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Abstract
Objective—To investigate the effect of VEGF stimulation and the effect of blocking VEGF with
its antagonist, sFlt1, on chondrogenesis using skeletal muscle-derived stem cells (MDSCs).

Methods—The direct effect of VEGF on the in vitro chondrogenic ability of mouse MDSCs was
tested using a pellet culture system followed by quantitative real time PCR and histological
analyses. Next, the effect of VEGF on chondrogenesis within the synovial joint was tested using
genetically engineered MDSCs implanted into the rat osteochondral defect. In this model,
MDSCs, transduced with a retroviral vector to express BMP4, were co-implanted with MDSCs
transduced to express either VEGF or sFlt1 (a VEGF antagonist) to provide a gain- and loss-of
VEGF function experimental design. Histological scoring was used to compare cartilage formation
among the treatment groups.

Results—Hyaline-like cartilage matrix production was observed in both VEGF-treated and
VEGF-blocked (sFlt1-treated) pellet cultures, but real-time PCR revealed that sFlt1 treatment
improved the expression of chondrogenic genes in MDSCs that were stimulated to undergo
chondrogenic differentiation with BMP4 and TGF-β3. In vivo testing of articular cartilage repair
showed that VEGF-transduced MDSCs caused an arthritic change in the knee joint, and sFlt1
improved the MDSC-mediated repair of articular cartilage, compared to BMP4 alone.

Conclusion—sFlt1 gene therapy improved BMP4- and TGF-β3-induced chondrogenic gene
expression of MDSCs in vitro, and improved the persistence of repaired articular cartilage by
preventing vascularization and bone invasion into the repaired articular cartilage.

Introduction
Articular cartilage is an avascular tissue with a limited intrinsic capacity for regeneration.
For this reason, tissue engineering techniques to repair articular cartilage have been
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extensively studied, and chondrocyte transplantation already has become a clinical reality
(1–3).

For the repair of large cartilage defects caused by osteoarthritis or rheumatoid arthritis, stem
cells are more attractive than primary chondrocytes because of their superior capacity for
self renewal, proliferation, and resistance to stress (4–6). Several studies have suggested that
stem-like cells can undergo chondrogenesis and repair articular cartilage in experimental
cartilage injury models, including studies using muscle-derived stem cells (MDSCs) (7–11).
Stem cells have recently been used clinically for cartilage repair (12,13).

However, there are still problems surrounding the use of stem cells to repair cartilage. One
of the most important issues is the control of VEGF signaling during the chondrogenic
differentiation of stem cells. Previous research has shown that VEGF treatment prevents
condensation of chondrogenic mesenchyme during early limb bud development through
abnormal vascularization (14). The expression of high levels of VEGF in the terminal stages
of chondrogenesis leads to endochondral ossification through angiogenesis (15,16). Also,
VEGF has been shown to enhance endochondral bone formation elicited by BMP-
transduced MDSCs in an ectopic bone formation model (17). VEGF expression by
chondrocytes in osteoarthritic joints may be related to cartilage destruction (18–24).
Furthermore, high doses of VEGF may induce the onset and progression of arthritis (25–27).
This theory is supported by studies showing that sFlt1 (a VEGF antagonist) treatment
decreased the progression of arthritis in a mouse model (28,29). Together, these results
suggest that VEGF may be a catabolic molecule for cartilage.

Contrary to this interpretation, VEGF has been shown to be necessary for chondrocyte
survival during development. In VEGF conditional knock-out mice, massive cell death was
observed in the joint and epiphyseal regions of cartilage during development (30,31).

Despite these paradoxical results, the effects of VEGF on stem cell-mediated
chondrogenesis in vitro and cartilage repair in vivo have not been rigorously investigated.
Our current study used a gain- and loss-of-function approach based on gene therapy
techniques to ascertain the role of VEGF in stem cell-mediated cartilage repair. Muscle-
derived stem cells (MDSCs) were genetically engineered to express human BMP4, human
VEGF165, or the VEGF antagonist, sFlt1. These cells were used to test the effect of VEGF
on MDSC-mediated cartilage repair in the knee joint in an in vivo osteochondral defect
model. This study was designed to test the hypothesis that increased VEGF expression
within a healing osteochondral defect will inhibit the persistence of repaired cartilage, and
that blocking VEGF signaling using sFlt1 will improve the quality and persistence of
MDSC-mediated cartilage regeneration. The effects of VEGF stimulation and blocking
VEGF signaling with sFlt1 on chondrogenesis was studied, not only with respect to the stem
cells’ intrinsic chondrogenic capacity, but also within the more complex in vivo environment
that includes interactions with synovia, subchondral bone, and adjacent cartilage in the knee
joint.

