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Abstract

Recombinant adeno-associated virus (rAAV) vectors are well suited carriers to provide durable treatments for human
osteoarthritis (OA). Controlled release of rAAV from polymeric micelles was already shown to increase both the
stability and bioactivity of the vectors while overcoming barriers, precluding effective gene transfer. In the present
study, we examined the convenience of delivering rAAV vectors via poly(ethylene oxide) (PEO) and poly(propylene
oxide) (PPO) polymeric (PEO-PPO-PEQ) micelles to transfer and overexpress the transcription factor SOX9 in
monolayers of human OA chondrocytes and in experimentally created human osteochondral defects. Human
osteoarthritic (OA) chondrocytes and human osteochondral defect models were produced using human OA cartilage
obtained from patients subjected to total knee arthroplasty. Samples were genetically modified by adding a rAAV-
FLAG-hsox9 vector in its free form or via polymeric micelles for 10 days relative to control conditions (unmodified
cells). The effects of sox9 overexpression in human OA cartilage samples were monitored by biochemical,
histological, and immunohistochemical analyses. Delivery of rAAV-FLAG-hsox9 via polymeric micelles enhanced
the levels of sox9 expression compared with free vector administration, resulting in increased proteoglycan deposition
and in a stimulated cell proliferation index in OA chondrocytes. Moreover, higher production of type Il collagen and
decreased hypertrophic events were noted in osteochondral defect cultures when compared with control conditions.
Controlled therapeutic rAAV sox9 gene delivery using PEO-PPO-PEO micelles is a promising, efficient tool to
promote the remodelling of human OA cartilage.
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1. Introduction

Osteoarthritis (OA) is a chronic, degenerative joint condition characterized by regressive changes of the
articular cartilage (loss of proteoglycans and type Il collagen), the remodelling of the subchondral bone,
and generation of osteophytes (1,2) due to an imbalanced homeostasis. (3,4)

Nonetheless, none of the actual treatments for OA has led to reproduce the native hyaline cartilage
integrity in patients. The design of advanced, durable, and effective therapies based on the combination of
tissue engineering approaches (5,6) and cellular therapies (7) are therefore under active investigation to
impede additional tissue degeneration and to promote the reparative processes at the place of the injuries.
Among these lines, gene therapy is a powerful strategy to promote cartilage reparative processes in OA
tissue by a direct supply of genes encoding for therapeutic factors in the tissue to be repaired, allowing for
the extended synthesis of a candidate agent when compared with the use of short half-life growth
factors. (8,9)

Therapeutic gene transfer for OA treatment has been already involved to modulate the metabolic
functions of OA chondrocytes either to protect OA joints from cartilage disruption by providing
sequences with preventive and/or inhibitory activities (IL-1 receptor antagonist, inhibitors of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-xB), thrombospontin-1, kallistatin, pro-
opiomelanocortin, Dickkopf-1) (10—17) or to promote anabolic processes by using genes encoding for
anabolic and/or proliferative factors as the insulin-like growth factor 1 (IGF-1), (18,19) basic fibroblast
growth factor (FGF-2), (20) bone morphogenetic proteins (BMPs), (21) and proteoglycan 4. (22)

Other potential approaches to readjust the disturbed cartilage homeostasis include the correction of the
gene expression profiles being altered in OA chondrocytes. In this scenario, transcription factors are
pivotal regulators of cartilage metabolism as they promote chondrogenesis in both pathologic or
physiologic conditions. (23) Among them, SOX9 (SRY-Box 9), a member of the sex-determining region
Y-type (SRY) high mobility group box (HMG) family of DNA binding proteins, plays crucial functions
in the regulation of skeletal and cartilage biosynthesis (24) and in the formation of permanent
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cartilage. (25) Therefore, the pattern of expression of SOX9 during embryonic development is closely
parallel to that of cartilage matrix production, exerting its functions by means of the activation of the gene
for type 1l collagen and other cartilage-specific genes. (26—29) Of note, the expression of SOX9 is
notably decreased in OA pathology. (30,31)

