification

x40. Scale bar: 40 pm. Color images available online at www.liebertpub.com/tec

(Fig. 3F, G). The effects of the different treatments on
Osteocalcin mRNA levels were not measured, because we
previously showed that in our culture conditions, BMP-2
does not induce Osteocalcin mRNA (Supplementary
Fig. S2).

At the transcriptional level, the addition of COLIAI
siRNA to our culture model seemed to be the best way to
improve the chondrocyte phenotype without affecting the
catabolic pathway.

COL1A1 and HtrA1 siRNAs inhibit
type | collagen expression

Western blots (Fig. 4A) and their quantification (Supple-
mentary Fig. S3) showed that BMP-2 increased mainly type
II collagen synthesis and, to a lesser extent, HtrA1 and type I
collagen. The COLIAI siRNA significantly decreased the
amount of type I collagen (85% in the absence or presence of
BMP-2) without affecting the BMP-2-induced type II col-
lagen synthesis. COLIAI siRNA had no further effect on

HtrA1 synthesis. The HtrA1 siRNA also downregulated type
I collagen synthesis but to a lesser extent compared with
COLIAI siRNA (50% in the absence and 25% in the pres-
ence of BMP-2), without noticeably affecting the BMP-2-
induced type II collagen synthesis. HtrAl siRNA obviously
had a much greater effect on the synthesis of HtrAl
(knockdown >80% in the absence or presence of BMP-2).
The combination of both siRNAs did not further affect the
type I and II collagen synthesis compared with COLIAI
siRNA alone. Type X collagen synthesis was almost unde-
tectable in our culture model, regardless of the conditions
employed. OA cartilage, used as a control, revealed a high
amount of HtrAl and type X collagen proteins.

In conclusion, the Western blot analyses revealed that the
COLIAI and HtrAl siRNAs significantly and specifically
decreased type I collagen synthesis, and favored type II
collagen synthesis.

Immunofluorescence experiments were then carried out to
visualize collagen synthesis in the sponge cultures before
(day 0), and after siRNA transfections (day 7) (Fig. 4B). The
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FIG. 2. Effects of COLIAI and HtrAl siRNAs on mRNA expresswn of specific and nonspecific cartilage markers. HACs
seeded onto collagen sponges were transfected with an INTERFERin®-siRNA complex (5 nM negative control (NC) siRNA, or
5nM COLIAI siRNA and/or 5nM HtrAl siRNA) as described in the ‘“Materials and Methods’ section. HACs were then cultured
in 3% O, for 7 days and treated with or without BMP-2 (50 ng/mL). Relative mRNA expression of type II collagen (A), Aggrecan
(B), type IX collagen (C), type XI collagen (D), SOX9 (E), type X collagen (F), type I collagen (G), and HtrA1 (H) was obtained
as described in Figure 1. All results were normalized to RPLI3a mRNA, compared with untreated NC, and presented as the
relative expression of each gene. We also determined the COL2A1: COLIA I mRNA ratio (I) and the ACAN:COLIAI mRNA ratio
(J). Box plots represent four independent experiments performed in triplicate. Statistically significant differences between
untreated cells and BMP-2-treated cells, NC siRNA-untreated cells, and other siRNA untreated cells, and between NC siRNA
BMP-2-treated cells and other siRNA BMP-2-treated cells were determined using the Mann—Whitney U test (¥*p <0.05).
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FIG. 3. Effects of COLIAI and HtrAl siRNAs on the mRNA expression of catabolic, hypertrophic, and osteogenic
markers. HACs seeded onto collagen sponges were transfected with an INTERFERin-siRNA complex (5 nM NC siRNA, or
5nM COLIAI siRNA and/or 5nM HtrAl siRNA) as described in the ““Materials and Methods’’ section. HACs were then
cultured in 3% O, for 7 days and treated with or without BMP-2 (50 ng/mL). Relative mRNA expression of MMP-1 (A),
MMP-13 (B), Aggrecanase-1 (C), Aggrecanase-2 (D), TIMP-1 (E), Cbfal (F), and Osterix (G) was obtained as described in
Figure 1. Statistically significant differences between untreated cells and BMP-2-treated cells, NC siRNA-untreated cells,
and other siRNA untreated cells, and between NC siRNA BMP-2-treated cells and other siRNA BMP-2-treated cells were

determined using the Mann—Whitney U test (*p <0.05).

