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ABSTRACT

Purpose Despite the promising applications of PLGA based
particles, studies examining the fate and consequences of these
particles after intra-articular administration in the joint are
scanty. This study was carried out to evaluate the neutrality
of the unloaded delivery system on different articular cell
types. To facilitate tracking, we have thus developed a fluo-
rescent core of particles, combined to a hyaluronate shell for
cell recognition.

Methods Fluorescence pictures were taken at time intervals
to assess the internalization and the corresponding inflamma-
tory response was monitored by RT-qPCR and biochemical
measurements. After NPs pre-treatment, mesenchymal
stem cells (MSCs) were cultured into chondrogenic,
adipogenic or osteogenic differentiation media, to inves-
tigate if NPs exposure interferes with differentiation
ability. Finally, intra-articular injections were performed
in healthy rat knees and joint’s structure analysed by
histological studies.

Results Particles were detected in cytoplasm 8 h after expo-
sure. Internalization led to a slight and reversible increase of
inflammatory markers, but lower than in inflammatory
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conditions. We have confirmed particles exposure minimal
neutrality on MSCs pluripotency. Histological exams of joint
after intra-articular injections do not demonstrate any side
effects of NPs.

Conclusions Our findings suggest that such a delivery plat-
form 1s well tolerated locally and could be used to deliver
active molecules to the joint.

KEY WORDS hyaluronate - nanoparticles - osteoarticular -
PLGA - vectorization

ABBREVIATIONS

BSA Bovine seric albumin

Cy3 Cyanine 3

DAPI 4’ 6-diamidino-2-phenylindole

DM Differentiation medium

FITC Fluorescein isothiocyanate

HA Hyaluronic acid

HES Haematoxylin Eosin Saffron

IA Intra-articular

LDH Lactate deshydrogenase

LPS Lipopolysaccharide

MbT Mycobacterium tuberculosis

MSCs Mesenchymal stem cells

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide

NO Nitric oxide

NPs Nanoparticles

NSAIDs  Non steroidal anti-inflammatory drugs

OA Osteoarthritis

PBS Phosphate Buffer Saline

PFA Paraformaldehyde

PGE, Prostaglandins E2

PLGA Poly (lactic-co-glycolic) acid

rAAV Recombinant adeno-associated virus
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INTRODUCTION

Drug targeting is a major challenge in coming decades in the
context of personalized medicine. Current treatments for
rheumatic diseases, e.g., NSAIDs, are mostly symptomatic
and commonly associated with gastro-intestinal, hepatic, renal
and/or cardiac adverse events, especially among the elderly.
This makes intra-articular (IA) and cell therapies attractive
options notably for patients with localized osteoarthritis (OA)
limited to one or several synovial joints. Additionally, IA ad-
ministration may provide a higher concentration of the med-
ication in the joint macro- and microenvironments, including
cartilage and synovium and may avoid systemic effects. To
increase and maintain their therapeutic efficacy, drugs can
be encapsulated into nanoparticles (NPs), and then delivered
to specific sites by passive or active targeting [1]. Furthermore,
IA injection of autologous MSCs seems promising in rheumat-
ic disease because they combine both anti-inflammatory and
immunosuppressive properties and can initiate cartilage
repair by differentiating into chondrocytes [2]. Nanoparticle-
based MSCs therapy may therefore be helpful in both cartilage
repair and drug delivery.

Among the various carriers proposed for drug delivery,
including liposomes, inorganic particles, cyclodextrin, utiliza-
tion of poly lactic-co-glycolic acid (PLGA) to produce nano or
microparticles appears promising [3]. Indeed, PLGA is bio-
compatible, biodegradable, and belongs to a family of FDA-
approved biodegradable polymers. Hydrolysis of PLGA leads
to two monomers: lactic acid and glycolic acid. These mono-
mers are endogenous, and can be metabolized by cells via
Krebs cycle [4]. Given the recent advances in synthesis and
surface modification technologies, PLGA can be fine tuned to
modify their size, loading (nucleic acid [5], drugs [6], or pro-
teins [7] have been vectorized so far), degradation, and the
shell of particles. Due to their biodegradability, PLGA parti-
cles are also used to ensure a controlled, sustained release of
drugs [8].

Active targeting with functionalization of particles surface
enables to direct them to designated targets, through enhance-
ment of cell interaction and internalization. Several recent
studies have addressed the question of shell improvement by
functionalization (by chemical modification of the shell [9],
grafting peptides [10] or antibodies [11]). An interesting ap-
proach developed by Anpicco S et al. [12] was to target CD44, a
cell-surface glycoprotein expressed by many cell types, by cov-
ering particles with its major ligand: hyaluronic acid (HA).
Since CD44 is overexpressed in tumor cells and plays a key
role in metastasis, targeting CD44 with HA-covered particles
has demonstrated a great potential to improve drug delivery
[13]. CD44 1s also expressed in articular cells and involved in
matrix attachment and signal transduction [14, 15]. HAis a
major component of extracellular matrix and synovial fluid
and is internalized by chondrocytes through CD44 binding

[16]. HA-covered active particles represent therefore a novel
and attractive therapeutic approach in the joint [17].

