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Abstract

Objective. Netrin-1 expression in articular cartilage is correlated with osteoarthritic changes. We aimed to investigate
the contribution of Netrin-1 secreted by human osteoarthritic articular chondrocytes to angiogenesis process in vitro.
Design. Human articular chondrocytes were extracted from non-osteoarthritic (n = 10) and osteoarthritic (n = 22) joints
obtained from surgical specimens and incubated for 24 hours. Medium conditioned by non-osteoarthritic and osteoarthritic
articular chondrocytes were collected. Human umbilical vein endothelial cells (HUVEC) were treated with control and
conditioned medium and assessed using assays for cell adherence, migration, and tube formation. Netrin-1 expression and
secretion was compared between non-osteoarthritic and osteoarthritic chondrocytes by qPCR, Western blot, and ELISA.
The role of chondrocyte-secreted Netrin-I on HUVEC functions was assessed by immunological neutralization using an
anti-Netrin-1 monoclonal antibody. Results. As compared with medium conditioned by non-osteoarthritic chondrocytes,
medium conditioned by osteoarthritic chondrocytes permitted tube formation by HUVEC. Both non-osteoarthritic and
osteoarthritic chondrocytes expressed Netrin-1 at the RNA and protein levels. At the RNA level, Netrin-| expression did
not differ between non-osteoarthritic and osteoarthritic chondrocytes. At the protein level, Netrin-| appeared as a full
protein of 64 kDa in non-osteoarthritic chondrocytes and as two cleaved proteins of 55 kDa and 64 kDa in osteoarthritic
chondrocytes. Immunological neutralization of endogenous Netrin-1 reduced the pro-angiogenic and pro-inflammatory
transcriptional profile of HUVEC treated with the medium conditioned by osteoarthritic chondrocytes, as well as their
capacities to form tubes. Conclusions. Medium conditioned by osteoarthritic chondrocytes permits tube formation by
HUVEC in vitro. This permissive effect is mediated by Netrin-1.
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Introduction

At adult age, normal articular cartilage displays no blood ves-
sels and resists metastatic processes.! This property is in part
explained by the presence of anti-angiogenic factors and of
protease inhibitors in the cartilage extracellular matrix.>*
Articular cartilage vascularization can occur under patholog-
ical conditions such as osteoarthritis.>® In osteoarthritis,
hypertrophic articular chondrocytes produce pro-angiogenic
factors such as the fibroblast growth factor and the vascular
endothelial growth factor A. The expression of these factors
is greater in osteoarthritic than in normal cartilage.”® Under
their influence, articular chondrocytes produce matrix metal-
loproteinases that contribute to cartilage degradation and vas-
cular invasion. In mice, intra-articular injection of exogenous

vascular endothelial growth factor in knee joint induces pro-
gressive cartilage degeneration.’

In recent years, axon guidance molecules such as Netrin-1
have been shown to be other key players in blood vessel
guidance'® and to have a role in the regulation of arterial dif-
ferentiation and vascular branching pattern. The truncated
form of Netrin-1 (55 kDa) contributes to pathological vascu-
larization throughout its receptor Unc5b.!! Netrin-1 has also
been involved in inflammation'>!3 and cancer progres-
sion.'*1¢ The exact role of Netrin-1 in joint disorders is
unknown but has raised intense interest. In a model of aging
cartilage in wild-type mice, our group showed a correlation
of Netrin-1 expression in articular cartilage with OARSI
score that reflects osteoarthritic changes.!” In a murine
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model of temporomandibular joint osteoarthritis, Netrin-1
was involved in subchondral bone changes.'® Further evi-
dence suggested that Netrin-1 secreted by osteoclasts during
subchondral bone remodeling was involved in inducing sen-
sory innervation in osteoarthritis pain'® and in spinal pain.?’
Netrin-1 also seems involved in inflammatory joint disor-
ders. In the murine model of K/BxN serum transfer-induced
arthritis, blockade of Netrin-1/UncSb by monoclonal anti-
bodies prevented bone destruction and reduced arthritis
severity through a decrease in osteoclast number and
activity.”!

We hypothesized that changes in the expression of
Netrin-1 in articular cartilage and its secretion could occur
in osteoarthritis, and may promote functional changes in
surrounding endothelial cells.

