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Seed cells of articular cartilage tissue engineering face many obstacles in their application because of the dedifferentiation of
chondrocytes or unstable chondrogenic differentiation status of pluripotent stem cells. To overcome mentioned dilemmas, a
simulation of the articular cartilage microenvironment was constructed by primary articular cartilage cells (pACs) and acellular
cartilage extracellular matrix- (ACECM-) oriented scaffold cocultured with human umbilical cord Wharton’s jelly-derived
mesenchymal stem cells (hWWJMSCs) in vitro. The coculture groups showed more affluent cartilage special matrix ingredients
including collagen II and aggrecan based on the results of histological staining and western blotting and cut down as many
pACs as possible. The RT-PCR and cell viability experiments also demonstrated that hWJMSCs were successfully induced to
differentiate into chondrocytes when cultured in the simulated cartilage microenvironment, as confirmed by the significant
upregulation of collagen II and aggrecan, while the cell proliferation activity of pACs was significantly improved by cell-cell
interactions. Therefore, compared with monoculture and chondrogenic induction of inducers, coculture providing a simulated
native articular microenvironment was a potential and temperate way to regulate the biological behaviors of pACs and
hWJMSCs to regenerate the hyaline articular cartilage.

1. Background

The articular cartilage plays an important role in load distri-
bution, reducing friction, and pain-free movement [1]. How-
ever, an injured articular cartilage is rarely self-healing
because of limited in situ cell migration in dense cartilage tis-
sue and the lack of nutrient supplies, thus osteoarthritis will
develop over time [2, 3]. Tissue engineering combined with
seed cells, biomaterials, and cytokines is one of the most
promising ways to repair and regenerate the articular carti-
lage and avoid the progress of osteoarthritis. Seed cells, the

core elements of tissue engineering, determine the regenera-
tive tissue properties and function. Mesenchymal stem cells
(MSCs) derived from different connective tissue and articular
cartilage cells (ACs) are the main sources for articular carti-
lage tissue engineering [4, 5].

In general, in order to construct the hyaline cartilage, the
MSCs need to differentiate into chondrocytes by adding
chondrogenic inducers or transferring chondrogenic genes,
such as TGF-f [6, 7]. After cultivation in the presence of
chondrogenic inducers in vitro for a certain amount of time,
MSCs were observed to differentiate into chondrocytes;
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cartilage-specific genes and proteins were upregulated, such
as collagen IT and aggrecan. However, the induced chondro-
cytes hardly stayed in this special status because of inade-
quate induction leading to fibrocartilage or hypertrophic
chondrocytes resulting in overcalcified cartilage instead of
hyaline articular cartilage [8-11]. It is difficult to measure
(i) the optimal dose of chondrogenic inducer, (ii) the optimal
cultivation time, and (iii) the optimal degree of upregula-
tion of chondrocyte-associated genes. Therefore, the in vivo
generation of hyaline articular cartilage containing stable
differentiated chondrocytes remains a challenge. Chondro-
cytes have also been identified as potential seed cells for artic-
ular cartilage tissue engineering. Autologous chondrocyte
implantation (ACI) was widely studied and applied in clini-
cal settings to treat damaged articular cartilage [8, 12]. Pri-
mary articular cartilage cells (pACs) have to be isolated
from the articular cartilage tissue and cultured in vitro to
obtain sufficient quantities to construct tissue engineering
cartilage. Brittberg and his group first published ACI tech-
nology to repair deep cartilage defects in the femorotibial
articular surface of the knee joint in 23 patients and believed
that cultured autologous chondrocytes can be used in clinic
[13]. Peterson et al. found hyaline cartilage formation from
ACl in several patients based on safranin “O” staining results
[14]. Furthermore, the superiority of cartilage regeneration
by matrix-applied (I/III collagen membrane) characterized
autologous cultured chondrocytes (MACI) over micro frac-
turing has been demonstrated by Saris and his group using
a two-year follow-up of a prospective randomized trial [15,
16]. Many studies reported that chondrocytes underwent
dedifferentiation after many passages, as it was observed
that the cells lost their native hyaline cartilage phenotype.
Passage-dependent dedifferentiation of chondrocytes was
first published by Dell’Accio et al. who found that the
finite capacity to form stable cartilage in vivo using a nude
mouse model would be lost through passaging [17]. This
was also an essential reason behind the inferior cartilage
repair in vivo [18].