Genetic modification of the levels of intracellular SOX9 expression constitutes a potential approach to
switch the disrupted equilibrium characteristic from OA cartilage toward the production of extracellular
matrix (ECM) compounds contributing to the reproduction of an original articular cartilage
surface. (23) Recombinant adeno-associated virus (rAAV) vectors are specially adapted vehicles to this
end since they can introduce genes into human OA chondrocytes with high efficiencies and for extended
periods of time, (23,32) obviating the risks commonly associated with other types of classical
vectors. (8,9) Yet, the clinical administration of these vectors in patients might be precluded by the
ubiquity of neutralizing antibodies against the AAV viral capsid proteins in the host, (33) particularly by
those contained in the synovial fluid from patients with joint pathologies. (34)

Controlled delivery of rAAV vectors via polymeric biomaterials is an emerging, effective tool to tackle
those pre-existing hurdles. (35,36) Hereof, we previously reported that encapsulation of rAAV vectors in
polymeric micelles built with poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) triblock
copolymers as linear poloxamers (PF68) or X-shaped poloxamines (T908) enhanced both rAAV stability
and bioactivity and afforded a protection of these vectors in conditions of experimental
neutralization. (37) Furthermore, overexpression of the transforming growth factor beta (TGF-p) via these
systems increased both the deposition of proteoglycans and the cell numbers in human OA chondrocytes
in monolayer cultures in vitro and the levels of type Il collagen in experimentally created human
osteochondral defects. (38)

Based on these results, the goal of the current work was to explore the potential of PF68- and T908-based
polymeric micelles to transfer a rAAV-FLAG-hsox9 vector to both human OA chondrocyte monolayers
and human osteochondral defects to overexpress this potent transcription factor as a therapeutic way to
remodelling human OA cartilage. The effects of sox9 overexpression were monitored by biochemical,
histological, and immunohistochemical analyses.

2. Materials and Methods

2.1. Materials

Pluronic F68 and Tetronic 908 were generously supplied by BASF (Ludwigshafen, Germany). Cell
proliferation Reagent WST-1 was from Roche Applied Science (Mannheim, Germany). Alcian blue 8GX
reagent was obtained from Sigma. The anti-SOX9 (C-20) antibody was acquired from Santa Cruz
Biotechnology (Heidelberg, Germany), the antitype 11 collagen (11-116B3) antibody from DSHB (lowa,
IA, USA), and the antitype X collagen (COL-10) antibody from Sigma (Munich, Germany). Biotinylated
secondary antibodies and the ABC reagent were obtained from Vector Laboratories (Alexis Deutschland
GmbH, Griinberg, Germany).

2.2. Cells and Osteochondral Defect Model

Human osteoarthritic (OA) cartilage (Mankin score 7-9) was retrieved from patients subjected to total
knee arthroplasty (n = 4) with previous informed consent signature. (39) The study was authorized by the
Ethics Committee of the Saarland Physicians Council (Approval Ha67/12), and all protocols were in
agreement with the Helsinki Declaration. Human OA chondrocytes (passage 1-2) were isolated following
standard protocols (38,39) and cultured in DMEM, 10% FBS, 100 U/mL penicillin G, 100 pL/mL
streptomycin (growth medium) for 12 h at 37 °C under 5% CO; previously to the addition of the
dispersions of rAAV vectors in free forms or formulated in polymeric micelles. (38) Osteochondral
defects were created in human OA cartilage biopsies (n = 2) using a 1 mm biopsy punch in standardized
cylindrical (6 mm diameter) (37,38) and kept in growth medium previously to the addition of the same
samples described above. (38)
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2.3. Plasmids and rAAV Vectors

rAAV-FLAG-hsox9 constructs were derived from pSSV9, an AAV-2 genomic clone, (40,41) and carried
a FLAG-tagged human sox9 cDNA under the control of the cytomegalovirus immediate-early (CMV-IE)
promoter. (23,42—44) The vectors were produced as conventional (not self-complementary) vectors by
using a helper-free, two-plasmid transfection system in 293 cells with the packaging plasmid pXX2 and
the Adenovirus helper plasmid pXX6. (39) The vector preparations were purified by dialysis and titrated
by real-time PCR, (39,45,46) showing an average of 10 transgene copies/mL (~1/500 functional
recombinant viral particles).

