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Because articular cartilage has a poor regeneration capacity, numerous cell-based approaches to therapy are
currently being explored. The present study involved the use of gene transfer as a means to provide sustained
delivery of chondrogenic proteins to primary mesenchymal stem cells (MSCs). In previous work, we found that
adenoviral-mediated gene transfer of transforming growth factor-betal (TGF-f1) and bone morphogenetic
protein 2 (BMP-2), but not insulin-like growth factor 1 (IGF-1), could be used to induce chondrogenic differ-
entiation of MSCs in an aggregate culture system. In the present study, we examined the effects on chon-
drogenesis of these transgenes when delivered in combination. Cultures of bone marrow-derived MSCs were
infected with 2.5x10? or 2.5x10° viral particles/cell of each adenoviral vector individually, or in combination,
seeded into aggregates, and cultured for 3 weeks in a defined serum-free medium. Levels of transgene product
in the medium were initially high, approximately 100 ng/mL TGF-B1, 120ng/mL BMP-2, and 80 ng/mL IGF-1 at
day 3, and declined thereafter. We found that co-expression of IGF-1 and TGF-f1, BMP-2, or both at low doses
resulted in larger aggregates, higher levels of glycosaminoglycan synthesis, stronger staining for proteoglycans
and collagen type II and X, and greater expression of cartilage-specific marker genes than with either transgene
alone. Gene-induced chondrogenesis of MSCs using multiple genes that act synergistically may enable the
administration of reduced viral doses in vivo and could be of considerable benefit for the development of cell-

based therapies for cartilage repair.

Introduction

BECAUSE OF THE inability of articular cartilage to effec-
tively self-repair, numerous cell-based approaches to
therapy are being explored."™ Adult mesenchymal stem cells
(MSCs) have the capacity to differentiate into various mes-
enchymal lineages® and are readily obtained from multiple
tissue sources, including bone marrow,’ trabecular bone,”
and fat,® making them an important autogenous cell source
for regenerative medicine.>™ Although potentially useful
as alternative cell source to chondrocytes, methods to effec-
tively stimulate proliferation and subsequent chondrogenic
differentiation of MSCs are needed to further develop the use
of these cells for cartilage repair."

Chondrogenesis of MSCs in vitro is a finely regulated
process that requires high-density culture in the presence of
specific media supplements, including dexamethasone and
certain growth factors.>>*71® Under these conditions, nu-
merous studies have shown that exogenous administration
of transforming growth factor-betal (TGF-f1) and bone

morphogenetic protein-2 (BMP-2) efficiently stimulate chon-
drogenic differentiation.''>!7'® Related studies have iden-
tified the chondrogenic potential of other growth factors,
including insulin-like growth factor-1 (IGF-1), TGF-B2, TGF-
3, BMP-4, and BMP-7.137161° However, the delivery of these
agents together with MSCs into cartilaginous lesions in vivo
has not yet resulted in sustained regeneration of articular
cartilage."*** One possible problem may be that the stimu-
lation provided by a single bolus of soluble growth factor is
insufficient to drive differentiation of the implanted cells
in vivo."***' To overcome this, gene transfer approaches,
which have been already explored clinically for the treatment
of arthritis,** might be adopted to provide sustained syn-
thesis of growth and differentiation factors, which can pro-
mote chondrogenic differentiation of MSCs and increased
matrix synthesis within cartilage lesions and ultimately lead
to improved repair.?**%°

We have previously shown that after adenoviral delivery
of individual complementary DNAs (cDNAs) encoding
certain growth factors into primary MSCs, the resulting
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expression is capable of inducing chondrogenesis in cul-
ture.”**” However, it is likely that more-sophisticated strat-
egies of gene transfer will be necessary to fulfill the potential
of stem cell-based therapies for cartilage repair.”> These
may include the use of regulatable systems for control of
transgene expression and the co-delivery and expression of
multiple genes. For example, the co-administration of re-
combinant IGF-1 and TGF-B1 has been shown to effectively
increase matrix synthesis of chondrogenic cells.'****° Thus,
combined administration of these growth factors may im-
prove a cartilaginous repair response by enhancing chon-
drogenesis of MSCs and the long-term maintenance of the
articular cartilage phenotype. This may be achieved through
greater synthesis of a stable cartilage extracellular matrix,
expansion of chondrogenic cell populations, and the main-
tenance of chondrocytes at a pre-hypertrophic stage of dif-
ferentiation.' %1%

In the present study, using adenoviral-mediated gene
transfer, we analyzed the effects of co-expression of IGF-1,
TGF-p1, and BMP-2 ¢cDNAs on chondrogenesis of primary
MSCs in vitro. We found that co-expression of IGF-1 and
TGF-B1 or BMP-2 at low doses enhanced the expression
of articular cartilage marker genes and the deposition of
cartilage-specific matrix rich in proteoglycans and collagen
type Il and X. The specific transgenes, the vector dose, and in
turn, the level and duration of transgene expression directly
influenced the extent of chondrogenesis.