Materials and Methods
Isolation of primary MDSCs

MDSCs were isolated from the hind-limb skeletal muscle of 3-week-old male C57BL-10J
mice, (Jackson Laboratory, Bar Harbor, ME) via a modified preplate technique that has been
previously described by our laboratory (5).
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Retroviral transduction
Retroviral vectors expressing human BMP4 (retro-BMP4), VEGF (retro-VEGF), or sFlt1
(retro-sFl-1) were generated by replacing the U3 in the 5’ LTR with the human
cytomegalovirus promoter as previously described (8,17). MDSCs were transduced
separately with these retroviral vectors at an MOI of 5 in the presence of 8 µg/ml polybrene.
The transduced cells were expanded for 2 weeks before being used in experiments and
conditioned media was sampled to determine transgene expression.

The level of BMP4 secreted from the transduced cells was estimated with a BMP4 bioassay
as previously described (32). The levels of VEGF or sFlt1 secreted from the transduced cells
were measured using ELISA kits (R&D Systems Inc. Minneapolis, Minnesota, USA).

In vitro chondrogenesis - pellet culture
Pellet culture was done as described previously (33). Cell pellets were made with the
following: 1) 1.4×105 of nontransduced MDSCs and 1.4×105 of BMP4-expressing MDSCs
(BMP4 group); 2) 1.4×105 VEGF-expressing MDSCs and 1.4×105 BMP4-expressing
MDSCs (BMP4+VEGF group); 3) 1.4×105 sFlt1-expressing MDSCs and 1.4×105 BMP4-
expressing MDSCs (BMP4+sFlt1 group); 4) 2.8×105 primary chondrocytes derived from the
mouse knee (Chond group); and three more groups (5, 6, and 7) were created using 2.8×105

nontransduced MDSCs. Pellets from Groups 1–4 were cultured in 0.5 ml of chondrogenic
medium (CM) that contained DMEM supplemented with 1% penicillin/streptomycin,
10−7M dexamethasone, 50 µg/ml ascorbate-2-phosphate, 40 µg/ml proline, 100 µg/ml
pyruvate, and 1% BD™ ITS+Premix (Becton-Dickinson; Franklin Lakes, NJ) with 10ng/ml
of transforming growth factor-beta 3 (TGF-β3; R&D Systems). Pellets in Group 5 (made
with nontransduced cells) were cultured in chondrogenic medium without the TGF-β
supplement (C group). Group 6 pellets were fed with chondrogenic medium without TGF-β
but with 50ng/ml BMP4 added (C+B4 group). Finally, Group 7 pellets were fed with
chondrogenic medium, supplemented with 10ng/ml of TGF-β (C+T group). All pellets were
incubated at 37°C in 5% CO2, and the medium was changed every 2 to 3 days. Pellets were
harvested after 7, 14, and 28 days in culture.

Alcian blue staining
Pellets were fixed overnight in 10% neutral buffered formalin, dehydrated, embedded in
paraffin, and sectioned in 5-µm-thick slices. Pellet sections were deparaffinized, placed in
3% acetic acid for 3 minutes, and transferred into Alcian blue solution for 30 minutes. The
slides were then rinsed with running tap water for 10 minutes and counterstained with
nuclear fast red.

Real-time PCR analysis of pellet cultured cells
mRNA was isolated using the RNeasy Plus Kit (Qiagen, Valencia, CA), according to the
manufacturers instructions. After RNA extraction, quantitative real-time PCR (qPCR)
analysis was carried out as described previously (34,35). Gene expression levels were
calculated based on the ΔCT method (separate tubes). All target genes were normalized to
the reference housekeeping gene, 18S. 18S primers and probes were designed by and
purchased from Applied Biosystems (Foster City, CA). Primers and probes were designed
for type II collagen, sox9, and type X collagen according to genbank sequence
(Supplemental material). All target gene primers and probes were purchased from Integrated
DNA Technologies, Inc (Coralville, IA).