In recent years, to solve the problems of the unstable sta-
tus of MSCs induced towards chondrogenic differentiation
and the insufficient cell resources and dedifferentiation of
articular cartilage cells, coculture of MSCs and chondrocytes
has been suggested to effectively overcome the mentioned
obstacles and acquire hyaline cartilage repair and regenera-
tion. In the coculture system, a microenvironment greatly
influences their biological behavior (including proliferation,
differentiation, and phenotype maintenance) by biostimula-
tion of cell-cell, cell-extracellular matrix, and cell-cytokine
interactions [19-21]. Some reports demonstrated that com-
panion cells (such as MSCs) secrete trophic or cell-cell
communication factors to promote proliferation and delay
dedifferentiation of cartilage cells while chondrocytes can
induce the differentiation of multiple potentially different
MSCs to chondrocytes without the need to add an inducer
[11, 22]. Besides, coculturing reduces the required amount
of cartilage tissue, decreases the in vitro culture time, and
lowers the degree of chondrocyte degeneration [18]. How-
ever, some studies showed that coculture only exerted uni-
directional trophic effect of MSCs on chondrocytes [23, 24].
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Those differences probably were attributed to the com-
plex microenvironment that (i) comprises a milieu of bio-
chemical, biomechanical, and bioelectrical signals derived
from the surrounding cells, the extracellular matrix (ECM),
and soluble factors and (ii) regulates cell metabolism
and function.

In our previous research, hWJMSCs evoked a very low
immune response and repaired full-thickness articular carti-
lage defects in a New Zealand white rabbit model [25-27].
Some research showed that hWJMSCs possessed better
chondrogenic differentiation capacity compared with BMSCs
[28-30]. ACECM-oriented scaffold was preciously manu-
factured in our laboratory, retained an amount of native
articular cartilage extracellular matrix components and ori-
ented structure, and showed good biocompatibility and
safety in animal models [31-33]. In this study, we attempt
to reproduce the in situ articular cartilage microenviron-
ment using unpassaged pACs, possessing native phenotype
and an ACECM-oriented scaffold, which presumably stimu-
lates a partially damaged microenvironment for cocultured
hWJMSCs to construct tissue engineering hyaline cartilage
by inducing chondrogenic differentiation. The changes in
the biological behavior of the cells were detected in vitro.

2. Coculture Studies In Vitro

2.1. Isolation, Culturing, and Identification of hWJMSCs
and pACs. The acquisition of fresh human umbilical cords
and implementation of animal experiments were consented
and approved by the Chinese PLA General Hospital (Beijing,
China) Ethics Committee. The details of hWJMSC isola-
tion were previously described using micromass mesenchy-
mal tissue placed in a culture dish with DMEM/F12 (10%
FBS) [25]. The cells were collected after the third passage
using 0.05% Trypsin-EDTA (Invitrogen) and identified
by flow cytometry. Cells were stained with anti-human anti-
bodies against the following cell surface markers: CD73-PE,
CD90-PE, CD105-PE, CD34-PE, CD45-Percp, and HLA-
DR-FITC (10 uL).

The pACs were isolated from the articular cartilage tissue
in femoral condyles of healthy adult goats under aseptic and
painless conditions using type II collagenase after cutting
into small pieces, which was approved by the Institutional
Animal Care and Use Committee of the Chinese PLA Gen-
eral Hospital. When the cells reached about 70% confluency
culturing in DMEM/F12 (10% FBS) medium, types I and II
collagen immunofluorescence staining was performed to
identify the characteristics of the cells derived from the artic-
ular cartilage tissue. The primary antibodies against collagen
I (ab23446, Abcam, England), collagen II (ab34712, Abcam,
England), secondary antibodies of donkey anti-mouse IgG
H&L (Alexa Fluor® 594), and Donkey anti-rabbit IgG H&L
(Alexa Fluor® 488) were used in this assay.

2.2. Cell Scaffold Complex. hWJMSCs and pACs were mixed
in suspension (10”cells/100 uL) at the following ratios:
100:0, 75:25, 50:50, 25: 75, and 0: 100 before dropping into
an ACECM-oriented scaffold to construct the cell scaffold
complex. The production of the ACECM-oriented scaffold
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was described previously [31]. The specifications of the scaf-
fold are 1 mm thickness and 6.5 mm diameter. Cell scaffold
complexes were cultured in DMEM/F12 (10% FBS) at 5%
CO,, 37°C.