Materials and Methods
Preparation of recombinant adenoviral vectors

First-generation, E1-, E3-deleted, serotype 5 adenoviral
vectors carrying the cDNAs for human IGF-1, BMP-2, TGF-
B1, firefly luciferase (Luc), or green fluorescent protein (GFP)
were constructed using cre-lox recombination as described
earlier.’® The resulting vectors were designated Ad.IGF-1,
Ad.BMP-2, Ad.TGF-B1, Ad.Luc, and Ad.GFP; propagated
using amplification in 293/Cre8 cells; and purified over
successive cesium chloride gradients. After dialysis against
10mM Tris-hydrochloric acide, pH 7.8, 150mM sodium
chloride (NaCl), 10mM magnesium chloride, and 4% su-
crose,’! viral titers were estimated to be between 10'2and
10" particles/mL according to optical density and standard
plaque assay.

Culture of marrow-derived MSCs
and adenoviral transduction

Bone marrow-derived MSCs were harvested from the
femora and tibiae of ten 3- to 4-month-old bovine calves
(Research 87, Inc., Marlborough, MA) in 10 independent
preparations, as described previously.” The collected cells
were pelleted using centrifugation at 1,000 rpm for 10 min,
resuspended in Dulbecco’s modified Eagle medium (DMEM)
containing 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (all Invitrogen, Carlsbad, CA). The cells were
counted and seeded at 4x10” to 6x10” nucleated cells per 75-
cm? flask (Falcon, Beckton Dickinson Labware, Franklin
Lakes, NJ). Nonadherent cells were removed after 3 days.
The remaining attached cells were washed with PBS and
cultured in DMEM with 10% FBS at 37°C, 5% carbon dioxide
(CO,) with medium changes every 3 to 4 days. After 14 to 21
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days, adherent colonies were trypsinized and replated in
several 25-cm? tissue culture flasks. At confluence (approxi-
mately 9%x10° Cells/25—cm2 flask), the cultures were infected
in 250 L of serum-free DMEM for 2 h with 2.5x10? vp/cell of
Ad.TGF-B1, Ad.BMP-2, or Ad.IGF-1 alone, in combinations,
or co-infected with a high dose of 2.5x10°vp/cell of Ad.IGF-
1, as indicated in the respective experiments. Control cul-
tures were similarly infected with Ad.GFP or Ad.Luc at
2.5%10? vp/cell, remained uninfected, or were maintained in
the presence of 10ng/mL TGF-B1. After viral infection, the
supernatant was aspirated and replaced with 5mL of com-
plete DMEM.

Aggregate culture and transgene expression

At 24h post-infection, the MSC cultures were trypsinized,
and 3x10°cells in 1mL of complete DMEM in 15-mL poly-
propylene conical tubes (Falcon) were centrifuged at 500xg
for 5 min to promote aggregate formation. The FBS-containing
medium was then replaced with 0.5mL of a defined serum-
free medium containing 1 mM pyruvate, 1% insulin-transferrin-
selenium + Premix, 37.5mg/mL ascorbate-2-phosphate, and
10~”M dexamethasone (all Sigma, St. Louis, MO); the recom-
binant protein control group was supplemented with anaddi-
tional 10ng/mL TGF-B1 (R&D Systems, Minneapolis, MN).12
The cell pellets were cultured at 37°C, 5% CO, and formed
spherical aggregates within 24 h.

Media were changed every 2 to 3 days. The aggregates
were harvested at various time points for reverse transcrip-
tase polymerase chain reaction (RT-PCR) analyses or after 21
days for histologic and biochemical analyses. Media condi-
tioned using the aggregates were collected at various time
points and assayed for the respective growth factors using
the appropriate commercially available enzyme-linked im-
munosorbent assay (ELISA) kits (R&D Systems) for human
TGF-p1, BMP-2, and IGF-1.

Quantitative GAG and DNA content analyses

After 21 days, certain aggregates were harvested for
quantitation of sulfated glycosaminoglycans (GAGs) and
DNA content. The aggregates were washed with PBS, di-
gested with 200 pL of proteinase K digest solution (1 pg/mL,
Sigma), and incubated for 16 h at 65°C. Total GAG content
was measured by reaction with 1,9-dimethylmethylene blue
(Sigma)32 using shark chondroitin sulfate (Sigma) as the
standard. For DNA analysis, an aliquot of the proteinase K
digest was read fluorometrically (Hoefer Scientific Instru-
ments, San Francisco, CA) using Hoechst dye no. 33258
(Sigma) dissolved in 2mL of Tris—ethylenediaminetetraacetic
acid —-NaCl buffer. The DNA concentration was determined
from a standard curve of calf thymus DNA (Sigma).

Histological and immunohistochemical analyses

Before tissue processing, representative aggregates of each
group were photographed using a digital camera (Model
DC290; Kodak, Rochester, NY). For histological analyses,
aggregates were fixed in 10% buffered formalin for 1h and
embedded in 0.5% agarose before tissue processing. After
dehydration in graded alcohols, the aggregates were paraffin
embedded and sectioned to 5um. Representative sections
were stained using toluidine blue (Sigma) for the detection of
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matrix proteoglycan, and alternate sections were used for
immunohistochemistry.