quantification of fluorescence intensity is presented in Sup-
plementary Figure S4. As expected, dedifferentiated chon-
drocytes (day 0) strongly expressed type I collagen after their
2D amplification; whereas type II collagen expression was
very weak. In contrast, HACs cultured for 7 days in hypoxia
with BMP-2, and COLIAI and/or HtrAl siRNAs expressed
higher levels of type II collagen and lower levels of type I
collagen, suggesting initiation of the redifferentiation pro-
cess. Moreover, COLIAI siRNA alone had a poor effect on

the levels of type I collagen, whereas HtrAl siRNA alone
had the ability to inhibit type I collagen protein and also to
increase that of type II collagen induced by BMP-2. How-
ever, the combination of both siRNAs synergistically de-
creased type I collagen levels and increased type II collagen
levels, but masked the effects of BMP-2.

Thus, immunofluorescence experiments confirmed that
HtrAl siRNA can decrease the level of type I collagen
synthesis.
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FIG. 4. Effects of COLIAI and/or HtrAl siRNA on collagen synthesis. (A) The combination of hypoxia, BMP-2,
COLIAI, and HtrAl siRNAs promotes redifferentiation of chondrocyte at the protein level. HACs seeded onto collagen
sponges were transfected with an INTERFERin-siRNA complex (5nM NC siRNA, or 5nM COLIAI siRNA and/or 5nM
HtrAl siRNA) as described in the ‘“Materials and Methods™ section. HACs were then cultured in 3% O, for 7 days and
treated with or without BMP-2 (50 ng/mL). Protein extracts were analyzed by Western blotting for type I, II, and X
collagens, and HtrAl versus GAPDH. Representative blots are shown. (B) Immunostaining of type I collagen and type 11
collagen reveals effective redifferentiation of HACs with siRNAs. HACs were treated as described earlier but with 50 nM of
each siRNA. Immunostaining was carried out to detect type I and type II collagens (red). The nuclei were counterstained
with DAPI (blue). Images shown are representative of the experimental results. Magnification x40. Scale bar: 40 pm. Color
images available online at www.liebertpub.com/tec
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SiRNAs are still efficient after 10 days of culture

A short kinetic experiment was then performed to assess
the effect of siRNAs over time before starting the in vivo
experiments (Fig. 5). As expected, siRNAs targeting COLIA 1
and HtrAl transcripts significantly inhibited their respective
mRNA expression (Fig. 5A). This extinction was still ob-
served after 10 days of culture in collagen sponges and for
approximately 14 days in case of the inhibition of COLIAI
mRNA (Supplementary Fig. S5) whereas the HtrAI siRNA
knockdown effect persisted, although weakly, for approxi-
mately 21 and 28 days. When HACs were transfected with
fluorescent siRNA (Alexa Fluor 546), the siRNA remained
present in the cells after 10 days (Fig. 5B). Moreover, optical
microscopy showed that siRNA aggregates were well dis-
tributed throughout the collagen sponges.

The sustained effects of siRNAs guarantee the effective
inhibition of OA-induced proteins and help maintain a
functional chondrocyte phenotype for a long period of time
during culture for further in vivo experiments.

Neo-cartilage is formed in vivo

To evaluate the behavior of our collagen scaffold in vivo,
the sponge constructs were implanted subcutaneously in the
back of nude mice for 28 days and then analyzed by his-
tology and immunohistochemistry (Figs. 6 and 7).