Patients suffering from distinct articular pathologies such as
rheumatoid arthritis (a chronic inflammatory disease) or oste-
oarthritis (a degenerative rheumatic condition) could benefit
from such particular drug/cell delivery system. Despite the
recent improvement in rheumatic therapy [18], one of the
major issues is still to find an appropriate administration route
for active compounds, regardless of the aetiology of the dis-
case. Due to a lack of vasculature of cartilage and the filtering
capacity of synovial membrane, a local administration by intra
articular injection is conducive to more persistent drug avail-
ability than intravenous injection or oral administration.
However, clearance of drug from synovial fluid could be in-
adequate, and repeated intra articular injections are risky be-
cause they may lead to severe side effects [19].

In our earlier work, particles with a hyaluronate shell were
developed and synthesized by a double emulsion and solvent
evaporation method. The size of particles encapsulating fluo-
rescent molecules (dextran coupled FITC) 1s 450 £ 20 nm [20,
21]. Based on this work, we have modified the production
process in order to develop a fluorescent labelling of the
NPs’ core, by replacing a fraction of Bovine Serum Albumin
(BSA) (used for stabilization of the emulsion) by BSA conju-
gated to cyanine-3 dye. The resulting traceable, HA-covered,
unloaded NPs were then used to investigate whether labelled
NPs could be used as an appropriate drug delivery system into
the joint. Here, the internalization and the safety/toxicity of
HA-NPs on human articular cells was investigated n vitro,
using primary cultures of synoviocytes and chondrocytes.
While the relative harmlessness of HA-NPs internalization
on human bone MSCs differentiation was evaluated by using
in vitro culture systems, the safety/tolerability of intra-articular in-
jection of HA-NPs was confirmed in a preclinical rat model.

MATERIALS AND METHODS
Preparation of Core-Shell Nanoparticles

Poly (D, L-Lactic/Glycolic Acid) (PLGA) NPs were produced
by a double emulsion and solvent evaporation method [20].
Briefly, bovine serum albumin (25 g/L in water, Sigma,
Deisenhofen, Germany) including 5% of BSA coupled with
Cyanine-3 (BSA-Cy3, Interchim, Montlugon, France) was
transferred in a vial containing PLGA (50% (w:w) lactic acid,
50% (w:w) glycolic acid, Sigma) at 4 g/L dissolved in dichlo-
romethane. The mixture was stirred for one minute with a
vortex mixer, and then sonicated (2 min, power 5, 50%
active cycle in an ice bath) using a Vibracell model
600 W. This primary emulsion was poured into a second
aqueous phase of hyaluronic acid (HA, 5 g/L, Biolberica SA,
Barcelona, Spain).
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The water in oil in water emulsion was then obtained by
sonication (same conditions as those used for the primary
emulsion). The organic solvent was evaporated under stirring
at 37°C for 2 h, and the slurry of the NPs were resuspended in
water and washed twice with water to remove excess HA. The
final suspension was then centrifuged, and solid NPs were
freeze-dried without cryoprotectant and store at 4°C until
further use. The size distribution of nanospheres (mean diam-
eter and standard deviation) was determined by photon cor-
relation spectroscopy using Malvern equipment (Mastersizer
MS2000®, Malvern Instrument, Worcestershire, United
Kingdom) in 10 M NaCl (Sigma) at 25°C.

Tissue Procurement and Primary Cell Culture

All experiments with human cells were performed in three
independent experiments to prevent patient-dependent vari-
ations. Human articular cartilage and synovial membrane
were obtained from osteoarthritic patients undergoing total
knee replacements. Bone marrow-derived MSCs were obtain-
ed from femur samples of patient undergoing total knee or hip
replacement surgery for OA. All patients signed informed
consent form. This study was approved by our local
Research Institution review board (registration number: UF
9757 - CPRC - Cellules souches et chondrogenése). Cells are used for
experiments immediately after procurement from human
samples, without freezing step (within the two first passages).

Healthy pieces of cartilage were cut off from articular
surfaces, minced and rinsed in PBS, stored in a 50-ml
conical tube and pre-digested with 2 mg/ml pronase (Sigma)
for 2 h at 37°C in NaCl (BBraun, Boulogne Billancourt,
France), 0.9%. Then, pronase was removed, cartilage pieces
were rinsed with NaCl and digested overnight with 2 mg/ml
collagenase B (Roche, Meyland, France) in DMEM cul-
ture medium at 37°C under mixing. The enzyme digested
supernatant was filtered through 100 pum sterile filters
(Millipore, Merck, Darmstadt, Germany) and chondrocytes
were collected after centrifugation at 200g for 10 min in
serum-containing culture medium.

Synoviocytes were obtained after digestion with collage-
nase B (0,1 U/ml) and dispase (0,8 U/ml, Gibco) at 37°C
overnight. The supernatant was filtered through 100 pm ster-
ile filters, and cells were collected after centrifugation at 200¢
for 10 min.

After aspiration in femoral neck, human bone MSCs were
cultured in a 75 em? flask with proliferation medium.

Composition of cell culture media is available in supple-
mentary materials.

Internalization Studies

Cells were seeded in 24 well plates at a density of 50000 cells
per well, and were exposed to NPs with BSA-Cy3 at
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100 pg/ml for 2 to 12 h (one step every 2 h), 24, 48 and
72 h. For fluorescence microscopy observations, cells were
seeded on glass coverslips. After exposure to NPs, cells were
fixed with 4% paraformaldehyde (Sigma) solution (pH 7.4 for
15 min at room temperature) and washed three times with
PBS (Phosphate Buffer Saline, Gibco).

