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Combining gene therapy approaches with tissue engineering procedures is an active area of transla-
tional research for the effective treatment of articular cartilage lesions, especially to target chondro-
genic progenitor cells such as those derived from the bone marrow. This study evaluated the effect of
genetically modifying concentrated human mesenchymal stem cells from bone marrow to induce
chondrogenesis by recombinant adeno-associated virus (rAAV) vector gene transfer of the sex-
determining region Y-type high-mobility group box 9 (SOX9) factor upon seeding in three-dimensional-
woven poly(e-caprolactone; PCL) scaffolds that provide mechanical properties mimicking those of native
articular cartilage. Prolonged, effective SOX9 expression was reported in the constructs for at least
21 days, the longest time point evaluated, leading to enhanced metabolic and chondrogenic activities
relative to the control conditions (reporter lacZ gene transfer or absence of vector treatment) but
without affecting the proliferative activities in the samples. The application of the rAAV SOX9 vector
also prevented undesirable hypertrophic and terminal differentiation in the seeded concentrates. As
bone marrow is readily accessible during surgery, such findings reveal the therapeutic potential of
providing rAAV-modified marrow concentrates within three-dimensional-woven PCL scaffolds for re-
pair of focal cartilage lesions.

Keywords: cartilage repair, human bone-marrow aspirates, chondrogenesis, rAAV, SOX9, 3D-woven
poly(e-caprolactone) scaffolds

INTRODUCTION

ADULT ARTICULAR CARTILAGE is an avascular tissue
that provides a low-friction weight-bearing sur-
face in the joints. As a consequence of its lack of
vascularization, the cartilage does not have di-
rect access to potentially chondroregenerative
cells that may allow for repair or restoration of
the original hyaline structure with native me-
chanical function and integrity following inju-
ry."? While a variety of surgical approaches are
used to enhance cartilage repair, none permit the

complete and long-term regeneration of the ar-
ticular cartilage,®* showing the critical need
for novel, effective therapeutic options. Mesen-
chymal stem cells (MSCs) that are present in
the subchondral bone marrow are an attractive
source of chondrogenic progenitors®”’ and have
shown promise in treating focal cartilage defects
and osteoarthritic lesions.®'5 However, there is
no evidence showing complete functional restora-
tion of the original hyaline cartilage in treated
patients, rather leading to the production of a
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fibrotic tissue that is not capable of withstanding
mechanical loads over time.'%17

Gene therapy offers powerful tools that may be
combined with tissue engineering strategies as a
means to stimulate and improve the chondror-
egenerative properties of bone marrow—derived
MSCs in supportive matrixes for enhanced, adap-
ted cartilage repair.'®2° Among the various agents
known for their chondrogenic activities (e.g., bone
morphogenetic proteins, transforming growth fac-
tor beta [TGF-f], basic fibroblast growth factor,
insulin-like growth factor I, zinc finger protein 145,
Indian hedgehog, and cartilage oligomeric matrix
protein),?' 3% the sex-determining region Y-type
high-mobility group box 9 (SOX9) factor is a key
transcription factor involved in MSC chon-
drodifferentiation and cartilage formation®' while
inhibiting terminal differentiation and hypertro-
phy.3233 Delivery of SOX9 in MSCs thus far has
been attempted with classical gene transfer tech-
niques such as nonviral vectors,?*® adenovirus
vectors (AAVs),?%37 and retro-/lentiviral vectors.>®
However, these approaches may have low and/
or short-term efficacy (nonviral vectors and AAVs)
or the risk for insertional mutagenesis (retro-/
lentiviral vectors). In contrast, the use of highly
efficient, clinically adapted recombinant vehicles
derived from the AAV is particularly suited for
translational approaches,® as recombinant AAV
(rAAV) vectors do not carry any viral coding se-
quences and are maintained over extended periods
of time under stable episomal forms in their tar-
gets, which include MSCs.2%2429:30.40 Of gpecific
interest, it was previously reported that this vector
class could be used for highly efficient genetic
modification of isolated human MSCs (hMSCs) but
proved even more effective in concentrated hMSCs
within their native microenvironment (concen-
trates).*®*! Accordingly, the overexpression of a
SOX9 gene sequence in hMSC concentrates was
demonstrated to promote chondrogenic differ-
entiation in vitro to levels significantly superior
to those achieved in the absence of therapeutic
treatment.*!