For immunohistochemical analyses, sections were washed
for 20 min in Tris-buffered saline (TBS) and incubated in 5%
bovine serum albumin (BSA, Sigma). After washing in TBS,
sections were pretreated with 40mU/mL chondroitinase
ABC (Sigma) (1g/L) for 30min at 37°C and then incubated
with 5pug/mL monoclonal anti-collagen type II (COL II),
monoclonal anti-collagen type I (COL I) (both Rockland
Immunochemicals, Inc., Gilbertsville, PA), or polyclonal anti-
collagen type X (COL X) antibodies (a kind gift from Gary
Gibson, Henry Ford Hospital, Detroit, MI). Washed sections
were then incubated with the secondary antibody, anti-goat
immunoglobulin (Ig)G crystalline fluorescein isothiocyanate
(FITC) conjugate (Sigma). Sections were analyzed using
fluorescence and light microscopy. Negative controls were
incubated with non-immune serum before incubation with
the FITC-labeled secondary antibody. To quantify aggregate
sizes and relative toluidine blue or immunofluorescent
staining, digital images of three individual mid-sections for
each aggregate were taken, and the smallest and largest di-
ameters, as well as the mean density of staining across the
entire section, were determined using the Scion Image pro-
gram version 1.63 (Scion, Frederick, MD). For the respective
methods, sections of aggregates cultured in the absence of
specific growth factor stimulation served as negative controls
and were used to establish baseline levels of staining against
which the sections from the experimental groups were
evaluated. Aggregates maintained after single Ad.TGF-p1 or
BMP-2 gene transfer at 2.5x10?vp/cell served as positive
controls against which relative staining intensities were
semi-quantitatively expressed.

Total RNA extraction and semi-quantitative RT-PCR

RNA was prepared from primary chondrocyte or MSC
cultures and from subsequent MSC aggregate cultures using
a modification of the method of Chomczynski and Sacci.*
For the monolayer cultures, the cells were trypsinized,
centrifuged at 500xg for 5min, and lysed in 1mL of TRI-
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reagent (Sigma). For aggregates, at each time point, 10 pellets
per group were pooled and homogenized using a pellet
pestle and repeated trituration in 1 mL of TRI-reagent. After
incubation for 5min in TRI-reagent, 200 uL of chloroform
was added to each group and mixed using repeated inver-
sion. After centrifugation at 12,000xg for 10 min, the aque-
ous phase was collected, and RNA was precipitated using
isopropanol. After centrifugation at 12,000xg for 15 min, the
RNA pellets were washed with 70% ethanol, allowed to air
dry, and then resuspended in diethylpyrocarbonate-treated
water (Invitrogen). RNA concentration and purity of each
sample was estimated using ODy4 230 ratios.

RNA from primary and aggregate cultures (2 ug each) was
used for random hexamer primed cDNA synthesis using
Moloney murine leukemia virus reverse transcriptase
(Invitrogen). Equal amounts of each cDNA synthesized
(100ng) were used as templates for PCR amplification in a
50-uL reaction volume using Tag DNA polymerase (Invitro-
gen) and 50 pmol of gene-specific primers, which were de-
signed based on the respective GenBank sequence for the
gene examined. The sequences, annealing temperatures, and
product sizes of forward and reverse primers for COL I,
aggrecan (AGC), biglycan (BGC), COL X, osteopontin (OP),
COL I, and glyceraldehyde-3-phosphate dehydrogenase are
listed in Table 1. Amplifications were performed for 35 cy-
cles, and RT-PCR products were visualized on 1.5% agarose
gels containing 0.1ug/mL ethidium bromide and semi-
quantified using Biocapt Image software (Vilber Lourmat,
Eberhardzell, Germany).

Statistical analysis

Data from ELISA, aggregate diameter, and GAG/DNA
content analyses for each marrow preparation were per-
formed on three pellets per group, time-point, and experi-
ment described, with the entire study being repeated on at
least three and up to 10 different marrow preparations
(m=3-10) as indicated in the respective experiments. Semi-
quantitative RT-PCR analyses were performed on RNAs
extracted from 10 aggregates that were pooled for each

TABLE 1. PRIMER SEQUENCES AND PRODUCT SIZES FOR SEMI-QUANTITATIVE REVERSE TRANSCRIPTASE
PoLYMERASE CHAIN REACTION

Reverse Transcriptase-Polymerase Product Annealing Accession Number

Gene Chain Reaction Primer Sequences (5-3") size (bp)  temperature (°C)  (GenBank)/Source

Collagen TI Sense: AACGGTGGCTTCCACTTCAG 580 59 [X024201%°
Antisense: TGCCCAGTTCAGGTCTCTTAGAG

Aggrecan Sense: ACCGATACGAGATCAATG 153 53 [U76615]°
Antisense: CTGTAGTCTGCGCTTGTA

Biglycan Sense: AGGCCCTCGTCCTGGTGAACA 165 63 [S82652]°!
Antisense: GGATGCGGTTGTCGTGGATGC

Collagen X Sense: GCAACAGCATTATGACCCA 340 55 [NM174634]
Antisense: CACCAAAGGAAGCCATCG

Osteopontin Sense: CCGAGGTGATAGTGTGGCTTAC 464 55 [AF4928371>
Antisense: TTCATATTGTCTCCCACCCTG

Collagen I Sense: GCCGAGACTTGAGACTCAGCCACCCA 537 68 [AB008683]™°
Antisense: GATAGGCAGGCGAGATGGCTTGTT TG