Immunofluorescence was performed after incubation of cov-
erslips with blocking BSA solution (5% in PBS, 20 min at 37°C).
Primary antibody against CD44 (Mah7045, R&D Systems) was
incubated overnight at 4°C. Coverslips were then washed three
times with PBS. FITC conjugated secondary antibody (Aem. =
494 nm, sc2010, Santa Cruz Biotechnology, Heidelberg,
Germany) was then added for 2 h at room temperature. Shides
were mounted with Vectashield Mounting Medium with DAPI
(hem. = 358 nm, H-1500, Vector Laboratories, Peterborough,
United Kingdom). Cells were examined under an
epifluorescence microscope (DMI 3000B, Leica, Nanterre,
France) with magnification x40 (NPs with BSA-Cy3: Aem. =
548 nm). Fluorescent observations were realized at each time
point to detect particles inside cells. Quantification of encapsu-
lation / mternalization efficiency was made only by visual obser-
vation of red spots in cells, thanks to the cell membrane labelling.
No quantitative data was measured.

To evidence the subcellular localization of internalized NPs,
treated cells were washed in PBS and labelled with Lysotracker
Green (1.7526, Molecular probes, Life technologies). The local-
ization of NPs to lysosomes was demonstrated by co-localization
studies using an epifluorescence microscope (DMI 3000B, Leica,
>Nanterre, France) with magnification x40 (BSA-Cy3, Aem
570 nm; Lysotracker green, Aem 511 nm).

LDH Activity Measurement

Cell viability was evaluated by the measurement of lactate
deshydrogenase activity in culture supernatant from 2 to 72 h
after particles exposition, with a Cytotoxicity Detection Kit
(Roche, France). When damage to the plasma membrane oc-
curs, the cytoplasmic LDH is released in culture supernatant.
Briefly, LDH will take part in the reduction of a tetrazolium salt
in formazan, thus the increase in the amount of enzyme activity
in supernatant directly correlates to the amount of formazan
formed during a limited time period. Therefore, the amount of
color formed in the assay is proportional to the number of lysed
cells. Data were calculated as the percentage of cytotoxicity
using the formula: (experimental value —low control/high con-
trol —low control) X 100. Where low control corresponds to cells
without assay treatment and high control to cells placed in lysis
buffer (Triton X-100, 1%, Sigma).

MTT Assay

Mitochondrial activity was evaluated by MTT assay following
the same kinetic than for internalization studies. Briefly, after
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particles exposure, culture medium is removed and a mixture
of 100 pl of MTT (3(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide, 5 mg/mL in PBS, Sigma) and 400 pl of
culture medium were added per well. Plates were incubated in
the dark at 37°C under 5% CO2 for 4 h. The intense purple
coloured formazan derivative, formed during active cell me-
tabolism, was eluted and dissolved in a solution containing
sodium dodecyl sulfate with dimethylformamide. The absor-
bance was then measured at 580 nm. Mitochondrial activity
results were normalized by DNA quantisation in each well.

Evaluation of Inflammatory Response

Inflammatory response after NPs exposure was assessed based
on IL-16 and TNF-a gene expression (see “RNA extraction and
real-time RT-gPCR analysis”). In addition, and to confirm R'T-
qPCR results, prostaglandins E2 (PGE,) and nitric oxide (NO)
levels were measured. Both chondrocytes and synoviocytes
have been shown to produce pro-inflammatory mediators
[22] that are linked wtih inflammation. They promote the
inflammatory reaction, and can contribute to the increase in
catabolic processes, leading to cartilage destruction.

Chondrocytes were seeded in 24 well plates at a density of
50000 cells per well, and were exposed to NPs with BSA-Cy3 at
100 pg/ml for 12, 24, 48 and 72 h. Lipopolysaccharide
(1 pg/ml, Sigma) was used as positive control to induce inflam-
matory response by chondrocytes. At each endpoint, superna-
tants were collected, centrifuged to eliminate cell debris, and
frozen at —20°C untl analysis.

Nitric Oxide Assay

Nitrite production was determined spectrophotometrically by
measuring their accumulation in culture supernatants (num-
ber of replicate n=5) using the Griess reaction according to
the work of Green et al. [23]. Briefly, nitrites form a diazonium
salt with sulphanilic acid (Sigma) and after addition of N-
alpha-naphthyl-ethylenediamine (Sigma) a pink colour de-
velops. Absorbance was measured using a plate reader at
550 nm, and nitrite concentration determined using a stan-

dard solution of NaNO, (Sigma).
Prostaglandin E, Measurement

Prostaglandin E, synthesis was assessed using a commercial
ELISA kit (Parameter™ PGE2, R&D Systems) following man-
ufacturers recommendations. PGE,, secreted in the culture
medium, was determined by a competitive EIA in a 96- well
plate using a standard curve (ranging from 39 to 2500 pg/ml)
run with each assay. Briefly, PGE; in the sample binds to the
monoclonal antibody attached in each well. During the second
incubation, HRP-labelled PGEs binds to the remaining anti-
body sites. After removing unbound materials, enzyme activity

is determined with substrate solution, and absorbance is read at
450 nm. The intensity of the colour is inversely proportional to
the concentration of PGEs in the sample.