The goal of the present study was to com-
bine the transfer of the rAAV SOX9 candidate in
human bone-marrow concentrates containing
MSCs with a delivery procedure using three-
dimensional (3D), bio-/immunocompatible, slowly
degrading woven poly(s-caprolactone; PCL) scaf-
folds*? that can mimic the anisotropic, nonlinear,
and viscoelastic biomechanical characteristics of
native cartilage.*”> Such a combined scaffold-/
gene-associated approach may provide extra ben-
eficial cues within the cell microenvironment*?

relative to the previously tested conventional
scaffold-free gene transfer strategy*®*! and may
further support and improve cartilage reparative
processes versus single genetic treatment while
being well adapted in clinical setups.*? The data
show that rAAV SOX9-treated human bone mar-
row concentrates successfully undergo chondro-
genic differentiation when seeded on 3D-woven
PCL scaffolds compared to control treatment
(rAAV lacZ transduction, lack of vector applica-
tion) with significantly reduced levels of hyper-
trophic and terminal differentiation, thus
providing new and effective combined strategies
for future translational applications in treating
cartilage defects in patients.

METHODS
Reagents

Reagents were from Sigma-Aldrich (Munich,
Germany) unless otherwise indicated. Recombinant
TGF-p was purchased at R&D Systems (Wiesbaden-
Nordenstadt, Germany). The dimethylmethylene
blue dye was from Serva (Heidelberg, Germany).
The anti-SOX9 (C-20) and anti-FLAG (BioM2)
antibodies were from Santa Cruz Biotechnology
(Heidelberg, Germany), the anti-type-II collagen
(AF-5710) and anti-type-I collagen (AF-5610)
antibodies from Acris (Hiddenhausen, Germany),
the anti-type-X collagen (COL-10) antibody from
Sigma—Aldrich, and biotinylated secondary anti-
bodies with ABC reagent from Vector Labora-
tories (Alexis Deutschland GmbH, Griinberg,
Germany). The type-II collagen enzyme-linked
immunosorbent assay (ELISA; Arthrogen-CIA
Capture ELISA kit) was from Chondrex (Red-
mond, WA).

Woven PCL scaffolds

Three-dimensional-woven textile scaffolds were
produced by arranging multifilament PCL yarns
(~150 um in diameter; EMS-Griltech, Domat,
Switzerland) in three orthogonal directions.*? An
overall scaffold thickness of 0.75 mm was achieved
by stacking a total of nine layers of yarns in alter-
nating x (0°) and y (90°) directions, and held to-
gether by a series of interwoven z-direction yarns.
After weaving was complete and the material was
removed from the loom, it was soaked in 4 M of
NaOH for 15-16 h to remove surface contaminants
and increase hydrophilicity of the constituent PCL.
Scaffolds 6 mm in diameter were then punched
from the flat material using a biopsy punch and
sterilized using ethylene oxide gas.
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Plasmids and rAAV vectors

The constructs were all derived from the same pa-
rental AAV-2 genomic clone, pSSV9.*+*% rAAV-lacZ
is an AAV-2-based vector plasmid carrying the
lacZ gene encoding f-galactosidase (f-gal) under the
control of the cytomegalovirus immediate-early
(CMV-IE) p1"0m01:er.40’41 rAAV-RFP carries the Dis-
cosoma sp. red fluorescent protein gene (RFP) and
rAAV-FLAG-hsox9 a FLAG-tagged sox9 sequence
(1.7kb) instead of lacZ.*>*! All vectors were packaged
as conventional (not self-complementary) vectors in
the 293 cell line, an adenovirus-transformed human
embryonic kidney cell line, by using Adenovirus 5 to
provide helper functions in combination with the
transacting AAV-2 factors for replication and en-
capsidation functions supplied by the pAd8 helper
plasmid. The vector preparations were purified, dia-
lyzed, and titered by real-time polymerase chain re-
action (PCR),***! averaging 10! functional units/mL.