A COLIAI mRNA

Day 0 Day 2

141

Macroscopic observations of sponges containing HACs
showed a very strong difference between the day of im-
plantation and the day of harvest (Fig. 6A). After 28 days,
sponges looked similar to hyaline cartilage with a pearles-
cent appearance. Moreover, HES staining showed strong
collagen production, with a homogeneous distribution of
cells between the collagen network of the sponge (Fig. 6B).
Interestingly, no degradation of the biomaterial occurred
after 1 month under the skin of nude mice. In parallel, we
also grafted sponges that did not contain cells and the col-
lagen network was still present at 28 days later (data not
shown).

Immunohistological analysis showed that, in the presence
of NC siRNA, BMP-2 slightly induced type I collagen;
whereas it increased type II collagen and aggrecan to a
greater extent (Fig. 6C). In the presence of BMP-2, the
levels of type I collagen were lower than those of the NC,
with COLIAI siRNA alone or in combination with HtrAl
siRNA. HtrAl siRNA decreased the expression of type I
collagen slightly in the presence of BMP-2. HACs embed-
ded in collagen scaffolds, cultured in hypoxia+BMP-2, and
transfected with siRNA against COLIAI and HtrAl showed
high production of type II collagen as well as of aggrecan. It
should be noted that HtrAI siRNA seemed to be the best
inducer of type II collagen and aggrecan in the presence of
BMP-2. The ECM appeared much more compact and denser

Hirdl mRNA

Day 8

Day 10

FIG. 5. Short kinetic study of siRNAs. (A) Inhibition of type I collagen and HtrA1 expressions at the mRNA level. HACs
seeded onto collagen sponges were transfected with an INTERFERin-siRNA complex (50nM NC siRNA, or 50nM
COLIAI siRNA and/or 50nM HirAl siRNA) as described in the ‘““Materials and Methods’ section. HACs were then
cultured in hypoxia (3% O,) with culture arrest on day 0, 2, 4, 6, 8, or 10. Relative mRNA expression of type I collagen and
HtrAl was obtained as described in Figure 1. Results of one representative experiment performed in triplicate were
normalized to RPLI3a mRNA and are presented as the relative expression of each gene. Statistically significant differences
between NC siRNA and COLIAI or HtrAl siRNAs were determined at each time point by Student’s paired z-test
*#%¥p <0.001, **p<0.01, and *p <0.05. (B) Monitoring a fluorescent NC siRNA for 10 days of culture. HACs seeded onto
collagen sponges were transfected with an INTERFERin-siRNA complex (alexa fluor 546, 50nM). HACs were then
cultured in 3% O, with a medium change or culture arrest on day 0, 2, 4, 6, 8, or 10. The pictures were taken on a confocal
laser-scanning microscope. Scale bar: 20 pm. Color images available online at www.liebertpub.com/tec
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FIG. 6. Persistence of the chondrocyte phenotype in vivo. HACs seeded onto collagen sponges were transfected with an
INTERFERin-siRNA complex (50 nM NC) siRNA, or 50nM COLIAI siRNA and/or 50nM HtrAl siRNA). HACs were
then cultured in hypoxia (3% O,) with or without BMP-2 (50 ng/mL) until day 7. They were next implanted subcutaneously
in nude mice for 28 days as described in the ‘“Materials and Methods” section. (A) Implantation of type I collagen sponges
containing HACs under the skin of nude mice (left). Sponges were harvested 28 days later (right). (B) HES staining of the
constructs at 28 days after implantation in mice. (C) Immunostaining of type I and II collagens and aggrecan in the neo-
cartilage constructs at 28 days after implantation in mice. Images shown are representative of the experimental results of
three independent experiments. Scale bar: 100 um.
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FIG. 7. No induction of hypertrophic or osteogenic phenotypes in vivo. HACs seeded onto collagen sponges were
transfected with an INTERFERin-siRNA complex (50nM NC siRNA, or 50nM COLIAI siRNA and/or 50nM HirAl
siRNA). HACs were then cultured in hypoxia (3% O,) with or without BMP-2 (50 ng/mL) until day 7. They were then
implanted subcutaneously in nude mice for 28 days as described in the ‘‘Materials and Methods™ section. (A) Im-
munostaining of type X collagen in an osteoarthritis cartilage (top) and in the neo-cartilage constructs at 28 days after
implantation in mice (bottom). (B) Alizarin red staining in a bone (top) and in the constructs at 28 days after implantation in
mice (bottom). Images shown are representative of the experimental results of three independent experiments. Scale bar:

100 pm.
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with COLIAI and/or HtrAl siRNAs compared with the one
observed with NC siRNA.