Glyceraldehyde-  Sense: AACTCCCTCAAGATTGTCAGCA 553 59 [U85042]>

3-phosphate
dehydrogenase

Antisense: TCCACCACCCTGTTGCTGTA
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group, time-point, and marrow preparation, with the entire  using Ad.GFP- or Ad.Luc-infected cultures were not detected
study being repeated on three different marrow prepara- above the levels observed in the naive controls (<100 pg/mL;
tions. All data are expressed as means + standard deviations. ~ data not shown).
Statistical significance between groups for the aggregate di- For the cultures dually infected at 2.5x10%vp/cell, the
ameter and GAG/DNA data was determined using one-way transgene expression profiles were somewhat different (Fig.
analysis of variance (ANOVA) and Dunnett’s post hoc t-test. ~ 1D-F). At day 3, the levels of secreted product were moder-
A level of p <0.05 was considered significant. ately lower for each transgene thanfor the singly infected
cultures but were still near the 50- to 100-ng/mL range.
Combinations of Ad.IGF-1 with Ad.TGF-B1 or Ad.BMP-2
Results maintained expression of at least 38ng/mL of TGF-I,
18 ng/mL of BMP-2, and 13 of ng/mL IGF-1 through the 21-
day culture period (Fig. 1D, E). Moreover, in Ad.TGF-B1 and
Ad.IGF-1 co-infected cultures, transgene expression was as
To determine whether adherent bone marrow-derived high at day 21 as at day 7 (Fig. 1D). This pattern was not
MSCs can be genetically modified to functionally co-express observed with co-delivery of Ad.TGF-B1 and Ad.BMP-2 (Fig.
2 anabolic transgenes in high-density aggregate culture, first- 1F), although when IGF-1 was co-delivered together with
passage monolayer cultures were infected with recombinant ~ Ad.TGF-B1 and Ad.BMP-2 at 2.5x10%vp/cell, each expres-
Ad.TGF-p1, Ad.BMP-2, or Ad.IGF-1 alone or in combination sion of at least 5ng/mL of TGF-B1, 12ng/mL of BMP-2, and
at viral doses of 2.5x10%vp/cell or 2.5x10° vp/cell (high) as 18 ng/mL of IGF-1 was maintained through the 21-day cul-
indicated in the respective experiments. Control groups ture period (Fig. 1G).
consisted of naive and infected MSC cultures with equivalent To further explore the effect of Ad.IGF-1 co-delivery on
doses of adenoviral vectors encoding Ad.GFP or Ad.Luc. transgenic expression, we incubated monolayer cultures of
Twenty-four-h post-infection, the cells were seeded into ag- MSCs with Ad. TGF-B1 or Ad.BMP-2 at 2.5x10*vp/cell and
gregate cultures, and secreted transgene products were co-infected each with Ad.IGF-1 at a 10 times higher dose of
measured in medium conditioned over a 24-h period at days  2.5x10° vp/cell (Ad.IGF-1 high). As above, the cultures were
3,7,14, and 21. seeded into aggregates, and transgene expression was fol-
Consistent with previous findings,26 cultures infected with  lowed over time. Under these conditions, as seen in Figure
Ad.TGF-B1, Ad.BMP-2, or Ad.IGF-1 alone at 2.5x10*vp/cell  1H-], exceptionally high levels of IGF-1 (>700ng/mL) were
generated approximately 50 to 150ng/mL of gene product generated at day 3 but then had dropped at least 70% at day
per 24h at day 3 post-infection (Fig. 1A—C). The amount of 7. Expression of the TGF-B1 and BMP-2 transgenes was in
respective transgene product steadily decreased thereafter the range of 20 to 80 ng/mL at day 3 and was not prolonged.
and was near background levels at day 21 (Fig. 1A-C). Le- The data in Figure 1 represent means + standard deviations
vels of TGF-B1, BMP-2, and IGF-1 in medium conditioned of three pellets per condition from one marrow preparation;

Transgene expression patterns of MSC aggregates
genetically modified to express multiple growth factors
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FIG. 1. Transgene expression profiles from mesenchymal stem cell (MSC) aggregates after adenoviral-mediated gene
transfer of transforming growth factor beta 1 (TGF-B1), bone morphogenetic protein 2 (BMP-2), and insulin-like growth factor
(IGF) alone and in combination. Values represent levels of transgene product expressed in ng/mL in the conditioned medium
over a 24-h period at days 3, 7, 14, and 21. (A-C) MSC aggregates singly infected with (A) adenoviral-mediated gene transfer
of TGF-B1 (Ad.TGF-B1), (B) Ad.BMP-2, or (C) Ad.IGF-1 at 2.5x10° vp/cell. MSC aggregates infected dually (D-F) or with all
three transgenes (G) at low viral doses with 2.5x10%vp/cell for each vector as indicated. (H-J) MSC aggregates after co-
infection with Ad.IGF-1 at high dose (Ad.IGF-1 high; 2.5x10° vp/cell) and (H) Ad.TGF-p1, (I) Ad.BMP-2, or (J) both at
2.5x10*vp/cell. The data are represented as means + standard deviations of three pellets per condition from one marrow
preparation; similar trends were observed in independent experiments. To indicate differences between marrow samples, the
mean values of three pellets per group and time-point for each of three different marrow preparations tested are shown in
Table 2.
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similar trends were observed in independent experiments
with three different marrow preparations as shown in
Table 2.