Human bone-marrow aspirates

Bone-marrow aspirates (~15mL; 0.5-1.3x10°
cells/mL) were obtained from the distal femurs of
patients undergoing total knee arthroplasty (n =14).
The study was approved by the Ethics Committee of
the Saarland Physicians Council. All patients pro-
vided informed consent before inclusion in the
study. All procedures were in accordance with the
Declaration of Helsinki.

rAAV-mediated gene transfer

Aspirates were immediately aliquoted in a volume
of 150 ul/well in 96-well plates and transduced with
100 uL of vector (2 x 108 functional recombinant viral
particles; multiplicity of infection=15+5).*! Next, a
mixture of fibrinogen (17 mg/mL)/thrombin (5 IU/mL;
Baxter, Volketswil, Switzerland) was added to the
samples that were then immediately seeded in
3D-woven PCL scaffolds in new 96-well plates. Con-
ditions using fibrinogen/thrombin alone or PCL scaf-
folds alone were not included here, as they have been
largely tested previously.*>*® The samples were
incubated over time in defined chondrogenic differ-
entiation medium (DMEM; 0.1 uM of dexametha-
sone, 50 ug/mL of ascorbic acid, 40 ug/mL of proline,
110 w/mL of pyruvate, 6.25 ug/mL of insulin, 6.25 ug/
mL of transferrin, 6.25 ug/mL of selenious acid,
1.25 mg/mL of bovine serum albumin, 5.55 ug/mL of
linoleic acid, and 10 ng/m TGF-$3)*>*! for further
evaluations at the denoted time points.

Transgene expression

Expression of the lacZ transgene was analyzed
by X-Gal staining and visualization under light
microscopy (Olympus BX45; Olympus, Hamburg,

Germany).*! RFP was detected by live fluorescence
using a fluorescent microscopy with a 568 nm filter
(Olympus CKX41).*! SOX9 expression was moni-
tored by immunohistochemistry using a specific
SOX9 antibody, a biotinylated secondary antibody,
and diaminobenzidine (DAB) as a chromogen (ABC
method).*>*! A control condition with omission of
the primary antibody was included to check for
secondary immunoglobulins. All sections were ex-
amined under light microscopy (Olympus BX45).

Histology, immunocytochemistry,
and immunohistochemistry

The samples were harvested, fixed in 4% for-
malin with subsequent dehydration in graded al-
cohols, paraffin embedded, and sectioned at 3 ym.*!
Samples were processed for immunohistochemical
analyses, and sections were also stained with saf-
ranin O (matrix proteoglycans), hematoxylin and
eosin (H&E; cellularity), and alizarin red (matrix
mineralization) according to routine protocols.***!
Expression of type-II, -I, and -X collagen was de-
tected by immunohistochemistry using specific
antibodies (1:200), biotinylated secondary anti-
bodies (1:200), and the ABC method with DAB as
the chromogen. 04!

Histomorphometry

The transduction efficiencies (ratio of X-Gal-
stained surface to the total surface evaluated) and
the cell densities (cell numbers per standardized
area on H&E-stained sections) were measured on
histological sections from samples.*®*! The im-
munohistochemical and histological grading scores
were measured using four histological sections for
each condition with the SIS AnalySIS program.
SOX9 immunostaining, safranin O staining, type-
II collagen immunostaining, alizarin red staining,
and type-I and -X collagen immunostaining were
scored for uniformity and intensity according to a
modified Bern Score grading system*® as follows:
0 (no staining), 1 (heterogeneous and/or weak stain-
ing), 2 (homogeneous and/or moderate staining), 3
(homogeneous and/or intense staining), and 4 (very
intense staining). Sections were scored by two in-
dividuals who were blind to the conditions.