Each experimental value is reported as the mean of triplicate treatments ± SEM. For qPCR
assays, the coefficient of variation (COV) was calculated from three assay replicates. For all
treatment groups and target genes analyzed, the COV did not exceed 3%. One-way ANOVA
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followed by Tukey-Kramer’s post hoc test using Stat View software was performed to
determine significance among treatment groups. P values less than 0.05 were regarded as
statistically significant.

Repair of osteochondral defects
The policies and procedures of our animal laboratory are in accordance with those published
by the U.S. Department of Health and Human Services. The research techniques used for
these experiments were approved by the Animal Research and Care Committee at Children's
Hospital of Pittsburgh. Twenty-eight, 10-week-old nude rats (NIH-Whn NIHRNU-M;
Taconic, NY, USA) were used in this study. The animals were anesthetized via exposure to
3% isofluorane and O2 gas (1.5 liter/minute) delivered through an inhalation mask. The knee
joint was exposed by medial parapatellar approach, and the trochlear groove was exposed by
lateral dislocation of the patella. A 1.8 mm outer diameter trephine drill was used to create
an osteochondral defect (1.8 × 2.0 mm) in the trochlear groove of each femur. Mouse
skeletal muscle-derived stem cells were mixed with fibrin glue (Tisseel VH; Baxter
Healthcare Co, Hyland Immuno, Glendale, CA) before transplantation. The animals were
divided into 7 treatment groups, and the defects in each group were treated as follows: 1)
Group 1 (no cell control) rats were treated with acellular fibrin glue; 2) Group 2 (MDSC
group) rats were treated with 500,000 MDSCs embedded in fibrin glue; 3) Group 3 (VEGF
group) rats were treated with 250,000 MDSC-VEGF cells plus 250,000 MDSCs embedded
in fibrin glue; 4) Group 4 (sFlt1 group) rats were treated with 250,000 MDSC-sFlt1 cells
plus 250,000 MDSCs embedded in fibrin glue; 5) Group 5 (B4 group) rats were treated with
250,000 MDSC-B4 cells plus 250,000 MDSCs embedded in fibrin glue; 6) Group 6
(B4+VEGF group) rats were treated with 250,000 MDSC-B4 cells plus 250,000 MDSC-
VEGF cells embedded in fibrin glue; and, 7) Group 7 (B4+sFlt1 group) rats were treated
with 250,000 MDSC-B4 cells plus 250,000 MDSC-sFlt1 cells embedded in fibrin glue. Four
defects (two rats) were made for each group (n=4). The rats were allowed to move freely
within their cages after surgery. Rats were euthanized 8 and 16 weeks after surgery. Groups
including those receiving VEGF treatment were killed 8 weeks after surgery because the
deterioration of the knee joint impaired the animal’s ability to move freely.

Histological evaluation of cartilage repair
After qualitative macroscopic examination, 4 distal femora per group per time point were
dissected and fixed with 10% neutral buffered formalin for 48 hours, followed by
decalcification with 10% EDTA for 2 weeks and paraffin embedding. Sagittal sections, 5
µm in thickness, were obtained from the center of each defect and stained with Safranin O-
fast green. The histological grading scale described by Sellers (36) was used to evaluate the
quality of the repaired tissue. All data were expressed as the mean ± SD. Differences of each
category and total score were analyzed by Kruskal-Wallis and Mann-Whitney U tests using
SPSS software (SPSS v12.0.1). P values less than 0.05 were regarded as significant.