Finally, hypertrophy and the osteogenesis phenotype were
evaluated with type X collagen immunohistochemistry an-
alyses and with alizarin red staining, respectively (Fig. 7).
We did not find any signs of hypertrophy. Low levels of
type X collagen appeared to be present in chondrocytes
compared with the high levels found in OA cartilage, and
BMP-2 did not induce type X collagen (Fig. 7A). However,
HtrAl siRNA seemed to favor type X collagen synthesis.
Similarly, alizarin red staining did not reveal any OA in-
duction in chondrocytes cultured in sponges (light brown
staining) compared with bone tissue (red) (Fig. 7B).

Altogether, these results confirmed the effectiveness of
our culture model in producing a cartilage-like matrix for
long-term in vivo implantation.

Discussion

During OA, chondrocytes lose their characteristic pheno-
type. This process, called dedifferentiation, features the in-
duction of type I collagen expression instead of type II collagen,
and also occurs during the first expansion step in ACI. The
success of cartilage regenerative medicine is based on the
phenotypic status of HACs and on the presence of the essential
components of its ECM, such as type II collagen. Type II col-
lagen expression should be enhanced without inducing that of
type I collagen. For this reason, recent research has focused on
the role of biomaterials or the roles played by hypoxia
and chondrogenic factors to induce the redifferentiation of
dedifferentiated chondrocytes.'***-** However, a few cellular
therapy approaches to inhibit type I collagen have shown great
efficiency. We previously showed that dedifferentiated chon-
drocytes cultured in type I collagen sponges under hypoxia (3%
0,) express more type II collagen and aggrecan than in nor-
moxia (21% O,) and that BMP-2 favors this process.18 The
chondrocyte phenotype is further enhanced in collagen sponge
scaffolds by using COLIA siRNA with BMP-2 under hypoxia.
In this previous study, we nucleofected HAC with COLIAI
siRNA and HACs were then seeded onto type I collagen
sponges for 24-48 h of culture to establish the proof of concept.
Here, we aimed at improving this process with chondrocytes
seeded onto sponges and incubated with a transfecting reagent.
HACs were also grown longer (7 days) to obtain the best
phenotype in type I collagen sponges and in hypoxia.'® In ad-
dition, we extensively analyzed the chondrocyte phenotype and
tested whether this phenotype can be maintained in vivo.

In the presence of NC siRNA, BMP-2 increased the ex-
pression of a marker specific to cartilage, type II collagen,
and its associated collagens (type IX and XI collagens) and,
to a lesser extent, aggrecan. This was associated with an im-
provement of the chondrocyte phenotype index evaluated using
the COL2AI:COLIAI mRNA ratio and the ACAN:COLIAI
mRNA ratio, without any signs of hypertrophy (no induction
of type X collagen or Cbfal) or induction of osteogenesis (no
induction of Osterix or calcification). Our analyses at the
mRNA and/or protein levels confirmed the efficiency of our
culture conditions in inducing cartilage-specific ECM syn-
thesis in the collagen scaffolds. The immunohistochemical
study of the collagen sponges obtained in vitro and grafted
in vivo in nude mice were in agreement with Western blot
analyses. Other studies have reported a beneficial effect of
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3D culture, hypoxia, chondrogenic factors, or the combi-
nation on the chondrocyte phenotype.'®**> Most of these
investigations evaluated mRNA and/or protein expression of
markers specific to articular cartilage, but a few have ana-
lyzed the synthesis of nonspecific markers, a critical and
essential point for assessing the functionality of the neo-
formed cartilage, to discriminate between hyaline ECM and
fibrocartilaginous ECM.