RNA Extraction and Real-Time RT-qPCR Analysis

Total RNA was extracted with the RNeasy kit® (RNeasy Kit,
Qiagen, Courtaboeuf, France) following the manufacturer’s
recommendations. A total of 0.5 pg of RNA from each sample
was then reverse-transcribed with High Capacity RNA-to-
c¢DNA Master Mix (Applied Biosystems, Life Technologies)
according to the supplier’s recommendations.

Real Time Quantitative PCR was performed using TagMan
Fast Universal PCR Master Mix (Applied Biosystems) and com-
mercially available primers (TagMan gene expression assay,
Applied Biosystems) in a StepOnePlus thermocycler (Applied
Biosystems). The thermal cycling conditions comprised 2 min
at 50°C, 10 min at 95°C, and 40 cycles of 3 s denaturation at
95°C and 30 s annealing at 60°C. Quantification was per-
formed by the comparative Cycle Threshold method to calcu-
late the relative fold change versus control, after normalization by
our internal standard (RPLPO: ribosomal protein large PO).

Effect of Nanoparticles on Multipotency of MSCs

Composition of specific differentiation media is available in
supplementary materials.

Chondrogenic Differentiation

MSCs in monolayer were removed from flasks with trypsin
and counted. Pellets were obtained by centrifugation of 1mil-
lion cells at 300 g for 5 min. Two days later, proliferation
medium was removed, and pellets were cultured for 28 days
in differentiation medium [24], at normoxia under 5% COy
at 37°C in humidified atmosphere. Culture medium is
changed every 2 days. Then, pellets are fixed in 4% PFA for
histological evaluation, or freeze (—80°C) for RNA extraction.

Osteogenic Differentiation

MSCs were cultured for 15 days in osteogenic medium [25)]
under standardized conditions.

Adipogenic Differentiation
MSCs in monolayer were induced for adipogenic differentia-
tion during 21 days in dedicated medium [25].

Each experiment was made in four experimental condi-
tions, to assess the respective influence of dedicated culture

media and NPs:

* without differentiation medium / without NPs (DM-/NP-)
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» without differentiation medium / with NPs (DM-/NP+)
» with differentiation medium / without NPs (DM+/NP-)
» with differentiation medium / with NPs (DM+/NP+)

Assessment of differentiation was performed by quantita-
tive PCR analysis of specific markers and histology: mRNA
level of COL241 (a major matrix protein collagen 2), and
COMP and ACAN (two cartilage specific proteins) [26] was
used to evaluate chondrogenic differentiation state.
Adipogenic differentiation was examined by measurement of
mRNA level of PPARG (peroxisome proliferator-activated re-
ceptor gamma), LEP (leptin) and FABP4 (fatty acid binding
protein 4). Osteogenic differentiation was studied by measur-
ing mRNA levels of ALPL (alkaline phosphatase), RUNX2 and
COL10AI (collagen 10).

Histological Evaluation of MSCs Lineages
Detection of adipocytes

Cells were fixed with 4% paraformaldehyde (PFA) solution
(pH 7.4 for 15 min at room temperature) and washed three
times with PBS. Vacuoles of lipid droplets were stained by Oil
Red O (Sigma): 1% Oil Red O dissolved in 60% isopropanol
(Sigma) for 10 min, washed twice with distilled water and
counterstained with stabilized Haematoxylin.

Detection of osteoblasts

Cells were fixed with 4% PFA solution (pH 7.4 for 15 min at
room temperature) and washed three times with PBS.
Calcium deposits were stained by Alizarin Red (2%, pH 4.2,
for 5 min, Sigma), and washed with acetone.

Chondrogenic differentiation

Pellets were fixed for 24 h with 4% PFA, and then embedded
in paraffin. Sections (5 pm thick) were rehydrated in a graded
cthanol series and stained with haematoxylin / eosin / saffron
and Alcian blue.

In Vivo Study

Experiments were performed on young male Wistar Han rats
(150-175 g, n=>5 per group) purchased from Charles River
Laboratories®, France. The use of animals and experimental
protocols, including euthanasia, were conducted following the
national animal care guidelines, adhered to the “Principles of
Laboratory Animal Care” and were approved by our local
ethics committee. NPs were solubilized in 0.9% NaCl
(BBraun, Boulogne Billancourt, France) at 1 mg/ml, sonicat-
ed for 15 min in an ultrasonic water bath and then sterilized
for 10 min with UV light (290 nm). NPs (50 pl at 1 mg/ml in
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NaCl, as previously optimised [21]) were injected intra-
articularly into the right knee, under general anaesthe-
sia, using volatile anaesthetics (Aerrane; Baxter SA,
Maurepas, France). Rats treated with Mpycobacterium
tuberculosis cell walls (MbT, 500 pg in 50 pl of saline, BD
Biosciences) served as positive control to induce inflammation
[27]. Negative control was obtained by saline intra-articular
injection.

Patella and synovial membrane were collected at necropsy
(3 or 7 days after NPs Injection), fixed immediately for 24 h
with paraformaldehyde (4%, pH 7.4, Sigma), decalcified in
10% EDTA (Sigma) (patella only), and then embedded in
paraffin. Sections (5 pm) were rehydrated and stained
with haematoxylin/eosin/saffron, toluidine blue and
Sirius red (all from RAL Diagnostics, Martillac,
France). These staining allow to observed inflammatory
signs, as fibrosis, vascularization, cellular infiltration for
synovial membrane, or matrix degradation for cartilage.
For fluorescence microscopy observations, sections were
rehydrated and mounted with aqueous mounting medium
supplemented with DAPI (4',6-diamidino-2-phenylindole,
Vectashield Mounting Medium with DAPI, Vector
Laboratories).