Method

Chondrocyte Isolation from Human Articular
Cartilage

Human joint tissues were obtained from surgical specimens
at the orthopedic department of Cochin Hospital (Paris,
France). Cartilage samples were collected from osteoar-
thritic patients after total knee replacement and from non-
osteoarthritic patients after tumoral surgery. Human articular
chondrocytes were isolated by enzymatic digestion as
described.”? They were seeded at high density (100,000
cells/cm?) and incubated in Dulbecco’s Modified Eagle
Medium supplemented with 10% fetal bovine serum (Lonza)
for 24 hours. The number of independent cell culture iso-
lated from articular chondrocytes ranged from 3 to 6.

Human Umbilical Vein Endothelial Cells
(HUVEC) Culture

HUVEC were obtained from Sigma Aldrich. HUVEC were
cultured in endothelial cell growth medium supplemented
with 10% fetal bovine serum (Lonza). HUVEC were used
for specific assays between passages 2 and 6.

Medium Conditioning

Medium conditioned by human non-osteoarthritic or osteo-
arthritic articular chondrocytes were collected after 24
hours, divided into two samples and stored at —80°C. One
sample was used for Netrin-1 quantification by enzyme-
linked immunosorbent assay. The other sample was diluted
v/v with serum-free endothelial cell growth medium and
used to treat HUVEC. Nonconditioned medium served as a
control medium and was a v/v mixture of complete
Dulbecco’s Modified Eagle Medium and serum-free endo-
thelial cell growth medium.

HUVEC Adherence and Viability Assays

Overall, 10,000 HUVEC per 16-well e-view plates were
seeded in xCELLigence RTCxA system (Roche).?*
HUVEC were treated in duplicate with 0.2 ml of the control
medium or medium conditioned by human non-osteoar-
thritic or osteoarthritic articular chondrocytes. HUVEC
proliferation and attachment were quantified in real time by
monitoring electrical impedance. The cell index value
reflecting HUVEC adherence was calculated after 5 hours
of treatment using the RTCA software (Roche). HUVEC
viability was quantified after 24 hours using trypan blue
staining.

HUVEC Migration Assay (Wound-Healing Assay)

Overall, 40,000 HUVEC were seeded in a 2-well culture-
insert (Ibidi system) and cultured in endothelial cell growth
medium supplemented with 10% fetal bovine serum
(Lonza) for 24 hours. After HUVEC attachment, the
medium and culture-insert were removed, creating a cell-
free gap in which the cell migration could be visualized in
real time. HUVEC were treated in triplicate with 2 ml of the
control medium or medium conditioned by human non-
osteoarthritic or osteoarthritic articular chondrocytes and
were filmed continuously (4 images/h) for 24 hours under
videomicroscopy (Zeiss, objective at phase contrast, 10x
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magnification). The cell-free gap width was quantified
every 2 hours using Zen imaging software.

HUVEC Tube Formation Assay

Overall, 40,000 HUVEC per 48-well were seeded on
Matrigel coated plates (Matrigel no. 354234 ECM Gel
Sigma). Gel was thawed overnight at 2° to 8°C before use
and dispensed to a multiwall plate using a plate and pipettes
that are pre-cooled to 2° to 8°C. The gel was diluted up to
2-fold with 2° to 8°C Dulbecco’s Modified Eagle Medium,
and it was done before gel was added to the plate. The prod-
uct gelled within 5 minutes at 20°C. Cells were plated on
top of a thin gel layer of 0.5 mm or cultured inside a 1 mm
layer. To dissociate cells from the gel, ethylenediaminetet-
raacetic acid (EDTA) was used at a concentration of 0.6 to
2.4 units per mL. HUVEC were treated in triplicate with 0.5
ml of the medium conditioned by human non-osteoarthritic
or osteoarthritic articular chondrocytes and once with 0.5
ml of the control medium. HUVEC were filmed continu-
ously (4 images/h) for 24 hours under videomicroscopy
(Zeiss, objective at phase contrast, 10x magnification).
Number of nodules and branches and tube length were
semi-quantified at baseline, 3, 6, 9, 12, and 24 hours using
the “angiogenesis analyzer” extension of Imagel software.
To assess the role of Netrin-1 and of vascular endothelial
growth factor A in tube formation, HUVEC treated with the
medium conditioned by osteoarthritic human articular
chondrocytes were also treated in triplicate with 2 pg/ml
2F5 (Netrin-1 blocking monoclonal antibody, Adipogen) or
2.5 mg/ml bevacizumab (vascular endothelial growth factor
A blocking monoclonal antibody, Roche).

Quantitative Polymerase Chain Reaction

Total RNA was extracted from human non-osteoarthritic
and osteoarthritic articular chondrocytes and HUVEC using
Trizol reagent (Invitrogen). Overall, 1 pg of total RNA was
reverse-transcribed using the high capacity cDNA reverse
transcription kit (Applied Biosystems). Levels of mRNA
were normalized to those of the ribosomal protein L13.
Primers used in the present study for quantitative poly-
merase chain reaction are listed in the appendix.