2.3. Gross Morphology and Histology Evaluation. After cocul-
turing for 1 week and 3 weeks, the evaluations of the gross
morphology (color and shape) of the cell scaffold complexes
were performed. Then, the engineering tissue of cell scaffold
complexes was embedded in optimum cutting temperature
compound (OCT, CellPath, England) and cut into slices of
8 um. All the slices were fixed in acetone for 15 minutes,
rinsed under running water, and then stained with H&E
and safranin “O” to evaluate the cell distribution and struc-
tural features including the amount of proteoglycan which
is a marker of chondrocyte matrix production, respectively.
To determine the cartilage characteristics of the cell scaffold
complexes, immunofluorescence experiments were con-
ducted. The sections were stained with primary antibodies
(Abcam, England) against collagen I (1:100; ab23446) and
collagen II (1:100; ab34712) at 4°C overnight. After 60
minutes of incubation with secondary antibodies and 3
minutes of counterstaining of nuclei with Hoechst 33258
(Molecular Probes, Eugene, OR), images were taken using
an Olympus fluorescence microscope.

2.4. Western Blot Analysis. Total protein extracts of cells
scaffold complexes from each group were prepared for west-
ern blot analysis using the BCA protein assay kit (Hyclone
Pierce, USA). The same amounts of cell lysates were loaded
for SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene fluoride (PVDF) mem-
brane. Immunoblotting was coupled with fluorescent signal
detection using the ECL western blotting substrate kit
(BioVision). The integral optical density was counted by
Quantity-One software of a Gel-Doc imaging system. The
following antibodies were used for this study: anti-aggrecan
(ab3773, 1:100; Abcam); anti-collagen I (ab23446, 1:100;
Abcam); anti-collagen II (ab34712, 1:100; Abcam); and
anti-beta Actin (ab8227, 1:100; Abcam).

2.5. Cell Viability and Proliferation Assay. After coculturing
for 1 day and 3 days, the cell viability of the cell scaffold com-
plexes was assessed using Fluorescein diacetate (FDA)/propi-
dium iodide (PI). The cell scaffold complexes were stained
with FDA (5ug/mL) and PI (5ug/mL) for 5 minutes then
rinsed three times with PBS. The samples were visualized
under a confocal microscope (Olympus FV1200; Japan).

In order to observe the effect of the coculture system on
the proliferation of h WJMSCs and pACs, both cell types were
labeled with lentivirus loaded with green and red fluorescent
genes. Cells were transfected at 70-80% confluency in six-well
plates. h(WJMSCs and pACs were transduced using 1 mL of
purified lentivirus, 1 mL DMEM/F-12 (10%FBS), and 2 uL
of 5 ug/uL Polybrene at 37°C in a 5% CO, atmosphere for 5
hours. The transduced liquid was then replaced with fresh
cell culture medium to culture cells for 24 hours. Medium
containing puromycin was applied 48 hours posttrans-
duction. Stable clones were generated and cultured until

sufficient quantities were obtained before implantation in
scaffolds. The same total number of green-labeled hWJMSCs,
red-labeled pACs, and a 50:50 mixture was seeded onto
scaffolds of identical size. After culturing for 1 day and 5
days, the area of interest (AOI) of red and green fluorescence
intensity was examined and quantified by laser scanning con-
focal microscopy and image-pro plus 6.0 based on the same
parameters. It indirectly indicated the amount of hWJMSCs
and pACs and we thus analyzed the effect of coculturing
on the proliferation rate. The relative growth ratio based
on fluorescence intensity was acquired as follows: (AOI
(day 5) - AOI (day 1))/AOI (day 1).

2.6. Real-Time PCR Assay. The RT-PCR assay was used to
analyze the changes in gene expression levels for pACs and
hWJMSCs after coculturing them on ACECM-oriented scaf-
fold for three weeks. Total RNA was extracted from three
samples of each group using TRIzol reagent. RNA quality
from each sample was ensured by the A260/280 absor-
bance ratio. The isolated RNA was reverse-transcribed into
a single strand of cDNA using ReverTra Ace® qPCR RT
Master Mix (Toyobo, Japan). All oligonucleotide primer sets
were designed based upon the published mRNA sequence.
The real-time PCR was performed by using the Step One
RT-PCR (Applied Biosystems, USA) with SYBR Green
Real-time PCR Master Mix-Plus (Toyobo, Japan). cDNA
template 1 yL was used for real-time PCR in a final volume
of 20 uL. cDNA was amplified according to the following
conditions: 95°C for 155, 55°C for 30s, and 72°C for 30s at
40 amplification cycles. Fluorescence changes were moni-
tored with SYBR Green after every cycle. The mRNA
expression levels relative to GAPDH were determined using
the 2-**CT method. The statistical analysis of gene expres-
sion of hWJMSCs and pACs in the CC groups was carried
out based on the single hWJMSC and pAC reference groups.
The following primers used in this study are listed in Table 1
(Supplementary Materials).