2.4. Preparation of Micellar Solutions Containing rAAV Vectors

Copolymer samples (PF68 or T908) were dissolved in a given volume of 10% sucrose aqg. solution at 4
°C, mixed with rAAV, and incubated in ice—water bath for 30 min before their use. (37,46) Effective
interaction of rAAV vectors with polymeric micelles was confirmed by an increased size of the
aggregates as noted by transmission electron microscopy (TEM) and dynamic light scattering (DLS). (37)

2.5. Gene Transfer Efficiency Using the rAAV-FLAG-hsox9/Polymeric Micelles

Monolayer cultures of human OA chondrocytes (3000 cells/well or 7500 cells/well for alcian blue
staining in 96-well plates) were incubated with the rAAV-FLAG-hsox9/PF68 or rAAV-FLAG-
hsox9/T908 micelles (2 x 108 transgene copies, final copolymer concentration in culture medium 2%) and
cultured for 10 days at 37 °C with three medium changes per week. (38) For osteochondral defect
cultures, formulations of rAAV-FLAG-hsox9/PF68 or rAAV-FLAG-hsox9/T908 micelles (4 x
108 transgene copies, final copolymer concentration in culture medium 2%) were directly added into the
defects, and cultures were maintained for up to 10 days at 37 °C (38) with three weekly medium changes.
Administration of rAAV vectors encoding for a reporter gene (lacZ) was not studied here due to its lack
of effects on chondrocytes metabolism. (37,43)

2.6. Detection of Transgene Expression

SOX9 expression was evaluated by immunocyto/histochemistry by using a specific primary antibody
(2:60 dilution) and a biotinylated secondary antibody (1:200 dilution). Immmunodetection was performed
using the ABC method with diaminobenzidine (DAB) as the chromogen. (42,44) Controls of monolayers
cultures or sections without primary antibody were studied in parallel. Samples were analyzed with light
microscopy (Olympus CKX41 and BX 45, Hamburg, Germany).

2.7. Assessment of Cell Proliferation and Viability

Proliferation of OA chondrocytes monolayers was measured by using the Cell Proliferation Reagent
WST-1. (38,45) Control conditions included cell monolayers cultured with or without the same dose of
free rAAV-FLAG-hsox9 vector (positive and negatives controls, respectively) and with micellar solution
in absence of wvector. Optical densities (ODs) at 450 nm were measured with a GENios
spectrophotometer/fluorometer (Tecan, Mainz, Germany), and the percents of cell viabilities were
determined as follows:

Viability (%) = [(ODsample)/(ODnegative control)] % 100
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2.8. Histological and Immunohistochemical Analyses

OA chondrocyte monolayers and osteochondral defect cultures were collected after 10 days and fixed in
4% formalin. (37,38) Alcian blue staining of chondrocytes monolayers was assessed to detect matrix
proteoglycans. (37,47,48) In brief, fixed chondocytes monolayers were stained with alcian blue (1% in
HCI 1 N) and subsequently washed off with double distilled water. Quantitative estimation of the staining
was performed by monitoring the ODs at 595 nm using a GENios spectrophotometer/fluorometer (Tecan)
after overnight solubilization of the samples in 6 M guanidine hydrochloride. Cultures of osteochondral
defects were dehydrated, embedded in paraffin, and sectioned at 10 um. (37,38) Histological staining of
the sections was performed to detect cell structures and densities with hematoxylin eosin (H&E), matrix
proteoglycans (safranin O), and matrix mineralization (alizarin red). (39,45,46) Expression of SOX9 and
type 11/X collagen was monitored by using specific primary antibodies (dilutions 1:60, 1:10, and 1:200,
respectively), biotinylated secondary antibodies (dilution 1:200), and the ABC method with DAB as the
chromogen, with examination by light microscopy (Olympus CKX41 and BX 45).