Statistical Analysis

Results are expressed as mean®SD. All analyses and editing
of figures were performed using GraphPad Prism 6
(GraphPad Software Inc.). Student’s -test was used to com-
pare a batch to its own control and ANOVA with post-hoc
Bonferront’s test when required (e.g.,groups>3).

RESULTS
Nanoparticles Uptake by Articular Cells

The size distribution of the particles obtained with a cyanine 3
labelling of the core is d5o: 335 nm (median particle size) and
dy3: 1533 nm (the mean diameter over volume). A kinetic
study of NPs internalization was performed (Fig. 1), in which
CD44 immuno-labelling was used to delimit the plasma mem-
brane. At two hours, for both chondrocytes and synoviocytes,
we observed particles are around cells, as depicted by plasma
membrane labelling. Cells did not internalize particles after
2 h of exposure; this was also confirmed by confocal micros-
copy observations. Fluorescence imaging suggested that NPs
penetrated chondrocytes or synoviocytes after about 8 h of
exposure, as shown by the membrane labelling. Although
quantification was impracticable, the incorporation of NPs
into chondrocytes was constantly more obvious than into
synoviocytes as judged from fluorescence microscopy data.
In both cell types, the maximum incorporation was reached
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Fig. | Internalization of particles.
Internalization of NPs in
chondrocytes and synoviocytes. In
red BSA-Cy3 in nanoparticles, in
blue nuclear staining with DAPI and
in green: CD44 immunolabeling.
The size bar represents 20 um.
Magnffication x40.

at 24 h. On a long time perspective, NPs remained inside cells
(in monolayer cultures) for at least 1 to 3 cell passages by
trypsinization.

To identify and confirm particles intracellular location, ly-
sosomes were stained with Lysotracker® after NPs exposure
(Fig. 2), which revealed that red and green spots can be
merged, meaning that NPs are localised inside lysosomes after
24 h of exposure.

In a parallel experiment, the cytotoxicity of these
NPs on chondrocytes was monitored by LDH activity
measurement and MTT assay following the same kinetic
study and up to 72 h (data not shown). After NPs ex-
posure, no effect on cell viability, assessed by LDH ac-
tivity measurement, was detected. Cell counting at each
time point did not detect any difference between NPs
and negative control conditions. Yet, a slight decrease of
mitochondrial activity between 24 and 72 h of particles expo-
sure was detected by M'TT assay (p<<0.001 versus control con-
dition without NPs exposure).

Analysis of Inflammatory Response

For each point of internalization kinetics study (for 2 to 12 h
every 2 h and 24/48/72 h), mRINA expression levels of two

Fig. 2 Subcellular location of
particles. Intracellular location of
particles in chondrocytes after 12 h
of exposure. NPs are red,
lysosomes are green following
Lysotracker® labelling. The size bar
represents 20 um. Magnification
x40.

Chondrocytes

By

Tl

Synoviocytes

major pro-inflammatory cytokines TNF and /LB were eval-
uated by RT-qPCR (Fig. 3).

In synoviocytes, NPs exposition led to a significant increase
in IL-18 mRNA expression (Fig. 3(a)), with a 5-fold increase
(versus control without particles exposure) at 4 h, and a maxi-
mum of 7-fold (versus controls) at 6 h. Thereafter, expression of
IL-1f decreased to come back to control levels. Regarding
TNF (Fig. 3(b)), a maximum of 9-fold increase (versus control)
was observed after 2 h, but then the expression returned to
normal level at 6 h.

In chondrocytes, a similar inflammatory response was ob-
served as 1n synoviocytes. Exposure to NPs led to an increase
of IL1B mRNA expression (Fig. 3(c)), peaking at 45-fold versus
controls at 8 h and then decreasing to basal levels after 24 h
(without significant differences versus control). For TNF
(Fig. 3(d)), a 355-fold expression of mRINA wersus control con-
dition after 4 h of NPs exposure was observed, and a baseline
level after 8 h, without significant differences between controls
and NPs conditions.

PGE;analysis (Fig. 3(c)) shows that LPS stimulation (as
archetypal pro-inflammatory stimulus, used here as a
positive control) induced a significant induction of
PGE, production (light grey bar), with a 30-fold expres-

sion (versus negative control, white bar) for 12 to 48 h,

and a 80-fold for 72 h. NPs exposure (dark grey bar)
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Fig. 3 Inflammatory response 100+ c 60 —
following particles exposure. - ) === Control c . e Control
Evaluation of inflammatory markers 2 ® ——NPs 2 . ——NPs
in chondrocytes and synoviocytes 3 2 o <
following NPs exposition. a & b: g8 g9
Fold expression of IL1B and TNF <3 < g
mRNA in synoviocytes exposedto £ & T35
NPs from 2 to 12 h. € & d: Fold o< m €
expression of ILIBand TNF mRNA 5 A 0 4t
in chondrocytes exposed to NPs y T T T ) — T 1
from 2 to 72 h. Expression’s levels oh 2h  4h  6h 10h  12h Oh 2h 4h 6h 8h 10h12h 24h
at48 hand 72 h were not detected. Times Times
PGE2 measurement (e) and nitrites 1752 450
assay (f) assessed in chondrocytes —_— +-- Control c 4004 e Control
after NIPs exposition. Al -% ” ——NPs 2 & 3504 ——NPs
comparisons of NPs conditions o2 1254 32 3004
S5 a O
were performed versus the control ¥ g 1004 % 9 250
condition at 2 h with a |-way < § 7.5 < g 2004
ANOVA followed by a Bonferonni's % & 504 GEC G 150
test. Data are mean =+ SD. *: et L w -E 100 :
p<0.05, #: p<0.01, **; = =] £ 501
p<0.001, ###: p<0.001 versus 001 0 ey :
NPs condition at the same time, nd: Oh Oh 20 4h 60 Bh 102;:23 24n

not detected.