Biochemical assays

The samples were harvested with selective pa-
pain digestion to monitor the proteoglycan content
by binding to dimethylmethylene blue dye, the
DNA content using a fluorometric assay based on
Hoechst 33258, and the type-II collagen contents by
ELISA.*° Values were normalized to total cellular
proteins monitored via Pierce Thermo Scientific
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Protein Assay (Thermo Fisher Scientific, Schwerte,
Germany). All measurements were performed by
using a GENios spectrophotometer/fluorometer
(Tecan, Crailsheim, Germany).

Real-time reverse transcription PCR analysis

Total cellular RNA was extracted from the samples
using the RNeasy Protect Mini Kit with an on-column
RNase-free DNase treatment (Qiagen, Hilden, Ger-
many). RNA was eluted in 30 uL of RNase-free water.
Reverse transcription was carried out with 8 ul. of
eluate by using the 1st Strand cDNA Synthesis kit for
reverse transcription (RT)-PCR (AMV; Roche Applied
Science, Penzberg, Germany). An aliquot of the cDNA
product (3 uL.) was amplified with real-time PCR by
using the Brilliant SYBR Green QPCR Master Mix
(Stratagene; Agilent Technologies, Waldbronn, Ger-
many)*® on an Mx3000P qPCR operator system
(Stratagene) as follows: (95°C for 10 min), amplifica-
tion by 55 cycles (denaturation at 95°C for 30s; an-
nealing at 55°C for 1 min; extension at 72°C for 30s),
denaturation (95°C for 1min), and final incuba-
tion (55°C for 30s). The primers (Invitrogen GmbH,
Darmstadt, Germany) used were SOX9 (chondrogenic
marker; forward 5-ACACACAGCTCACTCGACCT
TG-3’; reverse 5-GGGAATTCTGGTTGGTCCTCT-
3’), aggrecan (ACAN; chondrogenic marker; forward
5-GAGATGGAGGGTGAGGTC-3’; reverse 5'-ACGC
TGCCTCGGGCTTC-3"), type-II collagen (COL2A1;
chondrogenic marker; forward 5-GGACTTTTCTCC
CCTCTCT-3’; reverse 5-GACCCGAAGGTCTTACA
GGA-3), type-I collagen (COL1A1; osteogenic mark-
er; forward 5-ACGTCCTGGTGAAGTTGGTC-3’; re-
verse 5-ACCAGGGAAGCCTCTCTCTC-3'), type-X
collagen (COL10A1; marker of hypertrophy; forward
5-CCCTCTTGTTAGTGCCAACC-3’; reverse 5-AGA
TTCCAGTCCTTGGGTCA-3), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; housekeeping
gene and internal control; forward, 5-GAAGGTGA
AGGTCGGAGTC-3’; reverse, 5-GAAGATGGTGAT
GGGATTTC-3; all 150nM final concentration).*
Control conditions included reactions using water and
non-reverse-transcribed mRNA. Specificity of the
products was confirmed by melting curve analysis and
agarose gel electrophoresis. The threshold cycle (Ct)
value for each gene of interest was measured for each
amplified sample using MxPro QPCR software
(Stratagene), and values were normalized to GAPDH
expression by using the 222" method, as described
previously.*°

Statistical analysis

Data are expressed as means*standard devia-
tion (SD) of separate experiments. Each treatment
condition was performed in triplicate in three in-

dependent experiments for each patient. Data were
obtained by two individuals who were blind respect
to the treatment groups. The t-test and Mann—
Whitney’s rank-sum test were used where appro-
priate. p-Values of <0.05 was considered statistically
significant.