2.9. Histomorphometry

Cell proliferation (cell number/mm?) on H&E-stained sections and the staining intensities (pixels) of
safranin O and alizarin red staining and of SOX9 and type Il immunostaining were evaluated at 4
randomized places for each test, parameter, and replicate condition. Data were expressed as mean *
standard deviations (SD). (37,38) The percents of safranin O staining and those of type X collagen
immunostaining were calculated by measuring the tissue surface positively stained relative to total surface
(pixels) of the place evaluated on histological sections. Analyses were performed with SIS AnalySIS
(Olympus), ImageJ, and Adobe Photoshop Adobe Systems Software (Unterschleissheim,
Germany). (37,49,50,38)

2.10. Statistical Analysis

Each condition was carried out in duplicate in two independent experiments. Data are expressed as mean
+ standard deviation (SD). Statistical analysis was accomplished by using SPSS version 23 (IBM,
Armonk, NY, USA). One-way analysis of variance (ANOVA) with Tukey’s LSD or Games—Howell post
hoc tests was involved to evaluate differences between groups. A p-value of less than 0.05 was
considered statistically significant.

3. Results

3.1. Effective rAAV-Mediated sox9 Overexpression in Human OA Chondrocytes by Delivery of rAAV
Vectors via PEO-PPO-PEO Micelles

We initially evaluated the ability of PEO-PPO-PEQO polymeric micelles to successfully deliver rAAV-
FLAG-hsox9 to monolayer cultures of human OA chondrocytes in vitro.

An estimation of the sox9 expression levels by immunohistochemistry showed an effective rAAV-FLAG-
hsox9-mediated gene transfer (up to 1.52-fold increase; p < 0.001 compared with negative control)
(Figure 1). Of note, delivery of rAAV vectors via polymeric micelles resulted in the most intense SOX9
immunoreactivity, especially when using PF68-based micelles (up to 1.14-fold increase; p< 0.010
compared with free vector treatment).
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Figure 1. Transgene expression in rAAV-FLAG-hsox9-transduced human OA chondrocytes in the presence of polymeric micelles.
Cells in monolayer culture were prepared and incubated with the rAAV/polymeric micelles as described in the Materials and
Methods. The cultures were processed after 10 days to monitor (A) SOX9 expression by immunohistochemical detection
(magnification x4, all representative data) with (B) the corresponding histomorphometric analyses as described in the Materials and
Methods. Control conditions included the absence of copolymer or vector treatment (negative control) and application of free rAAV
vector (positive control). *Statistically significant compared with the negative control.

3.2. Impact of rAAV-FLAG-hsox9/PEO-PPO-PEO Micelles Delivery on the Biological Activities of
Human OA Chondrocytes

Next, we examined the biological effects of sox9 overexpression by providing rAAV-FLAG-hsox9 via
PEO-PPO-PEO polymeric micelles in monolayer cultures of human OA chondrocytes.

An analysis of the levels of cell proliferation after 10 days revealed increased proliferative indices
following rAAV sox9 gene transfer (up to 1.4-fold increase; p < 0.020 compared with the negative
control), particularly by delivery of the vectors via polymeric micelles, albeit statistically significant
differences were not reached when compared with free vector administration (p > 0.107) (Figure 2A).
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Figure 2. Cell proliferation and viability in rAAV-FLAG-hsox9-transduced human OA chondrocytes in the presence of polymeric
micelles. Cells in monolayer cultures were prepared and incubated with the rAAV/polymeric micelles as described in the Materials
and Methods. The cultures were processed at the denoted time points to monitor (A) cell proliferation using the WST-1 assay and
(B) the % of cell viability as described in the Materials and Methods. Control conditions included the absence of copolymer or
vector treatment (negative control) and application of free rAAV vector (positive control). *Statistically significant compared with
the negative control.
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Noteworthy, no cytotoxic effects of any of the gene transfer conditions were noted versus control
condition (always p > 0.900) (Figure 2B). A similar trend was noted by administration of copolymer
solutions without vector treatment (data not shown).

Lastly, administration of rAAV-FLAG-hsox9 resulted in an increased deposition of proteoglycans
compared with untreated cells (up to 1.44-fold difference, p< 0.038 versus negative control)
(Figure 3A,B). Strikingly, overexpression of sox9 via rAAV using the polymeric micelles resulted in a
higher proteoglycan deposition compared with free rAAV-FLAG-hsox9 administration (up to 1.2-fold
increase, p = 0.031 compared with free vector administration) (Figure 3A,B).
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Figure 3. Biosynthetic activities in rAAV-FLAG-hsox9-transduced human OA chondrocytes in the presence of polymeric micelles.
Cells in monolayer cultures were prepared and incubated with the rAAV/polymeric micelles as described in the Materials and
Methods. The cultures were processed at the denoted time points for (A) alcian blue staining (magnification x10, all representative
data) with (B) spectrophotometric analyses after solubilization in 6 M guanidine hydrochloride as described in the Materials and
Methods. Control conditions included the absence of copolymer or vector treatment (negative control) and application of free rAAV
vector (positive control). *Statistically significant compared with the negative control.