2.7. Statistical Analysis. Data was analyzed using SPSS 18.0
(SPSS Inc., Chicago, IL, USA). The quantified data are
described as means + standard deviation. One-way analysis
of variance (ANOVA) with the Student Newman-Keuls
(SNK) was used to determine the significant differences
between the two groups from # = 3. A value of p < 0.05 was
considered to indicate a significant difference.

3. Results
3.1. Coculture Studies In Vitro

3.1.1. Characteristics of hWJMSCs and pACs. Microscopic
analysis showed that hWJMSCs exhibited a predominantly
fibroblast-like morphology with spindle cells, suggesting
that the cells displayed a typical mesenchymal morphology
(Figure 1(a)), while the pACs presented polyphology or
round-like morphology and some of them were in the phase
of division. The flow cytometry analysis of specific MSC
markers showed that hWJMSCs highly expressed CD73,
CD90, and CD105 (>95%) and lowly expressed the hemato-
poietic cell markers CD34, CD45, and HLA-DR (<2%)
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F1GUure 1: hWJMSCs and pACs after three passages satisfied the characters of MSCs and hyaline cartilage, respectively. (a) hWJMSCs revealed
spindles and a fibroblast-like shape, x40. (b) Expression of surface markers on hWJMSCs by flow cytometry revealed that CD73, CD90, and
CD105 were positive, while CD34, CD45, and HLA-DR were negative. (c) pAC morphology showed a polygonous or round-shaped form,
x40. (d) Immunofluorescence staining of collagen II (red) of pACs was much more intense than that of collagen I (green).

(Figure 1(b)), which demonstrated that our batches of
stem cells were very pure and only contained mesenchymal
cells [28].

Under an inverted microscope, the primary cells isolated
from the articular cartilage tissue grew and divided, uni-
formly shaped like a diamond or polygon (Figure 1(c)). In
our immunofluorescence staining experiments, we observed
that pACs were surrounded by dense collagen II (the strong
red fluorescence), while collagen I only slightly coated the

surface of pACs (green fluorescence). This evidently illus-
trated that the unpassaged pACs displayed a native hyaline
cartilage cell phenotype, expressing mainly collagen II and
less collagen I (Figure 1(d)).

3.2. Gross Morphology and Histology Evaluation of the Cell
Scaffold Complex. After cultivation for 1 week and 3 weeks,
the morphology showed the cell scaffold complexes consisted
of soft transparent tissue, and especially at the third week, the
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pores were filled with extracellular matrix and cells. The den-
sity of the tissue in the 100:0 group was higher than that in
any other group regardless of the time point, but the appear-
ance of the tissue in the 100: 0 group was not as transparent
as in other groups (Figure 2(a)).

In our H&E staining experiments, we observed that the
seed cells were evenly distributed over the oriented scaffold
and adhered to the wall, which shows that the cell suspension
dropping was an effective way to seed cells into the scaffold
with high biocompatibility. Cells were denser at 3 weeks than
at 1 week in their own groups, and the 100:0 group showed
the densest cell distribution at 3 weeks (Figure 2(b)). As
shown by safranin “O” staining, other than the 0:100 group,
no group showed a significantly positive area at 1 week. At
3 weeks, particularly in the coculture groups, the safranin
“O” staining was evidently stronger than that of the same
groups at 1 week. Clearly, seed cells secreted much more
glycosaminoglycan extracellular matrix in the coculture
groups than in the 100:0 and 0:100 groups after culturing
for 3 weeks and the dominance of the cocultures emerged
at 3 weeks (Figure 2(c)).

The ACECM-oriented scaffold was made from extra-
cellular matrix that was rich in collagen II as well as some
collagen I, which contributed to the positive results in every
group. However, at 3 weeks the obvious difference in cocul-
ture groups was that collagen II immunofluorescence stain-
ing was still obviously positive compared with collagen I
immunofluorescence staining in the same groups, with a
smaller porosity and bolder outline. Seed cells after cocultur-
ing for three weeks mainly secreted collagen II; little collagen
I expression was found (Figure 2(d)).

3.3. Western Blot Analysis. From the western blot results, the
amount of collagen I was highest in the 75:25 group, at 1.3
+0.2 grey scale grades, and the 100:0 and 0:100 groups
showed the lowest collagen I levels at a mean of 0.8 on the
grey scale grade. The groups showed a different fold increase
(or decrease) of cell scaffold complex aggrecan levels, namely,
from high to low, 25:75 (1.4-fold), 50:50 (1.3-fold), 75:25
(1.2-fold), and 100: 0 (0.6-fold). There was no significant dif-
ference in the amount of collagen IT among the 25:75, 50: 50,
and 75:25 groups (Figures 2(e) and 2(f)).