PGE; concentration (pg/mL) ¢p
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Nitrites concentration (uM)
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12h 24h 48h 72h  12h 24h 48h 72h

o

12h 24h 48h 72h 12h 24h 48h 72h

Control NPs

induced a slight increase of PGE, production peaking at
48 h, which, however, remained very moderate, when com-
pared with the positive controls.

Nitrite Oxide. Measurement of nitrite production
(Fig. 3(f)) revealed concentrations reaching 2.4 pM at 48 h,
and 5.2 uM after 72 h of NPs exposure versus 0.06 uM for
negative controls (cells cultured in classic medium). This in-
crease remained significantly lower than positive control
(LPS), with nitrite concentration of 11.1 pM at 48 h and
19.2 uM at 72 h.

Effects of NPs on Multipotency MSCs

MSCs internalized NPs as seen in synoviocytes and
chondrocytes; internalization begun at 8 h and peaked at
24 h (data not shown). This internalization led to similar mod-
erate and transient inflammatory response observed in
chondrocytes and synoviocytes (data not shown). After 24 h
of NPs exposure, when particles are located inside cells, the
capacity of MSCs to differentiate into the three classical
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LPS Control NPs LPS

pathways (chondrogenic, adipogenic and osteogenic) with
purpose-made media [28] was assessed.

Chondrogenesis

Regarding chondrogenic differentiation (in pellets culture sys-
tem [26]), RT qPCR analysis of specific markers [29] (Fig. 4)
revealed that differentiation medium applied on MSCs in pel-
lets, induced an increase of ACAN (x450), COMP (x40) and
COL241 (x10000) mRNAs synthesis (DM+/NP-) versus controls
without differentiation medium (DM-/NP-). The weak increase
of type II collagen observed without differentiation medium and
with NPs exposure (DM-/INP+) is not statistically significant.
NPs did not affect the capacity of MSCs to differentiate into
chondrocytes as, when cultured under differentiation-
promoting factors, MSCs with internalized NPs (DM+/NP+)
reached very comparable levels of chondrogenic differentiation
markers as non-exposed MSCs (DM+/NP-).

These results were confirmed at the extracellular matrix
level by histological analysis (Fig. 5(a) & (b)). Culture in differ-
entiation medium without NPs exposition (Fig. 5(a), DM-/
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Fig. 4 Mesenchymal stem cell differentiation ability assessed by specific markers measurement. Assessment by quantitative PCR of neutrality of NPs on
mesenchymal stem cell differentiation. MSCs are exposed (NP +) or not (NP -) to NPs for 24 h and cultured in control medium (DM -) or in differentiation
medium (DM +). First line: fold expression of mRNA markers for chondrogenic differentiation. Second line: fold expression of mMRNA markers of adipogenic
differentiation. Third line: osteogenic differentiation assessed by marker's mMRNA measurement. DM: Differentiation medium, NIP: nanoparticles. Comparisons
were performed versus each respective control with a |-way ANOVA followed by a Bonferonni's test. Data are mean=SD. *: p <0.05, **: p<0.01, **#*:
p<0.001, ns: not significant.

NP- versus DM+/NP-) induced an increase proteoglycan syn-  prior to differentiation medium exposition (5 B) did not affect
thesis, as seen in pellets stained with Alcian blue. NPs exposure ~ Alcian Blue intensity (DM+/NP- versus DM+/NP+).
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Fig. 5 Histological evaluation of C‘hOHdl'O‘ge_niC
MSCs differentiation after NPs differentiation

exposition. a & b: Alcian Blue
staining of proteoglycans in pellets,
specific of chondrocytes
differentiation. The black bar scale
represents 200 um. Magnification
X 10.c & d: Red Ol O/
Haematoxylin staining of lipids vesi-
cles (red spot), specific of adipocytes
differentiation. E & F: Alizarin Red
staining of calcium deposits, a
marker of osteoblastic differentia-
tion. C—F: The white bar scale rep-
resents 100 um. Magnification
x20. DM: Differentiation medium.

o
=

Without NPs

With NPs

Adipogenesis

Without NPs exposition, differentiation medium (DM+/NP-
versus DM-/NP-) led to a significant increase of mRNA syn-
thesis: (Fig. 4) 7200-fold for FABP4, 7.4-fold for PPARG and
4.7 for LEP. NPs exposition did not affect adipogenic marker
expression. Red Oil O staining of lipid vesicles confirmed
adipogenic differentiation at the cellular level, staining inten-
sity being not influenced by NPs exposition (DM+/NP- versus
DM+/NP+, Fig. 5(c) & (d)).