Results
Expression of BMP4, VEGF, and sFlt1, from transduced MDSCs

To ensure that we had successfully transduced the cells and induced protein secretion, we
tested the supernatant collected from transduced or nontransduced cells using either an
activity bioassay (for BMP) or ELISA (for VEGF and sFlt1). MDSCs transduced with retro-
BMP4 secreted 327 ng/106cells/24hours as detected by BMP4 bioassay. MDSCs transduced
with retro-VEGF secreted human VEGF at an average level of 1.14 ± 0.05 µg/106cells/
24hours, compared to the nontransduced MDSCs that secreted 750 ± 12.2 pg/106cells/
24hours of mouse VEGF.. Retro-sFlt1 transduced MDSCs secreted sFlt1 at a level of 2.1 ±
0.004 ng/106cells/24hours.
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In a separate set of experiments, 2.5×105 transduced or nontransduced cells were cultured in
3D micromass pellet culture for 48 hours, the medium was collected, and VEGF expression
was tested using ELISA. It was observed that medium from nontransduced MDSC pellets
contained 409.0 ± 49.4 ng/ml of VEGF which was significantly more than primary
chondrocytes (226.7 ± 53.8 ng/ml) and significantly less than cells transduced to express
BMP4 (B4 cells, 592.9 ± 52 ng/ml).

Neither VEGF nor sFtl1 adversely affect the chondrogenic differentiation of MDSCs
Histological analysis was used to test whether the different mixtures of transduced and
nontransduced cells were capable of undergoing chondrogenic differentiation in vitro.
Histological analysis of tissues stained with Alcian blue showed that all the pellets from
every group contained some well-differentiated, round chondrocytic cells and showed some
level of hyaline-like cartilage extracellular matrix production, evidenced by positive Alcian
blue staining (Figure 1A). Nontransduced control MDSCs (C cells, Figure 1A) showed the
least intense staining whereas primary chondrocytes (Chond, Figure 1A) showed the largest
amount of Alcian blue-positive extracellular matrix. Among the treatment groups, the
B4+VEGF pellets showed evidence of chondrocyte formation peripherally with a region of
fibrous, non-cartilagenous tissue near the center of the pellet, especially after 28 days in
culture (B4+VEGF, Figure 1A). Together, these results suggest that neither VEGF or sFlt1
inhibit the intrinsic chondrogenic capacity of MDSCs.

In order to assess the expression of several chondrogenic marker genes under the different in
vitro experimental conditions, we performed qPCR analysis. The B4+sFlt1 group showed
significantly greater type II collagen and sox9 gene expression than the B4 and B4+VEGF
groups at all time points and showed higher type X collagen gene expression than the
B4+VEGF group at 7 and 28 days (Figure 1 B–E). The B4+VEGF group showed
significantly higher type II collagen gene expression than the B4 group at 14 days (Figure
1B). It was also observed that expression of type II collagen decreased over time in the
B4+sFlt1 group; however, a similar trend was observed in the primary chondrocyte control
pellets (Chond, Figure 1B). Type 1 collagen expression increased over time in B4,
B4+VEGF, and in Chond groups, but remained constant in B4+sFlt1 group (Figure 1E).

VEGF treatment leads to arthritic progression in knee joint
In order to generally assess the effects of our different treatments, we performed a
qualitative gross analysis of the knee joint after 8 or 16 weeks postoperatively. At 8 weeks
after surgery, the B4+VEGF group showed the appearance of arthritic progression (Figure
2A). In the VEGF-treated group, similar arthritic progression was observed.. Groups that
were not treated with cells expressing VEGF showed no signs of arthritis 8 weeks after
surgery (Figure 2A). Defects in the B4, B4+VEGF, and B4+sFlt1 groups showed good
coverage of the defect by cartilaginous tissue that was well integrated with the surrounding
cartilage. Defects in groups that were not treated with BMP4-expressing cells were covered
by connective tissue and the surfaces of those defects were concave compared to
surrounding normal convex cartilage (Figure 2A). Between 8 and 16 weeks after surgery,
the knees treated with cells expressing VEGF showed high levels of joint destruction,
inhibiting the animal’s normal movement. Therefore, the animals in the VEGF and
B4+VEGF groups were removed from the study before the 16 week postoperative time
point.

Sixteen weeks after transplantation, defects that were not treated with BMP4-expressing
cells appeared to be rough, and the margin between the defects and the surrounding cartilage
could be clearly identified (Figure 3A). Defects in the B4 and B4+sFlt1 groups still
contained smooth repaired tissue that was well integrated with the surrounding cartilage.
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However, the B4 group showed some mild cartilage erosion (B4, Figure 3A, B4, white
arrow).