https://pubs.acs.org/doi/full/10.1021/acs.molpharmaceut.8b00331#fig2
https://pubs.acs.org/doi/full/10.1021/acs.molpharmaceut.8b00331#fig2
https://pubs.acs.org/doi/full/10.1021/acs.molpharmaceut.8b00331#fig3
https://pubs.acs.org/doi/full/10.1021/acs.molpharmaceut.8b00331#fig3
https://pubs.acs.org/doi/full/10.1021/acs.molpharmaceut.8b00331#fig3
https://pubs.acs.org/doi/full/10.1021/acs.molpharmaceut.8b00331#fig3
https://pubs.acs.org/doi/full/10.1021/acs.molpharmaceut.8b00331#sec2
https://pubs.acs.org/doi/full/10.1021/acs.molpharmaceut.8b00331#sec2
https://pubs.acs.org/doi/full/10.1021/acs.molpharmaceut.8b00331#sec2
https://pubs.acs.org/doi/full/10.1021/acs.molpharmaceut.8b00331#sec2

3.3. Effective rAAV-Mediated sox9 Overexpression in Human Osteochondral Defect Cultures by
Delivery of rAAV Vectors via PEO-PPO-PEO Micelles

We next evaluated the ability of PEO-PPO-PEO polymeric micelles to effectively deliver the rAAV-
FLAG-hsox9 candidate vector to human osteochondral defect cultures in situ.

In concordance with our findings in monolayer cultures of human OA chondrocytes,
efficient sox9 expression was notified in defect cultures upon rAAV-FLAG-hsox9 transduction after 10
days (always p < 0.020 compared with control condition), particularly when providing the vectors via
PF68-based micelles (up to 1.1-fold difference versus control condition, p < 0.001), although statistical
significant differences were not reached relative to free vector administration (p < 0.430) (Figure 4).
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Figure 4. Transgene expression in rAAV-FLAG-hsox9-transduced human osteochondral defect cultures in the presence of
polymeric micelles. Osteochondral defects were prepared and incubated with the rAAV/polymeric micelles as described in
the Materials and Methods. The cultures were processed after 10 days to monitor (A) SOX9 expression by immunohistochemical
detection (magnification x20, all representative data) with (B) the corresponding histomorphometric analyses as described in
the Materials and Methods. Control conditions included the absence of copolymer or vector treatment (negative control) and
application of free rAAV vector (positive control). *Statistically significant compared with the negative control.
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3.4. Impact of rAAV-FLAG-hsox9/PEO-PPO-PEO Micelles Delivery on the Remodelling Activities of
Human Osteochondral Defect Cultures

We last investigated the effects of sox9 overexpression in cultures of human osteochondral defects by
applying rAAV-FLAG-hsox9 in PEO-PPO-PEQ polymeric micelles.

An evaluation of the cell densities in regions contiguous to the defects on H&E-stained sections always
revealed significantly higher cell contents following sox9 overexpression (always p < 0.088 compared