Western Blot

Proteins were extracted from human non-osteoarthritic and
osteoarthritic articular chondrocytes using protein lysis buf-
fer (Hepes 20 mM pH 7.6, NaCl 25 mM, EDTA 1 mM,
0.2% NP40, Glycerol 10%, DTT 1 mM and complete, pro-
tease Inhibitor cocktail Tablet 1x). Overall, 20 pg of pro-
teins were size-separated by sodium dodecyl sulfate
SDS-page 4% to 12% polyacrylamide gel electrophoresis.
Gels were electro blotted on nitrocellulose membranes and

incubated overnight at 4°C with anti-Netrin-1 (Abcam,
ab122903; 1/500) and anti-actin (Santa Cruz, sc-69879;
1/5000). Blots were incubated for 1 hour at room tempera-
ture with a horseradish peroxidase conjugated secondary
antibody anti-goat (Santa Cruz, sc2020; 1/10000) and anti-
mice (Santa Cruz, sc2031; 1/5000), respectively. Bound
Netrin-1 antibodies were visualized using Fusion Solo S
imaging system (Vilber). Results are standardized by actin
by quantifying the bands with ImagelJ software.

Netrin-1 Enzyme-Linked Immunosorbent Assay

Netrin-1 secreted by human non-osteoarthritic and osteoar-
thritic articular chondrocytes in control medium was quan-
tified using the human Netrin-1 Elisa kit (EK3998,
Signalway antibody LLC), according to supplier’s instruc-
tions. This kit recognizes the N-terminal end of Netrin-1.

Statistical Analysis

Quantitative variables were expressed with mean (SD) of
duplicates or triplicates and were compared with nonpara-
metric Mann—Whitney U test. All analyses involved using
GraphPad Prism 7.03 (GraphPad Software Inc., San Diego,
CA, USA). A P value < 0.05 was considered statistically
significant.

Role of the Funding Source and Ethical
Consideration

Our work was funded by the Research on OsteoArthritis
Diseases Network funded by the ARTHRITIS Foundation,
by the Agence Universitaire de la Francophonie and by
the CNRS-L. The funding sources were not involved in
the study design, collection, analysis, and interpretation
of data; in the writing of the manuscript; or in the decision
to submit the manuscript for publication. The study proto-
col was approved by the CPP Sud-Ouest et Outre-Mer 1
(No. ID-RCB: 2018-A02987-48). All participants were
informed and gave written consent for the use of cartilage
specimens.

Patient and Public Involvement Statement

It was not appropriate or possible to involve patients or the
public in the design, or conduct, or reporting, or dissemina-
tion plans of our research.

Results

Participants

Cartilage specimens from 32 patients who underwent sur-
gery at the orthopedic department of Cochin Hospital (Paris,
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France) were used: 10 patients were non-osteoarthritic
(tumoral surgery), and 22 patients were osteoarthritic (total
knee replacement). Mean age was 40.2 years (SD = 17.0
years) in the non-osteoarthritic group and 73.1 years (SD =
9.2 years) in the osteoarthritic group. Mean body mass
index was 30.9 kg/m? (SD = 5.3 kg/m?) in the non-osteoar-
thritic group and 28.9 kg/m? (SD = 6.8 kg/m?) in the osteo-
arthritic group. Overall, 16/32 (50%) participants were
females: 3/10 (30%) in the non-osteoarthritic group and
10/22 (46%) in the osteoarthritic group.

Medium Conditioned by Human Non-
Osteoarthritic and Osteoarthritic Articular

Chondrocytes Have Similar Effects on HUVEC
Adherence, Viability, and Migration in 2D
Cultures

We compared the potential effects of the medium condi-
tioned by human non-osteoarthritic and osteoarthritic artic-
ular chondrocytes on adherence, viability, and migration of
HUVEC cultured in 2D on plastic flasks. We found no dif-
ference in adhesion level of HUVEC treated with the
medium conditioned by human non-osteoarthritic or osteo-
arthritic articular chondrocytes for 24 hours (Fig. 1A).
HUVEC viability was greater than 90% in control medium
and medium conditioned by human non-osteoarthritic and
osteoarthritic articular chondrocytes (Fig. 1B). Finally, we
found that migration of HUVEC treated with the medium
conditioned by human non-osteoarthritic or osteoarthritic
articular chondrocytes was slower as compared with
HUVEC treated with the control medium (26.9 [1.1] pm/h
and 22.3 [5.3] um/h vs. 31.7 [3.7] pum/h, respectively).
However, we found no difference between HUVEC treated
with the medium conditioned by human non-osteoarthritic
and osteoarthritic articular chondrocytes on the time neces-
sary to complete wound healing (Fig. 1C).