Safranin O staining reveals improved cartilage formation in sFlt1-treated group
We used Safranin O staining to highlight the glycosaminoglycan content in the repaired
region as an indicator of overall cartilage health. Eight weeks after transplantation, defects in
the B4 and B4+sFlt1 groups contained Safranin O-positive hyaline cartilage and the
subchondral area was replaced by bone or cartilage, whereas defects in groups that were not
treated with BMP4-expressing cells (no cell control, MDSC only, VEGF, and sFlt1 groups)
were covered and filled with undifferentiated mesenchymal tissues or fibrous tissues (Figure
2B). Groups treated with VEGF expressing cells (VEGF and B4+VEGF groups) showed
evidence of mild destructive events including pannus invasion, osteolysis, and cyst
formation in subchondral bone area, although the B4+VEGF group did show Safranin O-
positive hyaline cartilage repair near the articular surface.

Sixteen weeks after transplantation, defects in the no cell control group showed eburnated
bone covered by thin fibrous tissue (Figure 3B). The MDSC-treated defects showed
undifferentiated fibrous tissue, while the sFlt1-treated group showed the presence of
cartilaginous tissue which stained slightly positive with Safranin O. The B4 and B4+sFlt1-
treated defects were covered by Safranin O-positive cartilage. However, the B4 group
showed less Safranin O-positive cartilage area compared to the B4+sFlt1 group.

Histological scoring supports the usefulness of blocking VEGF for cartilage repair
We evaluated articular cartilage repair semi-quantitatively using a previously described
histological grading system in order to better characterize the types of tissues that formed
within the defects. In this system, seven histological categories (filling of defect, integration
to adjacent tissue, Safranin O staining, cellular morphology, architecture within defect,
architecture of surface, subchondral bone replacement, and tidemark formation) are
evaluated and scored. The total score ranges from 0 points (normal articular cartilage) to 31
points (no repair).(36)

In general, 8 weeks after implantation, defects treated with BMP4 showed improved healing
compared to defects that were not treated with BMP4 (Figure 4, Table). Of these groups
treated with BMP4, the defects that were also treated with cells expressing sFlt1 (B4+sFlt1)
showed the lowest scores, suggesting that the repaired cartilage was most histologically
normal in this group.

The total score of the B4+sFlt1 group was significantly lower (histologically more similar to
normal, undamaged cartilage) than all the other groups (Figure 4, Table). The score of the
B4 group was lower than the control, the MDSC, and the sFlt1-only groups. Also, the score
of the sFlt1 group was lower than the control group.

Discussion
VEGF signaling has been shown to play important roles during endochondral bone
formation, apoptosis, osteophyte formation, and cartilage destruction in the osteoarthritic
joint (15,16,18–24). Furthermore, VEGF has been shown to be one of the most important
factors that can cause arthritis (25–27). This data supports the idea that VEGF is related to
cartilage destruction. However, it also has been shown that VEGF is important for stem cell
and chondrocyte survival during limb bud development (30,31) and that blocking VEGF
signaling can suppress BMP4 induced endochondral bone formation by MDSCs (17).
Therefore, the role of VEGF during stem cell-mediated chondrogenesis needs to be better
understood.
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To gain insight into the paradoxical effects of VEGF, in the current study, we first tested the
in vitro chondrogenic ability of MDSCs using a 3-dimensional pellet culture system in
chondrogenic medium with 10 ng/ml of TGF-β3. Using this system, it was possible to
determine the direct effect of VEGF on the intrinsic capacity of MDSCs to undergo
chondrogenic differentiation. Specifically, the system enabled the determination of whether
VEGF secretion by differentiated chondrocytes can cause intrinsic cartilage resorption and
whether inhibition of VEGF signaling by sFlt1 could prevent the chondrogenic
differentiation of the MDSCs. Hyaline cartilage-like matrix production was observed
through histological evaluation of the B4+VEGF pellets, as evidenced by Alcian blue-
positive staining after 7, 14, and 28 days in culture (Figure 1A). Also, it was observed that
co-culture of VEGF-expressing cells along with BMP4-expressing cells did not alter the
expression of chondrogenic genes (type II collagen, type X collagen, and sox9) compared to
BMP4 alone (Figure 1B, C). These results suggest that VEGF does not prevent the
chondrogenic differentiation of BMP4-transduced MDSCs in pellet culture after stimulation
with chondrogenic medium containing 10 ng/ml of TGF-β3. These results seem to be in
agreement with previous research that studied the effect of VEGF on micromass culture of
mesenchymal cells from the chicken limb bud (14). More importantly, it was observed that
the presence of sFlt1-expressing cells within the pellets further enhanced the chondrogenic
differentiation of BMP4-expressing MDSCs at all time points, both histologically (Figure
1A) and by gene expression (Figure 1B, C). These results suggest that blocking VEGF with
sFlt1 does not prevent in vitro chondrogenesis of BMP4-transduced MDSCs in pellet
culture, and, in fact, improves the expression of chondrogenic marker genes by MDSCs
induced to undergo chondrogenic differentiation. Although sFlt1 does not block the
expression of VEGF by the MDSCs, it blocks VEGF activity after it is secreted, suggesting
either a potential beneficial effect of blocking VEGF activity on chondrogenesis or that sFlt1
influences chondrogenesis through an unknown mechanism independent of VEGF.