RESULTS

rAAV-mediated transgene expression
in human bone-marrow aspirates seeded
in 3D-woven PCL scaffolds

Human bone-marrow aspirates were first trans-
duced with rAAV reporter gene vectors (rAAV-lacZ,
rAAV-RFP) and seeded in 3D-woven PCL scaffolds
to monitor the ability of this vector class to promote
transgene expression over time in these biome-
chanically functional scaffolds under conditions of
chondrogenic induction. Sustained lacZ expression
was observed when applying rAAV-lacZ versus
control treatment (rAAV-RFP) starting on day 4 af-
ter gene transfer and for atleast 75 days (the longest
time point evaluated), with transduction efficiencies
approaching 100%, as seen on histological sections
from rAAV-lacZ-treated samples (Fig. 1A). Similar
results were noted when evaluating live fluores-
cence in rAAV-RFP-treated samples versus control
(rAAV-lacZ) transduction (Fig. 1B). Reporter gene
expression was undetectable in untreated samples
(data not shown).

The ability of rAAV to overexpress the candidate
SOX9 gene sequence in human bone-marrow as-
pirates seeded in 3D-woven PCL scaffolds was then
evaluated by comparison to control treatments
(rAAV-lacZ application, absence of vector treat-
ment) over a period of 21 days, which is adequate
for chondrogenic induction in such samples.*!
Sustained, elevated SOX9 production levels were
achieved in the SOX9-treated aspirates within
the scaffolds relative to the controls (Fig. 2), with
significantly higher histomorphometric grading
scores of SOX9 expression when providing rAAV-
FLAG-hsox9 versus rAAV-lacZ or the no vector
condition (sevenfold difference; p <0.001; Table 1).
High FLAG expression was confined to the SOX9-
treated aspirates (Fig. 2).

Effects of SOX9 overexpression
upon the biological and chondrogenic activities
in human bone-marrow aspirates seeded
in 3D-woven PCL scaffolds

The candidate SOX9 vector was provided to hu-
man bone-marrow aspirates seeded in 3D-woven
PCL scaffolds to monitor the effects of the tran-
scription factor via rAAV application on biological
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Figure 1. Detection of reporter gene expression in recombinant adeno-associated virus (rAAV)-transduced human bone-marrow aspirates seeded in three-
dimensional (3D)-woven poly(c-caprolactone; PCL) scaffolds. Aspirates (150 mL) were transduced with rAAV-/acZ or rAAV-RFP (100 mL each vector) or left
untreated and seeded in the scaffolds in fibrinogen/thrombin using chondrogenic medium, as described in the Methods. The samples were processed at the
denoted time points to detect (A) /acZ expression by X-Gal staining (macroscopic views and magnification 40x; all representative data) and (B) RFP
expression by live fluorescence (inserts: rAAV-/acZ control treatment; magnification 40 x and macroscopic views at day 75; all representative data). Scale bars:
(A) 3mm (scaffold), 1cm (aspirates), and 100 mm (histological sections); (B) 200 mm. Color images available online at www.liebertpub.com/hum

and differentiation activities. These constructs were
maintained in chondrogenic culture conditions for
21 days and compared to control treatments (rAAV-
lacZ, lack of vector administration).

Successful chondrogenic differentiation was no-
ted in all the samples after 21 days, as seen by
effective safranin O staining and type-II collagen
immunostaining, but with higher staining inten-
sities in the presence of rAAV-FLAG-hsox9 (Fig. 3).
A histomorphometric analysis performed using a

no vector

rAAV-lacZ

system that grades the intensity of safranin O
staining and of type-II collagen immunostaining
revealed significantly higher scores of cartilage
matrix deposition with SOX9 versus control con-
ditions (1.9- and 2.5-fold difference, respectively;
p<0.001; Table 1). Administration of rAAV-FLAG-
hsox9 also significantly increased the proteoglycan
and type-II collagen content in the samples relative
to the controls (up to 3- and 1.9-fold, respectively;
p<0.001; Table 2). Of note, no effects of SOX9