Chondrogenic differentiation of MSCs after adenoviral
delivery of TGF-1 and IGF-1

Because primary MSCs were shown to be capable of sus-
tained expression of two different anabolic transgenes after
adenoviral-mediated transduction, we analyzed the effects of
growth factor co-expression on in vitro chondrogenesis of
MSC aggregates. As seen previously,”® medium supplemen-
tation with 10ng/mL of recombinant TGF-B1 protein and
infection of MSCs with Ad.TGF-1 using viral doses sufficient
to generate between 50 and 150 ng of transgene product at day
3 (Fig. 1A) induced a significant chondrogenic response in the
respective aggregate cultures. Strong production of COL II
and proteoglycans, as indicated by immunohistochemistry
and metachromatic staining with toluidine blue, demon-
strated this (Fig. 2A, B).

Aggregates that received Ad.TGF-f1 together with
Ad.IGF-1 at a low dose (2x10%vp/cell) showed significantly
greater chondrogenesis than aggregates receiving Ad.TGF-
B1 alone. Co-delivery of IGF-1 led to larger aggregate size,
greater cellularity, and greater deposition of COL II and
proteoglycan (Fig. 2A, B). Semi-quantitative analyses of
staining performed on six independent marrow preparations
with three aggregates per group per marrow preparation
being analyzed indicated an increase of mean toluidine blue
and COL II staining densities of 1.5 and 1.3 times greater,
respectively, in the Ad.TGF-fl and low-dose Ad.IGF-1
co-infected aggregates than aggregates transduced with
Ad.TGF-p1 alone (Fig. 2A, B). Phenotypic evidence of chon-
drogenesis was not greater when Ad.IGF-1 was used to co-
infect the aggregate cultures at the high dose (2x10°
vp/cell) (Fig. 2A, B).

We used immunohistochemistry to stain for COL X as a
marker for chondrocyte hypertrophy. Staining was primarily
pericellular in the aggregates infected with Ad.TGF-B1 or co-
infected with Ad.TGF-B1 and Ad.IGF-1 (Fig. 2C). Low but
detectable immunostaining for COL I was observed in all
groups (Fig. 2D); no significant differences were noted
between the aggregates.

Chondrogenic differentiation of MSCs after adenoviral
delivery of BMP-2 and IGF-1

Transduction of MSCs with Ad.BMP-2 using viral doses
sufficient to generate between 50 and 150ng of transgene
product at day 3 (Fig. 1B) induced chondrogenesis in ag-
gregate cultures, as demonstrated by strong production of
COL 1II and proteoglycans, as indicated by immunohisto-
chemistry and metachromatic staining with toluidine blue
(Fig. 3A, B). In agreement with previous work,?® under these
conditions, delivery of BMP-2 resulted in larger aggregates
with more-intense staining for proteoglycan and COL II than
TGF-p1 (Fig. 2A, B). Aggregates that received Ad.BMP-2
together with Ad.IGF-1 at a low dose (2x10? vp/cell) showed
significantly greater chondrogenesis than aggregates receiving
Ad.BMP-2 alone. Co-delivery of IGF-1 increased aggregate
size and cellularity and enhanced deposition of COL II
and proteoglycan in these cultures (Fig. 3A, B), with semi-
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quantitative estimates indicating 1.3 times greater mean to-
luidine blue and COL II staining densities in the Ad.BMP-2
and low-dose Ad.IGF-1 co-infected aggregates than in ag-
gregates transduced with Ad.BMP-2 alone (17 =23; m=10).
Chondrogenesis was not greater when Ad.IGF-1 was used to
co-infect the aggregate cultures at the high dose (2x10°
vp/cell) (Fig. 3A, B).

In contrast to the TGF-Bl-expressing cultures (Fig. 2C),
aggregates transduced with Ad.BMP-2 showed more-
abundant staining for COL X throughout the extracellular
matrix (Fig. 3C); staining was most extensive in aggregates
co-infected with low-dose Ad.IGF-1 (Fig. 3C). Correspond-
ingly, the phenotype of the Ad.BMP-2-infected aggregates
appeared more hypertrophic in that the cells were rounder
with greater cytoplasmic volume (Fig. 3). Positive immuno-
staining for COL I was observed in all groups (Fig. 3D), but
no significant differences could be detected between the
aggregates (n=3; m=10).

Influence of adenoviral delivery of IGF-1, or TGF-p1
and BMP-2, or TGF-1 and BMP-2 and IGF-1 on MSC
chondrogenesis

Aggregates of cells transduced with Ad.IGF-1 alone (Fig.
4A, B) or Ad.GFP or Ad.Luc as control (data not shown)
showed no evidence of chondrogenesis, confirming previous
observations.”® Aggregates that received Ad. TGF-B1 together
with Ad.BMP-2 at a low dose (2x10%vp/cell) showed a
chondrogenic phenotype (Fig. 4A, B), but the staining in-
tensities for toluidine blue and COL II were not greater than
in aggregates receiving Ad.TGF-B1 (Fig. 2A, B) or Ad.BMP-2
(Fig. 3A, B) alone. However, when IGF-1 was co-delivered
with Ad.TGF-B1 and Ad.BMP-2 at a low dose (2x10%vp/cell)
for each vector, higher levels of chondrogenesis were ob-
served than with any other groups shown in Figure 4 or than
the single TGF-B1- (Fig. 2A, B) or BMP-2- (Fig. 3A, B)
transduced cultures. Co-delivery of IGF-1 at a low dose
together with TGF-B1 and BMP-2 increased deposition of
COL II and proteoglycan to levels comparable with the other
IGF-1 co-expressing cultures at a low dose approximately 1.3
times for both stains relative to the Ad.TGF-1 or Ad.BMP-2
only transduced groups (Fig. 2 and 3; n=3, m=3-6). In
contrast, chondrogenesis was not enhanced when Ad.IGF-1
was used to co-infect the aggregate cultures at the high dose
(2x10° vp/cell) together with Ad.TGF-B1 and Ad.BMP-2 at
2><102vp/cell for each vector (Fig. 4A, B; n=3, m=3-6).
Immunostaining for COL X was negative in the Ad.IGF-1
alone (Fig. 4C), or Ad.GFP or Ad.Luc (data not shown) in-
fected aggregate cultures. Staining patterns for COL X in the
aggregate cultures receiving Ad.TGF-p1 and Ad.BMP-2, or
Ad.TGF-p1 and Ad.BMP-2 and Ad.IGF-1 (Fig 4C) resembled
that of the single Ad.BMP-2 infected cultures (Fig. 3C), with
abundant staining for COL X throughout the extracellular
matrix, and levels were not enhanced compared to these
cultures (n=3; m=3). Inmunostaining for COL I was de-
tectable at low levels in all groups (Fig. 4D).