Secondly, this study employed an in vivo transplantation experiment to provide information
about the effect of VEGF on the BMP4-induced chondrogenic ability of MDSCs using a
gain- and loss-of VEGF function experimental design. MDSCs were exposed to the more
stressful environment of the synovial joint where matrix production is normally strongly
suppressed. In addition, a complete assessment of healing can be obtained in this model
because the local environment in which we must elicit cartilage regeneration was preserved.

Eight weeks after surgery, the BMP4-treated groups, regardless of the presence or absence
of VEGF activity, showed better cartilage repair, macroscopically, on the surface of the
defect than groups not treated with BMP4 (Figure 2 A), and the repaired tissue seemed to
resemble hyaline cartilage by Safranin O staining (Figure 2B; Table). The difference in the
histological scores between the three BMP4-treated groups was mostly due to the pannus
invasion into the subchondral region and the osteolysis of the subchondral bone which
affected the histological scores of “architecture within defect” and “subchondral bone
formation” (Figure 2B; Table). This result suggests that even in the synovial joint, VEGF
will not prevent the BMP4-induced chondrogenesis mediated by MDSCs, but that VEGF
can cause osteolysis and pannus invasion through the activation of cells related to osteolysis
and synovial hypertrophy. However, the VEGF-treated groups were given markedly worse
total scores than groups that had no VEGF treatment or that had sFlt1 treatment (Table). On
the other hand, interestingly, when comparing the B4+VEGF group to the VEGF group,
osteophyte formation was only seen in the B4+VEGF group, although both groups
commonly showed arthritic development including increased joint fluid amount, synovial
hypertrophy, and pannus invasion into cartilage and bone (Figures 2A, B). Regardless of the
presence or absence of BMP4 treatment, the results suggest that treatments for articular
cartilage repair that involve VEGF should be avoided.
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Sixteen weeks after surgery, BMP4-treated groups showed improved healing compared to
the groups that were not treated with BMP4 both macroscopically and microscopically
(Figure 3B; Table). This result supports our previous report (8). In addition, the B4+sFlt1
group showed significantly better histological scores than that of the B4 group, which
resulted from improved scores in the “cellular morphology”, “subchondral bone formation”,
and “tidemark formation” categories. These scores are affected by the invasion of bone into
regions that were cartilaginous 8 weeks after surgery (Figure 3A, B; Table). The improved,
but sub-optimal repair of cartilage through the addition of BMP-expressing cells has been
suggested in previous reports (37). The inhibition of vascular invasion by sFlt1 could be a
factor that led to improved scores in these categories. Moderate osteophyte formation was
observed only in the B4 group. It is possible that endogenous VEGF expression combined
with BMP4 treatment might play a role in the formation of osteophytes as time progresses.

The results of the current study are consistent with previous publications that demonstrated
that VEGF triggers cartilage destruction (18–24). Furthermore, this study suggests that the
destruction observed following the implantation of VEGF expressing cells was caused by
extrinsic environmental changes rather than through direct effects on the chondrogenic
differentiation of the implanted MDSCs. This hypothesis is supported by the observation
that the addition of VEGF did not inhibit MDSCs from undergoing chondrogenic
differentiation in vitro (Figure 1).