Medium Conditioned by Human Osteoarthritic
Articular Chondrocytes Permits HUVEC Tube
Formation in 3D Cultures

We compared the potential effects of the medium condi-
tioned by human non-osteoarthritic and osteoarthritic artic-
ular chondrocytes on tube formation by HUVEC cultured in
3D on Matrigel (Sigma Aldrich) for 24 hours. When
HUVEC were treated with the control medium, HUVEC
tube formation occurred after 3 hours, increased to a maxi-
mum between 6 and 12 hours and decreased at 24 hours
(Fig. 2A). When HUVEC were treated with the medium
conditioned by human non-osteoarthritic articular chondro-
cytes, HUVEC tube formation did not occur. Activated
HUVEC spheroid sprouting in Matrigel was inhibited and
HUVEC remained dispersed. Conversely, when HUVEC

were treated with the medium conditioned by human osteo-
arthritic articular chondrocytes, HUVEC tube formation
occurred following the same pattern as HUVEC treated
with the control medium. At each time point assessed, num-
ber of nodules (Fig. 2Ba) and branches (Fig. 2Bb) and tube
length (Fig. 2Bc) were similar in HUVEC treated with the
control medium or the medium conditioned by human
osteoarthritic articular chondrocytes.

Netrin-1 Is Differently Expressed and Secreted
by Human Non-Osteoarthritic and Osteoarthritic
Articular Chondrocytes

We found that both human non-osteoarthritic and osteoar-
thritic articular chondrocytes expressed Netrin-1 at the
RNA and protein levels. At the RNA level, Netrin-1 expres-
sion did not differ between human non-osteoarthritic and
osteoarthritic articular chondrocytes (Fig. 3A). At the pro-
tein level, levels of Netrin-1 secreted in the medium condi-
tioned by human osteoarthritic articular chondrocytes were
greater than in the medium conditioned by human non-
osteoarthritic articular chondrocytes (1.3 [0.8] ng/ml vs. 0.7
[0.1] ng/ml, respectively; Fig. 3B). To compare the molecu-
lar forms of Netrin-1 expressed by human non-osteoarthritic
and osteoarthritic articular chondrocytes, total proteins
were extracted from chondrocytes and analyzed by Western
blot. We found that Netrin-1 was expressed as a full protein
of 64 kDa in human non-osteoarthritic articular chondro-
cytes and as a cleaved protein of 55 kDa and 64 kDa in
human osteoarthritic articular chondrocytes, with a pre-
dominant band at 55 kDa, like in the positive control (human
brain lysates; Fig. 3C).

Immunological Neutralization of Netrin-1
Reduces the Permissive Effects of the Medium
Conditioned by Human Osteoarthritic Articular
Chondrocyte on HUVEC Tube Formation in 3D
Cultures

To assess whether Netrin-1 secreted in the medium condi-
tioned by human osteoarthritic articular chondrocyte could
promote HUVEC tube formation and to compare these
effects with those of vascular endothelial growth factor A,
HUVEC treated with the medium conditioned by osteoar-
thritic human articular chondrocytes were also treated with
Netrin-1 or vascular endothelial growth factor A blocking
monoclonal antibodies (Fig. 4). After 6 hours, immunologi-
cal neutralization of Netrin-1 reduced HUVEC tube forma-
tion as reflected by a reduction in the number of nodules
(Fig. 4A) and branches (Fig. 4B) and tube length (Fig. 4C),
as compared with untreated HUVEC. These effects were of
the same magnitude as those observed with immunological
neutralization of vascular endothelial growth factor A.