Aggregate size and DNA and GAG synthesis

Aggregate sizes estimated using mean aggregate diame-
ters from three aggregates per group from up to 10 different
MSC populations (m =3-10) are presented in Figure 5A. As
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FIG. 2. Chondrogenesis of
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reflected in Figure 5A, aggregates co-infected with low-dose
Ad.IGF-1 were larger than those transduced to express only a
single growth factor. To quantitatively compare extracellular
matrix synthesis between treatment groups, GAG levels in
the aggregates after 21 days in culture were determined and
normalized to DNA content. All aggregates infected with
Ad.TGF-1 or Ad.BMP-2, alone or in combination, showed
significantly greater GAG production than those receiving
Ad.IGF-1 alone (Fig. 5B), Ad.GFP or Ad.Luc (not shown),
aggregates that showed no phenotypic evidence of chon-
drogenesis. Furthermore, aggregates co-infected with low-
dose Ad.IGF-1 and Ad.TGF-Bf1 or Ad.BMP-2 accumulated
significantly more GAG than the other treatment groups (Fig.
5B). These findings correspond with the respective aggregate
sizes shown above and correlate with the respective histo-
logical and immunohistochemical findings (Fig. 2—4).

Time course of chondrocyte marker gene expression

To further examine the apparent synergistic effects of co-
delivery of IGF-1 with TGF-B1 or BMP-2 in the aggregate
cultures, we analyzed the temporal expression profiles of

Io_w

(MSCs) in aggregate culture
after adenoviral-mediated
gene transfer of transforming
growth factor beta 1 (TGF-B1)
alone or in combination with
insulin-like growth factor 1
(IGF-1). Monolayer cultures
of MSCs were infected with
adenoviral-mediated gene
transfer of TGF-f1 (Ad.TGF-
B1) alone at 2.5x 10 vp/cell as
indicated, and certain cultures
were co-infected with Ad.IGF-1
at 2.5x10% or 2.5x10% vp/cell
(low and high doses, respec-
tively, as indicated). At 24h
after infection, the cells were
seeded into aggregates and
cultured for 21 days, and
representative sections are
shown. Control cultures
maintained in the presence of
10ng/mL recombinant hu-
man TGF-B1 are also shown.
(A) Toluidine blue staining for
detection of matrix proteogly-
can (50x magnification,

bar =400 pm). (B) Im-
munostaining for the presence
of collagen type II (COL II),
(C) COL X, and (D) COL I
(100x magnification,

bar =200 pm). Regions of
positive staining show green
fluorescence. Color images
available online at www
Jiebertonline.com/ten.

high _

"

my

genes associated with chondrogenic and osteogenic differ-
entiation. As before, aggregates were infected with Ad.TGF-
B1 or Ad.BMP-2 with or without low-dose Ad.IGF-1. At days
3,7, and 14, aggregates (1 =10) from each group were har-
vested, pooled, and analyzed using RT-PCR (Fig. 6). Mono-
layer cultures of primary chondrocytes (lane CH) and
undifferentiated MSCs (lane MSC) served as controls.

Consistent with the preceding analyses, all of the aggre-
gate cultures tested showed evidence of chondrogenic dif-
ferentiation at the RNA level. The most notable difference
was seen in the early time points, particularly at day 3, when
the aggregates receiving Ad.TGF-p1 and Ad.IGF-1 showed
earlier onset of expression of COL II and AGC and greater
expression of BGC than aggregates transduced with TGF-p1
only(Fig. 6). Correspondingly, at day 3, expression of COL II,
AGC, and BGC was greater in the aggregates co-transduced
with BMP-2 and IGF-1 than in the cultures infected with
BMP-2 only (Fig. 6).