rAAV-FLAG-hsox9

Figure 2. Detection of FLAG SOX9 expression in rAAV-transduced human bone-marrow aspirates seeded in 3D-woven PCL scaffolds. Aspirates were
transduced with rAAV-/acZ or rAAV-FLAG-hsox9 or left untreated and seeded in the scaffolds in fibrinogen/thrombin using chondrogenic medium, as described
in Fig. 1 and in the Methods. The samples were processed after 21 days to detect SOX9 (magnification 10 x) and FLAG expression (inserts: magnification 20 x )
by immunohistochemistry (all representative data). Scale bars: 200 mm. Color images available online at www.liebertpub.com/hum
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Table 1. Histomorphometric analyses in rAAV-transduced
human bone-marrow aspirates seeded in 3D-woven
PCL scaffolds

Parameter No vector lacZ SOX9

SOX9 0.5(0.4) 0.5(0.6) 35 (0.6
Safranin 0 1.8(0.3) 1.9 (0.4) 34 (0.2
Type-Il collagen 15(0.6) 15 (0.5) 38 (0.4
Cell densities 2358 (56) 2422 (39) 2463 (44)

Alizarin red 36 (04) 34 (05) 1.3 (0.3
Type | collagen 2.8 (0.5) 2.8 (0.4) 1.1 (041
Type X collagen 3.6(0.7) 3.4 (04) 110"

S0X9 immunostaining, safranin O staining, type-Il collagen immunostain-
ing, alizarin red staining, and types | and X collagen immunostaining were
scored for uniformity and intensity as: 0, no staining; 1, heterogeneous and/
or weak staining; 2, homogeneous and/or moderate staining; 3, homoge-
neous and/or intense staining; and 4, very intense staining.*® The cell
densities measured on H&E-stained histological sections are given in cells/
mm?. Values are given as means (SD; n=3). Statistically significant
compared with *no vector treatment and with 'rAAV-/acZ

rAAV, recombinant adeno-associated virus; 3D, three-dimensional; PCL,
poly(e-caprolactone); H&E, hematoxylin and eosin; SD, standard deviation.

treatment were observed upon the DNA content
relative to the control condition (p >0.181; Table 2),
a finding confirmed by an estimation of the cell
densities on H&E-stained histological sections
(p=0.108; Fig. 3 and Table 1).

no vector
- — .

Table 2. Biochemical assays in rAAV-transduced human
bone-marrow aspirates seeded in 3D-woven PCL scaffolds

Parameter No vector lacZ SOX9

Proteoglycans (mg/mg total proteins) 1.8(0.1) 181(0.2) 4.1 (03"

Type Il collagen (ng/mg total proteins) 2.3 (0.2) 25(0.2) 38 (0.3
DNA (ng/mg total proteins) 15.8(0.2) 143(03) 13.4(0.2)
Proteoglycans/DNA (mg/ng) 0.1(0.1) 0.1(0.1) 0.3 (0.1)*F

Type Il collagen/DNA (ng/ng) 0.15(0.02) 0.17 (0.02) 0.28 (0.02)*"

Values are given as means (SD; n=3). Statistically significant compared
with *no vector treatment and with 'rAAV-/acZ

Effects of SOX9 overexpression
upon the hypertrophic and terminal differentiation
processes in human bone-marrow aspirates
seeded in 3D-woven PCL scaffolds

Human bone-marrow aspirates were treated
with the candidate SOX9 vector and seeded onto
3D-woven PCL scaffolds to examine the effects
of the transcription factor via rAAV application
upon the hypertrophic and terminal differenti-
ation activities. Constructs were cultured in
chondrogenic conditions and compared to con-
trol treatments (rAAV-lacZ, absence of vector
administration).