98

CARTILAGE 13(4)

A 2.0 B
: 100
2 L
£ 9 .
N 1.5 = 80
[>] >
5a =
- N o
g+ s 60
H =
'g g 1.0 —— —— ;
== R S 40
S g
o 05 >
Z = 20
=
0.0 0 .
60 $ @ \$° $ $
¢S o o ¢® o o
el ol
¢ 0.6
-Control
0.5 A #Non-OA ¢M
0Ny
s
®
o 103
: S
£ 202
2
SEPY
0
024 6 8101214161820
Time (h)

Figure |. Effects of medium conditioned by human non-osteoarthritic and osteoarthritic articular chondrocytes on HUVEC
adherence, viability, and migration in 2D cultures. HUVEC adherence and viability were assessed using real-time impedance analysis
(xCELLigence RTCA software system). Briefly, 10,000 HUVEC per well were seeded in duplicate in |6-well e-plates and treated with
control medium (n = ), medium conditioned by human non-osteoarthritic articular chondrocytes (n = 3), or medium conditioned
by human osteoarthritic articular chondrocytes (n = 3). (A) The cell index, which reflects cell adherence, was assessed by continuous
monitoring. Results observed after 5-hour incubation (steady state) were expressed as mean (SD) number of adherent HUVEC.
Results between two conditions were compared using the nonparametric Mann—Whitney U test. All between-group comparisons
yielded nonsignificant results. (B) HUVEC viability was assessed by counting the number of positive cells for trypan blue reported

to the total number of HUVEC. Results observed after 24 hours were expressed as the percentage of viable HUVEC. No between-
group comparisons were performed. (C) The time necessary to complete wound healing was assessed. Results were expressed as the
mean (SD) cell-free gap width (mm) for each time point until wound healing was completed. No between-group comparisons were
performed. HUVEC = human umbilical vein endothelial cells; cM = conditioned medium; OA = osteoarthritis.

Immunological Neutralization of Netrin-1
Reduces the Pro-Angiogenic and Pro-
Inflammatory Transcriptional Profile of HUVEC

We examined whether Netrin-1 could promote pro-angio-
genic and pro-inflammatory transcriptional profile of
HUVEC. In HUVEC treated with the medium conditioned
by human osteoarthritic articular chondrocytes, we found

that immunological neutralization of Netrin-1 using block-
ing monoclonal antibodies reduced mRNA expression of
pro-angiogenic markers including vascular endothelial
growth factor A, vascular endothelial growth factor receptor
2, fibroblast growth factor 1 and fibroblast growth factor
receptor 1, as well as of pro-inflammatory markers including
peroxisome proliferator-activated receptor vy, cyclooxygen-
ase 2, and nuclear factor-kB (Table 1).



Akoum et al.

99

A

Time (h)

0.0)  (183) | (47.6) | (48.1)  (21.8) | (20.5) 0o | 6y (.0 ‘ 3.5

D) )

b 20 *
_ 120 sk 30
2 ¥ z g I
‘g 100 - z - = N ¥ 3%
Za %0 - B HIE
1 55 T :
£ e 60 2 ﬂw o’ ': 15 |-I
s 3 * =] s a
23 kR 5 F 2
o = 40 I—l 3 2210
s r‘ =%5 2
2 2 2 B Control
S a
~ g, = = Non-OA ¢cM
0 - - Ml o 0 , ,
0 3 6 9 12 24 0 3 6 9 1 0 3 6 9 12 24 ||™mOAM
Time (h) Time (h) Time (h)

Control < Control \ Control

Pixels 0.0 30.0 [ 40.0 | 45.0 42.0 6.0 Pixels 0.0 | 16.0 17.0 ‘ 13.0 140 | 6.0 | s 0.0 184|259 214212 \ 14.8
NowOAM 00 | 03 [ 03 | 13 |23 | 03 || [flomOAM o4 | o3 | o3 ‘ o 20 |03 || [NomoreM 0 5y 0y 6y | 75 1

"sb) ©0 | 00 | @0 | @y @ | o0 sb) | 00| @ 00 | an 0D | e ::;:("'ﬁ ‘ ©0 e | 26 GH [ 0B | 69

OAcM P I . OAM | OAM | - Tl —
Pixels, mean 0.0 17.37]54.7°| 57,0 333 |19.0 Bliccls, mcan 0 [ 7.00 120 133 123 93 A ¢ 0.0 13.8 21.1° 209 | 16.7 109

06 | 48 R T TR

(84 | (.9

Figure 2. Effects of medium conditioned by human non-osteoarthritic and osteoarthritic articular chondrocytes on HUVEC

tube formation in 3D cultures. Briefly, 40,000 HUVEC were seeded on Matrigel (Sigma Aldrich) and treated with control medium

(n = 1), medium conditioned by human non-osteoarthritic articular chondrocytes (n = 3), or medium conditioned by human
osteoarthritic articular chondrocytes (n = 3) and observed in real time using videomicroscopy (Zeiss, objective at phase contrast,

10x magnification). (A) Images were acquired at baseline, 3, 6, 9, 12, and 24 hours. (B) (a) Number of nodules, (b) number of
branches, and (c) tube length were semi-quantified at each time point using the “angiogenesis analyzer” extension of Image| software.
Results were expressed as mean (SD) pixels. For each variable assessed, results between two conditions were compared using the
nonparametric Mann—Whitney U test with *P < 0.05, **P < 0.02, and ***P < 0.007. HUVEC = human umbilical vein endothelial cells;

cM = conditioned medium; OA = osteoarthritis.