Earlier onset of COL X and OP expression in the aggre-
gates co-expressing IGF-1 and TGF-B1 at day 3, than in the
aggregate cultures transduced with TGF-f1 only also re-
flected evidence of chondrocyte hypertrophy, with greater
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FIG. 3. Chondrogenesis of
mesenchymal stem cells (MSCs)
in aggregate culture after adeno-
viral-mediated gene transfer of
bone morphogenetic protein 2
(BMP-2) alone, and in combina-
tion with insulin-like growth
factor 1 (IGF-1). Monolayer cul-
tures of MSCs were infected with
adenoviral-mediated gene trans-
fer of BMP-2 (Ad.BMP-2) at
2.5%x10% vp/cell, and certain cul-
tures were co-infected with
Ad.IGF-1 at 2.5x10” or
2.5x10%vp/cell (low and high
doses, respectively, as indicated).
At 24 h after infection, the cells
were seeded into aggregates and
cultured for 21 days. Re-
presentative sections from a se-
ries of three experimental
replicates with three pellets per
group per replicate are shown.
(A) Toluidine blue staining for
detection of matrix proteoglycan
(50x magnification, bar =400
pum). (B) Immunostaining for the
presence of collagen II (COL II),
(C) COL X, and (D) COL I (100x
magnification, bar =200 um). (E)
Negative control performed with
non-immune serum instead of
specific primary antibody. Re-
gions of positive staining show
green fluorescence. Color
images available online at
www.liebertonline.com/ten.
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message at day 7 of culture. In the aggregates co-infected
with BMP-2 and IGF-1, COL X expression was markedly
greater at day 3 than with MSC aggregate cultures modified
with single BMP-2 (Fig. 6). Co-infection with Ad.IGF-1 had
no detectable effect on the transcription patterns of the genes
analyzed at days 7 or 14. These results suggest that IGF-1 co-
expression at low dose accelerates and enhances the process
of chondrogenesis but does not delay hypertrophic differ-
entiation.

Discussion

Gene transfer using adenoviral vectors provides a useful
tool to examine and screen the chondrogenic potential of
candidate transgenes in vitro, before their evaluation in ex-
perimental animals in vivo.? We and others have shown
previously that primary MSCs undergo chondrogenesis after
genetic modification with Ad.BMP-2 or Ad.TGF-B1 in ag-
gregate culture in vitro.”**’*% Furthermore the BMP-2,
TGF-P1, or IGF-1 transgenes stimulated cartilage repair when
genetically modified cells were transplanted into chondral
defects in viv0.>*® In the present study, we adapted the
MSC aggregate culture system to determine whether ade-

FIG. 4. Chondrogenesis of
mesenchymal stem cells
(MSCs) in aggregate culture
after adenoviral-mediated
gene transfer of insulin-like
growth factor 1 (IGF-1)
(Ad.IGF-1) alone, bone mor-
phogenetic protein 2 (BMP-2)
and transforming growth fac-
tor (TGF-f1), or BMP-2 and
TGF-B1 and IGF-1. MSC ag-
gregates modified with
Ad.IGF-1 alone at

2.5%10? vp/cell (low dose),
Ad.BMP-2 and Ad.TGF-p1 at
2.5x10%vp/cell, or Ad.BMP-2
and Ad.TGF-B1 at
2.5x10*vp/cell together with
Ad.IGF-1 at 2.5x10*vp/cell
(low dose) or 2.5x10> vp/cell
(high dose) and representative
sections after 21 days of cul-
ture are shown. (A) Toluidine
blue staining for detection of
matrix proteoglycan (50x
magnification, bar =400 um).
(B) Immunostaining for the
presence of collagen II (COL
1I), (C) COL X, and (D) COL I
(100x magnification,

bar =200 pm). Regions of
positive staining show green
fluorescence. Color images
available online at www
Jiebertonline.com/ten.

noviral delivery of multiple growth factor genes can lead to
greater chondrogenesis in vitro.

We found that co-delivery of a low dose of Ad.IGF-1,
capable of generating between 50 and 100ng/mL of trans-
gene expression at day 3 post-infection, accelerated and en-
hanced the chondrogenic response of MSCs to infection with
Ad.TGF-B1, Ad.BMP-2, or both. This is consistent with the
literature, with synergistic effects on chondrogenesis having
been reported for IGF-1 and TGF-B1 in chondrocytes,'*?”~*
MSCs'** and periosteal cells* but also when IGF-1 is co-
administered with other members of the TGF-f super-
family.***™*3 In our experiments co-delivery of Ad.IGF-1 at
low doses with Ad.TGF-f1, Ad.BMP-2, or both resulted in
prolonged expression of the respective transgenes (Fig. 1D,
E, ]). Currently we have no clear explanation for this obser-
vation, because TGF-f1 and IGF-1 are both known to
increase the proliferation rate of MSCs, but because the non-
integrating adenoviral genomes have no mechanism to re-
segregate to daughter nuclei after mitosis, it is somewhat
surprising that transgene expression would show greater
persistence in the presence of stimulation from both growth
factors. Temporal examination of endogenous gene expres-
sion patterns showed that IGF-1 co-expression also led to
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earlier transcription of genes associated with chondrocyte
differentiation. However, this study was limited to the use of
semi-quantitative PCR, and thus conclusions from gene ex-
pression analyses cannot be drawn with complete assurance.

At this point, we cannot determine whether the enhanced
chondrogenic response is due to the apparent earlier onset of
differentiation or the prolonged production of chondrogenic
growth factors; it is most likely that both are important.*’
Nonetheless, toward the long-term goal of effecting cartilage
repair, these results clearly support the sustained co-
administration of IGF-1 with TGF-1, BMP-2, or both.