rAAV-FLAG-hsox9

Type-ll
collagen

Figure 3. Chondrogenic differentiation in rAAV-transduced human bone-marrow aspirates seeded in 3D-woven PCL scaffolds. Aspirates were transduced with
rAAV-/lacZor rAAV-FLAG-hsox9or left untreated and seeded in the scaffolds in fibrinogen/thrombin using chondrogenic medium, as described in Figs. 1 and 2 and in the
Methods. The samples were processed after 21 days for histological staining with safranin O and hematoxylin and eosin and to detect immunoreactivity to type Il
collagen (magnification 10x; all representative data). Scale bars: 200 mm. H&E, hematoxylin and eosin. Color images available online at www.liebertpub.com/hum
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rAAV-lacZ

rAAV-FLAG-hsox9
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Type-l
collagen

Type-X
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Figure 4. Hypertrophic and terminal differentiation in rAAV-transduced human bone-marrow aspirates seeded in 3D-woven PCL scaffolds. Aspirates were
transduced with rAAV-/acZ or rAAV-FLAG-hsox9 or left untreated and seeded in the scaffolds in fibrinogen/thrombin using chondrogenic medium, as described
in Figs. 1-3 and in the Methods. The samples were processed after 21 days for histological staining with alizarin red and to detect immunoreactivity to type |
and X collagen (magnification 10 x; all representative data). Scale bars: 200 mm. Color images available online at www.liebertpub.com/hum

Gene transfer via rAAV-FLAG-hsox9 reduced
both matrix mineralization and the production of
type-I and -X collagen, as seen by lower alizarin red
staining and type-I and -X collagen immunostaining
relative to the controls (Fig. 4). This observation was
corroborated by results of a histomorphometric
analysis using the similar grading system as em-
ployed for cartilage matrix components (2.8-, 2.5-,
and 3.3-fold decrease in alizarin red staining, type-I
and -X collagen immunostaining, respectively;
p<0.001; Table 1).

Real-time RT-PCR gene expression analyses
in human bone-marrow aspirates seeded
in 3D-woven PCL scaffolds

Overall, the previous findings were corroborated
by results of a real-time RT-PCR analysis that eval-
uated the gene expression profiles in the samples over
the period of chondrogenic induction. Specifically,
enhanced chondrogenic differentiation was noted in
the samples when applying rAAV-FLAG-hsox9 rela-
tive to the controls (2.9-, 2.5-, and 2.1-fold increased
SOX9, ACAN, and type-II collagen expression levels,
respectively; p<0.001; Fig. 5). Instead, reduced

osteogenic/hypertrophic differentiation was observed
upon SOX9 gene transfer compared with the controls
(6.7- and 5-fold decreased type-I and type-X collagen
expression levels, respectively; p <0.001; Fig. 5).

DISCUSSION

The use of gene therapy combined with tissue
engineering strategies has strong potential for the
development of novel treatments capable of effec-
tively enhancing the repair of damaged articular
cartilage by targeting bone-marrow chondror-
egenerative MSCs.'®2° The present study tested
the feasibility of delivering the cartilage-specific
and highly chondrogenic transcription factor
SOX9%! to chondrogenically competent human
bone-marrow concentrates® via clinically relevant
rAAV gene transfer vectors.?® These bone-marrow
aspirates were seeded onto 3D-woven PCL scaf-
folds that provide a cartilage-like environment in
terms of their mechanical properties*? relative to a
more classical, less stable, scaffold-free gene de-
livery system.*! The study findings indicate that
cells within bone-marrow aspirates, which are
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SOX9 ACAN

coLz2a1 coL1A1

no vector
o rAAV-lacZ
® rAAV-FLAG-hsox9

COL10A1

Figure 5. Real-time reverse transcription polymerase chain reaction analysis in rAAV-transduced human bone-marrow aspirates seeded in 3D-woven PCL
scaffolds. Aspirates were transduced with rAAV-/acZ or rAAV-FLAG-hsox9 or left untreated and seeded in the scaffolds in fibrinogen/thrombin using
chondrogenic medium, as described in Figs. 1-4 and in the Methods. The samples were processed after 21 days to monitor the gene expression profiles of
S0X9, aggrecan (ACAN), type-Il (COL2A1), type-I (COL1A1), and type-X collagen (COL10A1), with GAPDH serving as a housekeeping gene and internal control
(all primers are listed in the Methods). Ct values were obtained for each target and for GAPDH as a control for normalization, and fold inductions (relative to the