Discussion

In the present study, we found that medium conditioned by
human osteoarthritic articular chondrocytes permitted tube
formation by HUVEC as compared with medium condi-
tioned by human non-osteoarthritic articular chondrocytes.
Both human non-osteoarthritic and osteoarthritic articular
chondrocytes expressed Netrin-1 at the RNA and protein
levels. At the protein level, Netrin-1 appeared as a full pro-
tein of 64 kDa in human non-osteoarthritic articular chon-
drocytes, but as a cleaved protein of 55 kDa and 64 kDa in
human osteoarthritic articular chondrocytes. Immunological
neutralization of Netrin-1 reduced the pro-angiogenic and

pro-inflammatory transcriptional profile of HUVEC treated
with the medium conditioned by human osteoarthritic artic-
ular chondrocytes, and their capacities to form tubes.

We first compared the effects of control and conditioned
media on HUVEC core functions including adherence, migra-
tion, and tube formation. Pesesse and colleagues previously
reported increased HUVEC adhesion when treated with a
medium conditioned by hypertrophic chondrocytes.?> Medium
conditioned by dental pulp stromal cells and osteoblasts?® have
also been shown to modulate angiogenic properties of endo-
thelial cells including adhesion and migration. Interestingly,
we found differences between medium conditioned by non-
osteoarthritic and osteoarthritic chondrocytes, but not on
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Figure 3. Netrine-| expression in human articular non-osteoarthritic and osteoarthritic chondrocytes and Netrin-1 secretion in
conditioned media. Human non-osteoarthritic and osteoarthritic chondrocytes articular chondrocytes were isolated by enzymatic
digestion. They were seeded at high density (100,000 cells/cm?) and incubated in Dulbecco’s Modified Eagle Medium supplemented
with 10% fetal bovine serum (Lonza) for 24 hours. (A) Netrin-| mRNA was quantified by quantitative polymerase chain reaction

in human articular non-osteoarthritic (n = 3) and osteoarthritic chondrocyte (n = 4). Briefly, total RNA was extracted from
chondrocyte cell pellets. RNA was reverse-transcribed twice, and quantitative polymerase chain reaction was performed in triplicate
on each reverse transcription. mMRNA levels were standardized to those of human osteosarcoma (HOS) cell line as internal control.
Results were expressed as mean (SD) fold-change of the internal control. Results between two conditions were compared using the
nonparametric Mann—Whitney U test. All between-group comparisons yielded nonsignificant results. (B) Netrin-| secreted by human
articular non-osteoarthritic (n = 3) and osteoarthritic chondrocyte (n = 6) in the conditioned media was quantified by enzyme-linked
immunosorbent assay (Signalway antibody LLC). According to the manufacturer, antibodies used recognize the N-terminal part of
Netrin-1, which includes the 55-kDa V-VI fragment. Results were expressed as mean (SD) ng/ml. Results between two conditions
were compared using the nonparametric Mann—Whitney U test with P < 0.05. (C) Molecular forms of Netrin-1 expressed by human
non-osteoarthritic and osteoarthritic articular chondrocytes were assessed by Western blot. Total proteins (intra- and extracellular
proteins attached to the cell membrane) from human non-osteoarthritic (n = 1) and osteoarthritic articular chondrocytes (n = 3)
were extracted and separated on nitrocellulose membrane. Anti-Netrin-1 (Abcam, ab122903; 2/1000) was used as primary antibody,
and anti-Actin (Santa Cruz, sc-69879; 1/5000) antibodies were used as internal control (42 kDa). According to the manufacturer,
antibodies used recognize the C-terminal part of Netrin-1. Human brain lysates served as a positive control for Netrin-1. No
between-group comparisons were performed. HUVEC = human umbilical vein endothelial cells; cM = conditioned medium; OA =
osteoarthritis.
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Figure 4. Effects of immunological neutralization of Netrin-| and vascular endothelial growth factor A on HUVEC tube formation

in 3D cultures. HUVEC treated with the medium conditioned by osteoarthritic human articular chondrocytes were also treated

with 2 pg/ml 2F5 (Netrin-1 blocking monoclonal antibody, Adipogen, n = 3) or 2.5 mg/ml bevacizumab (vascular endothelial growth
factor A blocking monoclonal antibody, Roche, n = 3) for 6 hours and observed in real time. HUVEC treated only with the medium
conditioned by osteoarthritic human articular chondrocytes served as controls (n = 3). (A) Number of nodules, (B) number of
branches, and (C) tube length were semi-quantified at each time point using the “angiogenesis analyzer” extension of Image| software.
Results were expressed as mean (SD) pixels. For each variable assessed, results between two conditions were compared using the
nonparametric Mann—Whitney U test with *P < 0.05, **P < 0.02, and ***P < 0.007. HUVEC = human umbilical vein endothelial cells;
BVZ = bevacizumab; cM = conditioned medium; OA = osteoarthritis.