Our results differ somewhat from those reported by Ha-
nada et al.,'® who found greater chondrogenesis and modu-
lation of hypertrophy when MSC aggregates were cultured in
the presence of recombinant TGF-p1 and BMP-2. We saw no
evidence of greater chondrogenesis or additive effects from
combined delivery of Ad.TGF-B1 and Ad.BMP-2. It is likely
that this discrepancy is due to the different method of protein
delivery, species, and tissue source of MSCs used. In our
previous work, we found that gene transfer provided greater
potency of growth factor activity than equivalent levels of
recombinant pro’cein.26 Furthermore, in the present study, we

used conditions that provided maximal chondrogenic activity
for each vector individually. Because intracellular signal
transduction from TGF-B1 and BMP-2 receptor binding oc-
curs via overlapping SMAD signalling pathways, it is likely
that the chondroinductive activities of each were maximally
activated individually such that an additional related stimu-
lus had little observable effect. Cell signalling for IGF-1,
however, follows different pathways involving the phos-
phoinositide 3-kinase and extracellular-signal-regulated ki-
nase cascades and activates different subsets of genes and
intracellular proteins.** With respect to cartilage, IGF-1 ac-
tivity is most frequently associated with chondrocyte prolif-
eration and enhanced proteoglycan synthesis.” Thus, with
regard to the data presented here, it appears that the TGF-f
superfamily members, TGF-f1 and BMP-2, provide the pri-
mary chondroinductive stimulus that IGF-1 in turn comple-
ments and enhances.

Consistent with our earlier data, co-administration of high
doses of Ad.IGF-1 (2.5x10° vp/cell) with Ad.TGF-B1 or
Ad.BMP2 showed no synergistic chondrogenic effects in the
MSC aggregates (Fig. 2—4). We found previously that ade-
noviral infection was progressively inhibitory to chondro-
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FIG. 6. Temporal patterns of gene expression in genetically modified mesenchymal stem cell (MSC) aggregate cultures.
MSCs were transduced with 2.5x10%vp/cell of the respective adenoviral vectors as indicated, seeded into aggregates, and
maintained in a defined serum-free medium for 3, 7, or 14 days. For each treatment group and time point indicated, RNA was
extracted from 10 aggregates per marrow preparation, and expression of cartilage-specific marker genes was determined
according to reverse transcriptase polymerase chain reaction (RT-PCR) from three different marrow preparations (m = 3).
RT-PCR products from RNA isolated from primary chondrocyte (CH; lane 1) and primary MSCs (lane 2) cultures were used
as comparative controls. The primer sequences, product sizes, and annealing temperatures for collagen II (COL II), aggrecan,
biglycan, COL X, osteopontin, and COL I are listed in Table 1. Band intensities of RT-PCR products between groups and time
points were normalized using the glyceraldehyde-3-phosphate dehydrogenase reaction products. Values are expressed as
fold changes of means + standard deviations of normalized raw data from band density measurements relative to the MSC

controls.

genesis at doses exceeding 1000 vp/cell;*® thus, we attribute

the decreased chondrogenesis to excessive viral load. This is
in agreement with findings of Kawamura et al.*® who re-
ported dose-dependent inhibition of chondrogenesis of
marrow-derived primary MSCs in aggregate cultures when
IGF-1 and TGF-B1 were co-delivered at high doses via ade-
noviral vectors.””

Although IGF-1 increased the amplitude of the response of
the MSCs to TGF-B1 and BMP-2, increasing the cellularity and
matrix synthesis, it did not appear to alter the morphology of
the cells in the respective cultures or the endpoint composition
of the aggregate matrix at 21 days. For example, we found
COL X message in all aggregates stimulated with TGF-p1 or
BMP-2. However, the aggregates receiving TGF-B1 showed
only limited pericellular COL X protein according to immu-
nohistochemistry, and morphologically, the cells in the matrix
showed little evidence of hypertrophy (Fig. 2). The presence of
IGF-1 did not affect this overall pattern. Chondrogenesis in-

duced by BMP-2, with and without IGF-1, was more consis-
tent with end-stage differentiation; a large percentage of the
cells in the aggregates displayed a hypertrophic phenotype,
and the extracellular matrix throughout showed robust
immunostaining for COL X (Fig. 3). This suggests that
co-expression of low-dose Ad.IGF-1 does not inhibit the
progression or extent of chondrocytic differentiation induced
by the respective growth factors. It has been argued that the
detection of COL X mRNA early during MSC aggregate cul-
ture might limit its use as a marker for chondrogenic hyper-
trophy,45—47 and to a large degree our findings agree with this.
From our studies, it appears that the best indicators of hy-
pertrophy are cellular morphology and matrix composition;
simple transcription of COL X is not a strong predictor of
chondrocytic differentiation or hypertrophy.

Because IGF-1,%%” BMP-2,%*8 and TGF-Bl38 haveeachbeen
used successfully in animal models of tissue repair, the pur-
pose of the present study was to explore methods to enhance
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chondrogenesis of primary MSCs using simultaneous deliv-
ery of these transgenes. Although the information gained in
this study provided insight into the interactions between
MSCs and adenoviral vectors and the chondrogenic effects of
different transgenes alone and in combination in vitro, further
in vivo work is required to determine its relevance to cartilage
repair and regeneration. Gene-induced chondrogenesis of
MSCs using multiple genes that act synergistically may enable
the administration of lower viral doses in vivo and facili-
tate genetically expedited cartilage tissue-engineering ap-
proaches® and could thus improve the outcome of gene- and
cell-based therapies for cartilage repair.
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