Osteogenesis

As expected, differentiation medium provoked an increase of
dedicated mRNA (Fig. 4): 63-, 5.4- and 2.8-fold for COL10A1,
ALPL and RUNXZ respectively (DM+/NP- versus DM-/NP-).
NPs exposition before differentiation induction did not signif-
icantly modify markers expression (DM+/NP- versus DM+/
NP+). Alizarin Red staining of calcium deposits (Fig. 5(¢) & (f))
confirmed these results, coloration intensity being similar after
NPs exposition (DM+/NP- versus DM+/NP+).

Effects of Intra-Articular Injection in Rats Knees

First, following intra-articular injection of particles, no sign of
swelling, oedema or lameness was detected visually on rats.
Their mobility was not clinically affected by injections.

Taking advantage of the red fluorescence specifically de-
veloped for these particles, we observed seven days post injec-
tion that NPs localized mainly to the inner layer of the synovial
membrane (Fig. 6(a)~(c)). We found only some spots on carti-
lage surface and in outlying fibrocartilage.

Histological analyses of synovial membranes stained by
Haematoxylin Eosin Saffron (Fig. 6(d)) were performed at 3
and 7 days post-injection to investigate a possible inflammatory
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reaction. Captions revealed a weak hyperplasia of inner layer
of synovial membrane for rats injected intra-articularly with
saline injection (50 pl) at days 3 and 7. We did not observe
any evidence of increased vascularization, fibrosis, or immune
cell infiltration upon NPs exposure, however, both inflamma-
tion criteria was strongly induced by the injection of
M. tuberculosis cell wall, 10 mg/ml positive control of acute
inflammatory reaction.

With reference to patellae, HES staining of cartilage slices
(Fig. 6(¢)) on day 7 did not reveal any changes in cell reparti-
tion whatever the cartilage zone, cartilage thickness and sur-
face (neither fibrillations nor fissures), and subchondral bone
remodelling in both saline (50 pl) and NPs (50 pl at 1 mg/ml
in saline) groups, in contrast to the M. tuberculosis positive con-
trol. Sirius red staining intensity of collagen or toluidine blue
staining intensity of proteoglycans in cartilage matrix was sim-
ilar for both NPs and saline groups, contrasting with marked
depletion in positive control of inflammation.

DISCUSSION

Tracking of nano objects is one of the challenges in
nanomedicine. In numerous studies, it has been necessary to
tag the incorporated compound [6] (which can affect the na-
tive properties of the compound), or to encapsulate a fluores-
cent molecule instead of an active molecule [9] in order to
detect NPs. To this end, different amounts of BSA-Cy3 were
tested in a previous work to determine a quantity without
deleterious effects on NPs structure/properties, but sufficient
to enable a fluorescent tracking (unpublished personal data).
Improvements made by our team in the synthesis process,
in collaboration with chemists, allowed us to label the NPs
structure, thus enabling its tracking, whatever the encapsulat-
ed compound and without affecting NPs physical properties.
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<« Fig. 6 Histological exams of rat knees following particles exposition.
Fluorescent microscopy picture of synovial membrane (a, b) and patellae
(c) of rats. In red (Aem: 548 nm): nanoparticles, in blue (Aem: 358 nm):
nuclear staining with DAPI. The white dotted line (a, b & ) shows the limit
of the tissue and the articular cavity. Magnification x40, the white bar scale
represents 100 um. d: Histological sections of synovial membrane (HES
staining) of rats 3 or 7 days after NPs injections (I mg/ml). e: HES staining
of cells repartition, collagen staining with sirius red and toluidine blue staining of
proteoglycans in patellae of rats 7 days after NPs injections (I mg/ml). Injection
of Mycobacterium tuberculosis cell wall (10 mg/ml) served as positive control of
inflammation. n=>5 for each group. Magnffication X 10, the black size bar
represents 200 um.

In this work we have studied the effect of a BSA-Cy?3 labelling
of the core of PLGA particles (using core-shell particles previ-
ously described [21]) for articular cell targeting. We have fo-
cused on safety studies after particle internalization in two
major cell types found in knee joint, e, chondrocytes and
synoviocytes. In order to appreciate different aspects of parti-
cles’ neutrality, we have also focused on a pluripotent cell type,
MSCs, and assessed the functionality after NPs loading.

We have confirmed that NPs are internalized by
synoviocytes and chondrocytes between eight and 10 h, and
NPs remained inside cells at least for 96 h i vitro (unpublished
internal data). Previous experiments have shown that an anti-
body directed against CD44 competes with HA-NPs for bind-
ing to receptors expressed on cell membranes [20]. As dem-
onstrated in cancer cells [4] and in previous work for
chondrocytes targeting [17], HA / CD44 recognition plays
an active role in the internalization process in articular cells.
In previous experiment, we have confirmed that internaliza-
tion of cyanine-3 labelled, HA covered NPs was almost totally
suppressed after CD44 blockade with a specific antibody. On
the other hand, using specific labelling of Golgi apparatus,
endoplasmic reticulum and lysosomes we confirmed the lyso-
somal location of NPs after 24 h of exposure as previously
mentioned by Danfier et al. [4]. In lysosomes, degradation of
NPs will be initiated, but earlier studies reported [30] a rapid
exit from the lysosomal compartment to the cytoplasm where
NPs can release the encapsulated compound. This interesting
property allows to deliver the encapsulated compound directly
nside the cells, close to the nucleus (e.g., for the transport of
nucleic acid). We have also demonstrated that NPs stay inside
cells for long time (up to three passages).