with vector condition), especially when rAAV-FLAG-hsox9 was provided via PF68-based micelles (up to
2.6-fold difference versus control condition, p < 0.012) (Figure 5A,B).
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Figure 5. Cell viability in rAAV-FLAG-hsox9-transduced human osteochondral defect cultures in the presence of polymeric
micelles. Osteochondral defects were prepared and incubated with the rAAV/polymeric micelles as described in the Materials and
Methods. The cultures were processed after 10 days for (A) H&E staining (magnification x10, all representative data) with (B) the
corresponding histomorphometric analyses as described in the Materials and Methods. Control conditions included the absence of
copolymer or vector treatment (negative control) and application of free rAAV vector (positive control). *Statistically significant
compared with the negative control.
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Likewise, rAAV-mediated sox9 gene transfer significantly increased the production of a proteoglycan-
rich ECM as noted by the higher percents of safranin O-stained surface in treated defects relative to
untreated control samples (up to 1.25-fold difference, p = 0.0001) (Figure 6A,B). Interestingly, the
defects treated with free rAAV-FLAG-hsox9 displayed the highest percents of stained surface (up to
1.16-fold difference, p < 0.035 compared with the administration of rAAV in polymeric micelles). An
estimation of the intensities safranin O staining in the defects revealed a similar tendency, with the
highest intensities detected in defects treated with free rAAV-FLAG-hsox9 (up to 1.15-fold difference, p
= 0.005 compared with control condition) (Figure 6A,C). Finally, no differences in the safranin O
intensities were noted, independently of the route of rAAV-FLAG-hsox9 administration (free vector or
administration in polymeric micelles) (p > 0.069).
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Figure 6. Remodelling activities in rAAV-FLAG-hsox9-transduced human osteochondral defect cultures in the presence of
polymeric micelles. Osteochondral defects were prepared and incubated with the rAAV/polymeric micelles as described in
the Materials and Methods. The cultures were processed after 10 days for (A) safranin O staining with (B,C) the corresponding
histomorphometric analyses and for (D) immunohistochemical detection of type Il collagen with (E) the corresponding
histomorphometric analyses as described in the Materials and Methods (magnification x10, all representative data). Control
conditions included the absence of copolymer or vector treatment (negative control) and application of free rAAV vector (positive
control). *Statistically significant compared with the negative control.
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Of further note, administration of rAAV-FLAG-hsox9 also prompted significantly higher amounts of type
Il collagen deposition compared with control conditions (always p < 0.009), particularly by delivery via
T908 micelles (up to 1.35-fold difference, p = 0.005) (Figure 6C,D).

Remarkably, an estimation of the percents of type X collagen expression in regions close to the defects
showed a significant decrease of hypertrophy upon rAAV-FLAG-hsox9-mediated gene transfer (up to
26.3-fold difference relative to control condition, p < 0.009), while no differences were detected in groups
treated with rAAV-FLAG-hsox9 (p> 0.930) (Figures 7A,B). Similarly, an estimation of alizarin red
staining intensity in the neighboring regions to the defects revealed a significant decrease of matrix
mineralization upon rAAV-FLAG-hsox9-mediated transduction (up to 1.2-fold difference relative to
control condition, p < 0.034) (Figure 6C,D). However, no differences were observed between the groups
treated where rAAV-FLAG-hsox9 was provided, regardless of the delivery approach involved (polymeric
micelles, free vector administration) (p > 0.410).
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Figure 7. Hypertrophic and terminal differentiation processes in rAAV-FLAG-hsox9-transduced human osteochondral defect
cultures in the presence of polymeric micelles. Osteochondral defects were prepared and incubated with the rAAV/polymeric
micelles as described in the Materials and Methods. The cultures were processed after 10 days for (A) immunohistochemical
detection of type X collagen (magnification x20, all representative data) with (B) the corresponding histomorphometric analyses and
for (C) alizarin red staining (magnification x10, all representative data) with (D) the corresponding histomorphometric analyses as
described in the Materials and Methods. Control conditions included the absence of copolymer or vector treatment (negative
control) and application of free rAAV vector (positive control). *Statistically significant compared with the negative control.
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4. Discussion

Gene transfer mediated by rAAV vectors constitutes a powerful approach for the treatment of progressive
human disorders like OA due to the ability of these vectors to stably transduce injured articular
cartilage in situ (19,32,39) when compared with alternative, less efficient gene delivery systems (nonviral,
adenoviral, and retroviral vectors). (8,9) Still, the clinical application of rAAV may still be precluded by
the ubiquity of neutralizing antibodies in individuals as those existing in the synovial fluid from patients
with joint disorders. (34) Remarkably, delivery of rAAV via PEO-PPO-PEO polymeric micelles was
already reported as a potent approach to overcome such limitations. (37,46) Specifically, providing rAAV
vectors encoding for a reporter gene (lacZ) via PF68 and T908 micelles has shown to enhance the
stability and bioactivity of the wvectors, prompting higher levels of lacZ expression in human OA
chondrocytes in either normal or gene transfer inhibition situation. (37) Furthermore, overexpression of
TGF-p via delivery of rAAV vectors via similar systems increased both the deposition of proteoglycans
and the cells numbers in human OA chondrocyte monolayer cultures, besides the deposition of type Il
collagen in human osteochondral defects. (38) In the present work and based on our previous findings, we
evaluated the advantages of delivering rAAV vectors encoding for the potent transcription factor SOX9 in
human OA chondrocytes via these PEO-PPO-PEO-based polymeric micelles.