The association of HACs, BMP-2, hypoxia, and collagen
sponges fulfilled the goal of reconstructing functional cartilage
but a non-negligible background of type I collagen synthesis
remained. We successfully employed an siRNA strategy di-
rectly targeting COLIAI mRNA to reduce type I collagen
synthesis. Thus, the association of COLIAI siRNA and BMP-2
improved the chondrocyte differentiation index when HACs
were cultured in hypoxia. A recent study used a lentiviral vector
encoding TGF-B3 and shRNA directed against type I collagen
to mediate chondrocyte redifferentiation in a 3D chondrocyte
culture.>® However, the use of a viral vector and shRNA is
known to induce stable knockdown, whereas siRNAs induce a
transient knockdown.””*® Qur experimental strategy was de-
veloped so as to avoid a gene therapy approach, and favor a cell
therapy approach to cartilage repair, thereby avoiding the eth-
ical problems behind genome modification. In addition, our
study aimed first and foremost at decreasing the expression of
type I collagen transiently to initiate the redifferentiation of
dedifferentiated chondrocytes. Moreover, we transiently de-
creased the expression of two major genes (COLIAI and
HtrAI) whose expression is enhanced during OA. Our study
generates the hypothesis that dedifferentiated HAC can recover
active metabolism with a differentiated phenotype when cul-
tured in a 3D scaffold, in hypoxic conditions with BMP-2 and
COLIAI siRNA. The present data also highlight that the re-
covered HAC phenotype can be further enhanced by adding
HtrAl siRNA. Inhibition of metalloproteinases and ag-
grecanases by using si/shRNAs has emerged in recent years.
For example, shRNAs against ADAMTS-5 and ADAMTS-9
increase matrix deposition in a 3D chondrocyte culture.* It has
been recently shown that an intra-articular injection of lenti-
virus-mediated ADAMTS-5 siRNA prevents the degradation
of rat articular cartilage by inhibiting the production of
ADAMTS-5.%

In our study, low concentrations of siRNAs (5nM) were
able to decrease type I collagen and HtrAl expression.
Higher concentrations of siRNAs (50nM) were used for
in vivo studies to ensure a durable effect, validated in a
kinetic study (Fig. 5 and Supplementary Fig. S5). We think
that type I collagen sponges can retain siRNAs by acting as
a tank to release some siRNAs when the medium is chan-
ged. Our goal is to further decrease the concentration of
siRNAs employed to eliminate any off-target effects. The
use of very low concentrations of siRNA results in less off-
target effects on several genes such as the other collagen
isotypes.*! These off-target effects may partly explain the
potential nonspecific effects of HtrAl siRNA on type I
collagen expression in vivo and in immunocytochemistry
experiments where it was used at 50 nM. The real time RT-
PCR analysis revealed no off-target effects on any collagen
gene when it was used at 5nM. Another explanation is that
HtrA1 inhibition indirectly favors other proteases involved
in type I collagen degradation such as MMP-1. Indeed, we
found that HtrAl siRNA increased MMP-1 mRNA with or
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without BMP-2 (Fig. 3A) and increased MMP-13 mRNA
(only with BMP-2 and with the combination of both siR-
NAs; Fig. 3B), whereas aggrecanase-1 and -2 and the in-
hibitor of MMPs (TIMP-1) were not induced (Fig. 3C-E).
Nevertheless, as in healthy cartilage, HACs seeded onto
sponges can alternate between synthesis and degradation to
promote new matrix deposition. The indirect decrease in
type I collagen in the presence of HtrAl siRNA may be
offset by that of type II collagen and aggrecan as observed
here in vivo. Moreover, the inhibition of HtrA1, involved in
the degradation of the TGF-B receptor family and in the
proteolysis of aggrecan,”®" may also result in the increase
of the aggrecan expression observed in vivo and in the
persistent BMP-2 effects.