Table I. Pro-Angiogenic and Pro-Inflammatory Transcriptional Profile of Human Umbilical Vein Endothelial Cells.

HUVEC treated with OA cM HUVEC treated with OA cM + 2F5
Cox-2 12.2 (11.0) 0.3 (0.2)
FGF-I 3.2 (2.6) 1.1 (0.7)
FGFR-1 0.9 (0.4) 0.8 (0.4)
NF-xf 1.7 (0.4) 0.3 (0.0)
PPAR-a 2.0 (0.3) 0.8 (0.2)
PPAR-y 2.2 (1.0) 0.5 (0.2)
VEGF-A 1.6 (0.2) 0.5 (0.1)
VEFG-R2 1.3 (0.5) 0.5 (0.2)
Levels of mMRNA were normalized to those of the ribosomal protein L13. All results were expressed as mean (SD) fold-change of the internal control.
HUVEC = human umbilical vein endothelial cells; OA = osteoarthritis; cM = conditioned medium; Cox-2 = cyclooxygenase 2; FGF-1 = fibroblast
growth factor |; FGFR-1 = fibroblast growth factor receptor |; NF-kf3 = nuclear factor-kB; PPAR = peroxisome proliferator-activated receptor;

VEGF-A = vascular endothelial growth factor A; VEGF-R2 = vascular endothelial growth factor receptor 2.

HUVEC adherence and migration. Our results suggest that formation functions over other endothelial functions. Our
osteoarthritic changes may predominantly impact tube results are consistent with those of Camaj and colleagues, who
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reported that HUVEC germination could be inhibited when
HUVEC were treated with medium conditioned by human pri-
mary chondrocytes.

Remarkably, we found that HUVEC could form tubes
with control and osteoarthritic human articular chondro-
cyte-conditioned media, but not with non-osteoarthritic
human articular chondrocyte-conditioned medium.
Several hypotheses may explain our results. First, non-
osteoarthritic human articular chondrocytes may produce
specific matrix components able to inhibit HUVEC tube
formation. In the field of bioengineering, Choi and col-
leagues found that chondrocyte-derived extracellular
matrix could inhibit blood vessel invasion in vitro and in
vivo as compared with Matrigel.?” Consistently, articular
cartilage has been shown to contain intrinsic angiogenesis
inhibitors such as chondromodulin-I, endostatin, and
thrombospondin-1.?® These inhibitors could have played a
role in our model; in the control and osteoarthritic human
articular chondrocyte-conditioned media, the absence of
these inhibitors could have allowed tube formation by
HUVEC on Matrigel. Second, osteoarthritic human articu-
lar chondrocyte-conditioned medium could also contain
pro-angiogenic molecules. A relevant candidate was
Netrin-1 because Netrin-1 is involved in axon guidance
and angiogenesis,'” and its expression in articular carti-
lage is correlated with OARSI score in a model of aging
cartilage in wild-type mice.!”

To identify molecules involved in the effects observed
on HUVEC, we used a candidate approach and chose to
explore the role of a chemotactic guiding factor Netrin-1.
We found expression of Netrin-1 in both human non-
osteoarthritic and osteoarthritic articular cartilage at the
mRNA and protein levels. We also found higher levels of
secreted Netrin-1 in medium conditioned by osteoar-
thritic chondrocytes than non-osteoarthritic chondro-
cytes. Interestingly, osteoarthritic chondrocytes mainly
expressed Netrin-1 in its cleaved form and non-osteoar-
thritic human chondrocytes in its full form. Recent evi-
dence has suggested specific biological effects for
cleaved forms of Netrin-1. In a model of diabetic reti-
nopathy, Miloudi and colleagues have shown that
Netrin-1 can be metabolized into a bioactive fragment
corresponding to the amino-terminal domains VI and V
that promote vascular permeability by binding to Unc5b
receptor.!! In our study, the fragment at 55 kDa mainly
expressed by osteoarthritic chondrocytes could corre-
spond to this bioactive form described by Miloudi and
colleagues. The cleavage mechanisms of Netrin-1 in
osteoarthritis remain to be elucidated but may involve
activated matrix metalloproteinases.