As intra-articular administration can induce acute phlogis-
tic / inflammatory severe reactions, we have verified that ex-
posure to particles did not lead to deleterious reactions.
Besides, NPs exposure induces only slight and reversible in-
flammatory response, as revealed by real-time RT-qPCR
analysis, and subsequent confirmation with PGE,; and NO
measurements. This response remains transient and is signifi-
cantly lower than that the one induced by LPS.

On gene expression analyses, the peak of inflammatory
reaction markers was observed between two and six hours,
whereas particles are not detected inside cells before eight
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hours of exposure. We can hypothesize that this weak and
reversible inflammatory response could be induced by the
contact of NPs with cells, and not as a specific response to
NPs internalization. Thus, such internalization seems to be
well tolerated by articular cells, without elicitation of a massive
inflammatory response. The non-immunogenic nature of the
nano-object confirms the biocompatibility of all components
of the newly labelled particle’s structure.

Since these particles are designed to be injected intra-
articularly and may be internalized by surrounding resident
cells, we wanted to ensure that the internalization process did
not compromise cell functionality/viability. As outlined by
Nicolete et al. [31], NPs could exert an inflammatory response
on macrophages or enhance other inflammatory stimulus af-
ter uptake process. Experiments on synovial fibroblasts have
shown that, when cells are stimulated by LPS or IL-16, NPs
exposure, prior to or after stimulation, does not interfere with
ancillary inflammatory response. Similarly, the internalization
of NPs did not affect extracellular matrix synthesis by
chondrocytes, suggesting a lack of deleterious influence of
NPs on this parameter.

We hypothesize that in pathological (degenerative and/or
mflammatory) conditions, when matrix synthesis is altered, the
behaviour of NPs will be quite similar. NPs will disturb neither
cell homeostasis, nor matrix synthesis ability of resident cells. On
the other hand, NPs in cytoplasm will neither disrupt existing
inflammatory reaction, nor aggravate it. These facts allow the
use of this kind of drug vectorization for rheumatic conditions.

In pathological situations such as osteoarthritis, local MSCis
could be recruited to lesions to initiate wound healing [32]
from different locations (bone marrow, synovial membrane,
...). Recent studies suggest the efficacy of providing autolo-
gous BM-MSCs by intra-articular injection to treat patients
with cartilage diseases [33]. MSCs are capable of differentia-
tion into chondrocyte-like cells in the presence of a supple-
mented medium. Analysis of the chondrogenic potential of
MSCs revealed that they have a multipotential capability
and their chondrogenic capacity could be useful for future cell
therapy in articular disease. Chondrogenic loaded NPs may
be an interesting alternative to rAAV-mediated (recombinant
adeno-associated virus) gene transfer into MSCs for
chondrogenic preconditioning, e.g., by integrating dedicated
miRNA, antagomirs or siRNA [34].

Since these cells could internalize and retain such NPs, we
have assessed whether MSCis differentiation ability (to osteo-
genic, adipogenic and chondrogenic pathways) 1s affected by
NPs internalization. We have demonstrated that once MSCs
have internalized particles, they can still be conducted to their
major differentiation pathways without altering their function-
ality. Likewise, based on the biocompatibility of particles and
their persistence inside cells, we could consider using these
fluorescent nano-objects to tag MSCis (before or without dif-
ferentiation induction) in order to track them once injected
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either in pathological sites [2] or after seeding in scaffolds.
MSCs are also used in tissue engineering [35] to build carti-
lage tissue. Bringing growth factors (TGF-8, FGF) or specific
genes (Sox9) with particles could facilitate chondrogenic dif-
ferentiation and matrix synthesis.

Taking advantage of the cyanine-3 labelling, we observed
that NPs are preferentially localized to the synovial mem-
brane, which is known to have a filtering role in diarthrodial
joints, as previously noticed by Butoescu et al. [36]. The weak
internalization in cartilage and chondrocytes could be ex-
plained by the density of the chondral extracellular matrix,
which could partially restrict NPs penetration due to their size
[37]. In this regard, degenerative OA lesions, such as fibrilla-
tion, could facilitate the accessibility of NPs to damaged
chondrocytes. Histological observations of healthy rat knee
joints after intra articular injection are consistent with our
i vitro data. Through analyses of joint tissues following saline
(negative control), M. Tuberculosis cell wall (positive control), or
NPs injections, we found that NPs induced a very weak signs
of inflammatory reaction at days 3 and 7. Besides, no struc-
tural damages were depicted histologically. Thus, we hypoth-
esize this drug delivery system could bring an anti-
inflammatory compound to synovial membrane, which have
a major role in inflammatory reaction [38]. This could also
prevent the use of viral vectors for delivery of therapeutic
genes, as r-AAV systems [39].

CONCLUSIONS

In conclusion, all these data suggest that intra-articular PLGA
nano-devices target primarily synovial cells, are not deleterious,
and that their intra-cellular degradation does not provoke ob-
vious harmful effects. This PLGA based drug delivery system
could be used safely to deliver an active molecule to the joint;
when we will encapsulate active compound, all biological ef-
fects observed will be due to the molecule and not to a collateral
effect of the particle structure. Moreover, these data could be
confirmed in experimental degenerative (OA) and inflamma-
tory conditions, to ensure the neutrality of the device in path-
ological situation, and complement the validation of the drug
delivery system for i situ chondrocyte rejuvenation during OA.
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