untreated samples) were measured by using the 2724

method. Statistically significant compared with *no vector treatment and with “rAAV-/acZ

easily accessible during surgery, can be readily
transduced via rAAV vectors to overexpress SOX9,
and that this expression significantly enhances
chondrogenesis of bone-marrow aspirates within
mechanically functional 3D-woven scaffolds.

The results first indicate that human bone-
marrow aspirates can be effectively modified by
rAAV vectors within 3D-woven PCL scaffolds with
elevated transduction efficiencies (~100% with
reporter genes) over an extended period of time (at
least 75 days, the longest time point evaluated),
showing the stability of rAAV-mediated gene
transfer afforded using this class of biomaterial.
Successful SOX9 overexpression via rAAV was also
significantly achieved in the constructs compared
with control treatments (reporter rAAV-lacZ gene
transfer, lack of vector application) for at least
21 days, a time point suitable to appraise chon-
drogenic differentiation events in marrow concen-
trates,*! in good agreement with the findings in
scaffold-free gene transfer conditions.*! While ini-
tially all cell populations forming the aspirates
may be transduced by the vectors (MSCs, fibro-
blasts, hematopoietic cells), under stable and pro-
longed chondrogenic induction as performed here,
only the MSCs with a specific ability to differenti-
ate in chondrocytes in this environment**"*® may
overexpress the various rAAV transgenes in the
samples after 21 days.

The data further show that effective, prolonged
rAAV-mediated SOX9 overexpression significantly
enhanced the anabolic and chondrogenic activities
in PCL-seeded aspirates (deposition of matrix

proteoglycans and type II collagen) for at least
21 days relative to the controls, without affecting
the indexes of proliferation, again concordant with
the observations in a scaffold-free system*! and
with the properties of the transcription fac-
tor 31:3435:3740 Agqin  after 21 days of continuous
chondrogenic induction, the cells in the aspirates
responsible for these effects may mostly be the
MSCs that may specifically commit toward the
chondrogenic phenotype. Most notably, adminis-
tration of the rAAV SOX9 vector led to a significant,
beneficial decrease in the levels of undesirable hy-
pertrophic and osteogenic differentiation versus
control treatments in the constructs over time
(matrix mineralization, deposition of type-I and -X
collagen), also consistent with the properties of
SO0X932-3440 and with the previous findings using
scaffold-free cultures.*!

For comparison, and in marked contrast with
the present findings using rAAV, chondrogenic ef-
fects of SOX9 gene transfer have been reported
using other types of biocompatible materials such
as alginates,® polyglycolic acid,®* polylactic-
co-glycolic acid,* and a fibrin-polyurethane compos-
ite scaffold® in isolated MSCs either over short-term
periods of time using less effective (nonviral vec-
tors) or more toxic/immunogenic gene vehicles (ad-
enoviral vectors; 7-14 days),?>*"° or solely upon
additional mechanical loading.3®

The present evaluation provides evidence of ef-
fective and prolonged SOX9 gene transfer and
overexpression in concentrated MSCs seeded in
functional scaffolds as a convenient strategy to
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enhance the processes of chondrogenic differenti-
ation adapted for cartilage repair using rAAV
vectors suited for human regenerative medicine.>®
Work is currently ongoing to test the benefits of
implanting such constructs within clinically rele-
vant, experimental orthotopic cartilage lesions
in vivo>"° as a step toward clinical translation. In
conclusion, this study demonstrates the value of
combining rAAV-mediated gene transfer with a
scaffold-based strategy to modify bone-marrow
aspirates as a workable platform for the treatment
of cartilage injury and disease.
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