Finally, we showed that immunological neutralization
of Netrin-1 decreased HUVEC tube formation induced by
osteoarthritic conditioned medium, and the expression of
some pro-angiogenic and pro-inflammatory markers. Our
results suggest that in our model Netrin-1 could promote
angiogenic processes, directly by regulating the expres-
sion of pro-angiogenic factors, and indirectly by regulat-
ing the expression of pro-inflammatory factors, according
to mechanisms that remain to be elucidated. Angiogenesis
and inflammation are closely related in osteoarthritis.
Several studies have demonstrated the angiogenic role of
Netrin-1 in vitro.?*3 Prieto and colleagues reported that
the medium conditioned by Wharton’s jelly mesenchymal
stem cells promote angiogenesis and that the neutraliza-
tion of Netrin-1 by 2F5 inhibited the HUVEC angiogenic,
like in our model.** In in vivo inflammatory models,
Netrin-1 could promote inflammation.'> However, some
authors reported anti-inflammatory of Netrin-1 in vitro.3
These apparent inconsistencies may be in part explained
by differential bioactivity of Netrin-1 in its cleaved and
full forms.

Our study has limitations. Our approach could be
enriched by an unbiased analysis of the secretomes of non-
osteoarthritic and osteoarthritic articular chondrocytes.
Netrin-1 concentration could be elaborated by immuno-
precipitation assay. The immunological neutralization
approach could be complemented by Netrin-1 loss and
gain of function, using genomic editing tools, to confirm
the specificity of the effects we observed. Mechanisms
leading to Netrin-1 cleavage need to be further explored as
well as the bioactivity of the fragments observed and their
interactions with targeted receptors. Target strategies of
MMP-9 to inhibit Netrin-1 cleavage may be relevant.
Netrin-1 functions should be confirmed in in vivo models
of osteoarthritis. Because Netrin-1 is an axonal guidance
molecule, it would be relevant to carry out further studies
to assess whether Netrin-1 has a role in osteoarthritic pain.
Finally, extending the study of the relation between
Netrin-1 and VEGF would be of interest. Netrine-1 may
act upstream of VEGF.*? In vivo, Netrin-1 stimulates
angiogenesis and augments the response to VEGF.!? Other
data show that Netrin-1 and VEGF act independently on
angiogenesis.>

In summary, Netrin-1 secreted by human osteoarthritic
articular chondrocytes contributes to angiogenesis in vitro.
This effect may be promoted by a switch to a pro-angio-
genic and pro-inflammatory phenotype of endothelial cells.
Altogether, our in vitro results suggest that Netrin-1 may
play a role in abnormal vascularization in osteoarthritic
cartilage.
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Primers Used for Quantitative Polymerase Chain Reaction.

Gene Lower Upper

Cox-2 TAG TCC TGT ATG CCCTTT TCC AGA TTA GTC CGC CGT AGT CG
FGF-1 TCA AAG GAG TGT GTG CTA AC TTT CAG TGC CAC ATA CCAAC
FGFR-1 GTC TGC TGA CTC CAG TGC AT ACG GTT GGG TTT GTC CTT GT
Netrin-1 GTGGATCTGGACGGCATAGT GTGGAGGAGCCTGAAGACTG

NF-«3 TTCCTTACCCCGTTT TCC TCA GCA CAC ACC CAATG

PPAR-a TCATCA CGGACACGCTTT CA CGC GTG GAC TCC GTAATG AT
PPAR-y GCA ATC AAA GTG GAG CCT GC TCT CCG GAA GAAACCCTT GC
RPLI3 AAG GTC GTG CGT CTG AAG GAG TCC GTG GGT CTT GAG
VEGF-A CCT GGT GGA CAT CTT CCA GGA GTA CTC ACC GCCTCG GCTTGT CACA
VEFG-R2 CAG ACA CCACCGTGT ACT CC CTGCAGTCCGAGGTCCTTTT

Cox-2 = cyclooxygenase 2; FGF-1 = fibroblast growth factor |; FGFR-1 = fibroblast growth factor receptor |; NF-kf3 = nuclear factor-kB; PPAR =
peroxisome proliferator-activated receptor; RPLI3 = Ribosomal Protein L13; VEGF-A = vascular endothelial growth factor A; VEGF-R2 = vascular

endothelial growth factor receptor 2.
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