Our results first show that supply of rAAV-FLAG-hsox9 via polymeric micelles to human OA
chondrocytes resulted in increased levels of sox9 transgene expression over time when compared with
free vector administration. Moreover, in good agreement with previous studies, rAAV-
mediated sox9 gene transfer of human OA chondrocytes led to increased cell proliferation
index, (23) especially upon delivery of the vectors via polymeric micelles. (38) Of note, no detrimental
effects of any of the rAAV delivery approaches (polymeric micelles, free vector administration) were
noted relative to the control condition. The data further indicate that overexpression of sox9 in human OA
chondrocytes resulted in a higher deposition of a proteoglycan-rich ECM compared with untreated cells.
Noteworthy, the controlled delivery of rAAV-FLAG-hsox9 in polymeric micelles was more effective to
increase the production of proteoglycans in human OA chondrocytes compared with the administration of
the free form of the vector.

In order to establish the translatability of the system to target human OA chondrocytes in a more natural
and clinically relevant environment, we next delivered rAAV-FLAG-hsox9 formulated in PEO-PPO-
PEO micelles to a human osteochondral defect model. (37,38) In good concordance with our observations
in monolayer culture, efficient SOX9 expression was noted in defect cultures upon rAAV-FLAG-
hsox9 application, notably when providing the vector via PF68-based micelles. Of note, an estimation of
the cell densities in regions close to the defects showed significantly higher cell numbers
upon sox9 overexpression. This is concordant with the previous observation that overexpression
of sox9 increases the cellularity in human normal and OA cartilage explant cultures. (23,43) Remarkably,
the highest levels of SOX9 expression in OA chondrocyes detected by providing rAAV-FLAG-hsox9 via
PF68-based polymeric micelles resulted in the highest cell densities. Next, we report that transfer of
rAAV-FLAG-hsox9 either in its free form or via polymeric micelles enhanced the proteoglycan contents
in human osteochondral defect cultures. Administration of the rAAV sox9 construct also prompted
significantly higher type 1l collagen deposition levels, another key compound from the
ECM, (51) particularly by delivery via T908 micelles. These results highlight the ability of SOX9 to
remodel human OA cartilage by means of the activation of the biological activities from
chondrocytes. (29) Finally, and in good agreement with our observations in rabbit osteochondral
defects in vivo, (52) a favorable decrease of hypertrophic events was observed upon rAAV-FLAG-hsox9-
mediated transduction in human osteochondral defect cultures.

In conclusion, the current work demonstrate the benefits of using PF68- and T908-based micelles as
efficient rAAV delivery systems to overexpress the therapeutic transcription factor SOX9 both in
monolayers of human OA chondrocytes and in experimental human osteochondral defects for enhanced
biological and reparative responses.
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5. Conclusions

The present findings highlight the potential of providing therapeutic rAAV vectors via controlled delivery
systems to enhance both spatial and temporal presentation of the gene product into the targets, opening a
way to counteract the progression of OA. Specifically here we demonstrated that encapsulation of rAAV
carrying a sequence coding for the potent transcription factor SOX9 in systems based on poly(ethylene
oxide) (PEO) and poly(propylene oxide) (PPO) triblock copolymers as linear poloxamers (PF68) or X-
shaped poloxamines (T908) allowed to promote higher levels of sox9 transgene expression both in
chondrocyte monolayers and in experimental osteochondral defects. Notably, bioactivity of rAAV-
FLAG-hsox9 provided via polymeric micelles was evidenced as seen by increases in proteoglycan
deposition and in cell densities both in vitro and in experimental osteochondral defects. Such promising
findings form a basis to develop adapted, vector controlled release treatments against human OA in a
close future. However, additional studies in clinically relevant animal models of cartilage defects are still
needed to assess the potential of polymeric micelles to stimulate the natural reparative processes in places
of injured tissue.
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