Type I collagen sponges are already used for grafting
human reconstructed skin. Recombinant human BMP-2 is
also used in bone repair in human clinical therapy****
recent study employing BMP-2 fused to a collagen binding
domain within a 3D collagen sponge showed that BMP-2
enhances its effect in bone remodeling.** Our process for
obtaining neo-cartilage is, thus, ready to enter clinical trials
in animals (e.g., horse), and, ultimately, can be tested in
preclinical trials for future use in humans.

Several studies have evaluated the quality of the ECM
produced during redifferentiation of chondrocytes.'”*=> A
recent work has established a relationship between scaffold
fiber size and cell morphology,” suggesting that the most
effective biomaterial would present a loose network of small
fibers. Our model allows chondrocytes to fill the biomaterial
properly and uniformly, offering a three-dimensional organi-
zation of chondrocytes similar to that observed in sifu in
healthy articular cartilage. Our collagen sponges have a pore
size of 100 um, and electronic microscopy shows that HACs
are homogeneously distributed from the surface to the deeper
layers of the scaffold.'® We plan to use electron microscopy to
monitor our culture model over time and to determine whether
it has a regular and complex molecular organization of col-
lagen fibers*® before and after ACL. Another promising ap-
proach consists of differentiating autologous mesenchymal
stem cells of different sources into chondrocytes.*’

Our objective regarding cell therapy of articular cartilage
was to improve the chondrocyte phenotype before their
autologous implantation in the dysfunctional joint. This
study is among the first to decrease type I collagen signifi-
cantly in chondrocytes while increasing cartilage-specific
markers significantly. Here, we reported two mechanisms by
which the chondrocyte phenotype could be enhanced using a
combination of type I collagen sponges, BMP-2, hypoxia,
and two siRNAs. The COLIAI siRNA directly inhibited
type I collagen synthesis. The HtrAl siRNA indirectly in-
hibited type I collagen synthesis at the protein level, via an
unknown mechanism, and directly inhibited the HtrAl
protease that is overexpressed in OA. As a result, in both
cases, type II collagen and aggrecan syntheses were favored.
These two approaches are not mutually exclusive and can be
used together. siRNAs are powerful tools for decreasing
specific gene expression and are used in many types of cell
therapy, such as cancer therapy.*® The success of cartilage
regenerative medicine is based on the phenotypic status of
HAC:s and one of the essential components of cartilage: type
IT collagen. Under our experimental conditions, the ex-
pression of the two essential cartilage markers (type II
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collagen and aggrecan) increased in a very significant
manner and was associated with an improvement in the
chondrocyte phenotype index. The risk of obtaining fi-
brocartilage is minimized, but should be confirmed by
in vivo studies in ACIs in larger mammals. Our original
reconstructed neo-cartilage with an active metabolism of
phenotypically stabilized HACs can likely be improved, for
example, by increasing the rate of reconstruction using a
bioreactor. Furthermore, the mechanical resistance of the
artificial cartilage should be assessed.

In conclusion, in this study, we developed a method for
redifferentiating human dedifferentiated chondrocytes in vitro,
combining relevant physicochemical factors (hypoxic condi-
tions, 3D collagen scaffolds), a chondrogenic factor (BMP-2),
and RNA interference targeting two markers that are over-
expressed in OA (type I collagen and HtrA1). This strategy is
an attempt to obtain redifferentiated chondrocytes and should
be improved for human clinical use. Redifferentiation of ded-
ifferentiated chondrocytes was estimated by extensive gene and
protein analyses to determine the phenotypic profile of chon-
drocytes. In these culture conditions, chondrocytes synthesized
a cartilage hyaline-like matrix characterized by a substantial
expression of type II collagen without any signs of fibrotic,
hypertrophic, or osteogenic phenotypes. Our culture process
improves the recovery and a better stabilization of the human
hyaline chondrocyte phenotype in primarily dedifferentiated
cells, both in vitro and in vivo. This work, therefore, provides
new insights into the molecular mechanisms of stability and/or
induction of the chondrocyte phenotype and a new clinical
possibility for ACI. However, developing a new method for
ACI in humans requires the proof of concept of such a process
in clinical trials in animals, after long-term implantation in
cartilage lesions.
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