On the other hand, sFlt1 improves BMP4- and TGF-β3-induced chondrogenic gene
expression of MDSCs in vitro, and improves the persistence of repaired articular cartilage
by preventing angiogenesis that can lead to invasion of bone into the cartilage.

However, in this study, no differences were found between any of the groups in the
histological score of “architecture of surface.” This result suggests that factors other than
BMP or VEGF are needed to fully repair the cartilage at the articular surface.

In conclusion, sFlt1 treatment combined with BMP4 treatment of muscle-derived stem cells
is a potential therapy for cartilage repair that may improve the quality and persistence of
repaired articular cartilage.
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Figure 1.
(A) Alcian blue staining of pellets (100X). Hyaline cartilage-like Alcian blue-positive
matrix was found in pellets created with chondrocytes (Chond) or muscle-derived stem cells
transduced to express BMP4 (B4), a mixture of cells expressing BMP4 or VEGF
(B4+VEGF), and in pellets with a mixture of cells expressing BMP4 or sFlt1 (B4+sFlt1).
Nontransduced cells (C) with BMP4 (C+B4) or TGF-β (C+T) added to the medium did not
show similar matrix formation. Chondrocyte-like, round cells were observed in all
transduced groups (B4, B4 +sFlt1, B4+VEGF) and at all time points (7, 14, and 21 days) but
not in control pellet cultures (C, C+B4, C+T). The B4+sFlt1 group contained more
chondrocyte-like cells at all time points compared to the other groups. (B–E) Graphs
showing qPCR data performed on 3D pellet cultured cells. Pellets created with a mixture
of MDSCs expressing BMP4 or sFlt1 (B4+sFlt1) demonstrated significantly higher typeII
collagen and sox9 gene expression than other groups at all time points in culture. There was
significantly more type X collagen expression in the B4+sFlt1 group compared to the
B4+VEGF group at 7 and 28 days * (P< 0.05). Type 1 collagen expression was highest in
the B4+VEGF group at all time points.
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Figure 2.
(A) Macroscopic pictures of osteochondral defects 8 weeks after transplantation.
Grossly, the defects treated with either BMP4 (B4) or a mixture of BMP4 and sFlt1
expressing cells (B4+sFlt1) appeared more similar to the surrounding cartilage. Also, both
groups treated with VEGF (VEGF, B4+VEGF) showed evidence of cartilage destruction.
(B) Histophotomicrographs showing Safranin O staining of defect areas 8 weeks
postoperatively. High magnification (top, 200X) and lower magnification (bottom, 50X)
images are shown for each of the treatment groups. Large areas of Safranin O-positive
cartilage were noted in all defects treated with BMP4 (B4, B4+VEGF, B4+sFlt1). Although
the defects treated with VEGF and BMP4 expressing cells (B4+VEGF) showed Safranin O-
positive cartilage, they also showed damage in other regions of the joint.

Kubo et al. Page 12

Arthritis Rheum. Author manuscript; available in PMC 2011 April 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
(A) Macroscopic pictures of osteochondral defects 16 weeks after transplantation.
Gross inspection showed that the defects treated with BMP4 (both B4 and B4+sFlt1)
appeared to be healed with cartilagenous tissue that resembled the surrounding articular
cartilage. (B) Histophotomicrographs showing Safranin O staining of defect areas 16
weeks postoperatively. High magnification (top, 200X) and lower magnification (bottom,
50X) images from each of the treatment groups. Both groups treated with BMP4-expressing
cells (B4 and B4+sFlt1) showed some Safranin O-positive tissue in the defect region. The
defects treated with a mixture of cells expressing either BMP4 or sFlt1 (B4+sFlt1) showed
the best repaired tissues based on histological analysis.
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Figure 4.
(A) Sellers Histological Score totals for samples analyzed 8 weeks after surgery. Scores
were significantly lower (see Table for categorized scores) in B4 and B4+sFlt1 groups and
significantly higher for B4+VEGF group (P<0.05). (B) Sellers Histological Score for
samples analyzed 16 weeks after surgery. Statistical analysis of the total scores (see Table
for categorized scores) showed that B4+sFlt1 had significantly lower scores than all other
groups tested (P<0.05).
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