3.4. Cell Viability Staining and Proliferation in
ACECM-Oriented Scaffold. The cell viability was checked
using the FDA/PI assay after culturing for 1 day and 3 days
on the ACECM-oriented scaffold. Our laser scanning con-
focal microscopy results demonstrate that the green fluo-
rescence cells (living cells) were much more abundant and
showed a longitudinal distribution in the oriented scaf-
fold, and red fluorescence cells (dead cells) showed no signif-
icant difference among the groups at 1 day or 3 days
(Figure 3(a)). The ACECM-oriented scaffold and coculture
model of the two kinds of seed cells did not illustrate a notice-
ably negative influence on the seed cell viability, while stimu-
lating cell growth.

Further investigation of the influence of h(WJMSCs and
PACs on each other’s proliferation during coculturing was
very interesting. The IOD SUM of green and red fluorescence

in three-dimensional cell scaffold complexes was counted
and recorded (Figure 3(b)). Compared with hWJMSC single
cultures (from 1 day to 5 days), the relative radio of green
fluorescence of hWJMSCs was obviously lower after cocul-
turing for 5 days, sliding from 2.09 to 0.09. However, the rel-
ative radio of red fluorescent lentivirus-labeled pACs in the
coculture group (1.84) was higher than that in the single cul-
ture group (0.29). In brief, compared with the single culture,
the proliferation of pACs was significantly improved and that
of hWJMSCs was surprisingly lower after coculturing for 5
days. pACs and hWJMSCs cocultured with each other cause
different effects on individual proliferation (Figure 3(c)).

3.5. Real-Time PCR Assay. Relative to the single hWJMSC
(100:0) group, hWJMSCs of coculture groups (75:25,
50:50, and 25:75) revealed upregulated levels of collagen I,
collagen II, Sox9, and aggrecan and downregulated levels of
collagen X. The expression of the hyaline cartilage associated
with gene collagen II increased with the higher ratio of pACs
in coculture groups; the 50:50 group showed an upregula-
tion with 39.00 + 7.80 and the 25:75 group an upregulation
with 239.35 £ 50.57. Sox9, a critical regulatory transcription
factor for the expression of the hyaline cartilage gene collagen
11, showed an upregulation tendency similar with collagen II,
which reversely confirmed the reliability of the data. The
increase in expression levels of aggrecan was highest in the
25:75 group, with 12.14 + 4.26. In summary, when cocul-
tured with pACs, collagen II, Sox9, and aggrecan were upreg-
ulated in hWJMSCs proportionally to the ratio of pACs;
collagen I was also upregulated and collagen X was downreg-
ulated (Figure 4(a)).

Relative to the single pAC (0:100) group, the overall
trend in gene expression levels of pACs in coculture groups
showed that Sox9, aggrecan, collagen I, and collagen X were
upregulated to different extents and collagen II was slightly
downregulated. In the 75:25 group, collagen II was evidently
downregulated, which reflected, to a degree, the dedifferenti-
ation of pACs after coculture with hWJMSCs. Collagen I and
collagen X were obviously upregulated, in the 75:25 group
with 4.00 + 1.00 and 4.70 + 0.60, respectively, in the 50:50
group with 2.80 £ 0.70 and 8.00 + 1.50, respectively. Aggre-
can distinctly increased in the 75:25 group with 1.73 + 0.35
. In summary, after coculturing with hWJMSCs, the Sox9
and aggrecan levels of pACs were upregulated, while collagen
II was downregulated. Collagen I and collagen X exhibited
trends in different coculture groups (Figure 4(b)).

4. Discussion

Seed cells, mainly derived from MSCs and ACs, are a core
element in articular cartilage tissue engineering. However,
their study and applications are made difficult because (i)
ACs are isolated from limited articular cartilage resources
and easily dedifferentiate upon growth in vitro and (ii) MSCs
maintain an unstable chondrogenic differentiation status. So,
upon extensive induction, they can differentiate into bone tis-
sue, or when using an insufficient amount of chondrogenic
inducers, they do not properly differentiate into chondro-
cytes [34-36]. Here, disregarding the traditional seed-cell
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FiGure 2: Continued.
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FiGureg 2: Coculture groups secreted abundant glycosaminoglycan and collagen II. (a) The gross morphology of hWJMSCs: pACs (100:0,
75:25, 50:50, 25:75, and 0:100). (b) H&E staining results. (c) Safranin “O” staining results. (d) The results of collagen I and collagen II
immunofluorescence staining; 1 W: 1 week; 3 W: 3 weeks. (e) After coculturing for 3 weeks, western blotting analysis of collagen I,
collagen II, and aggrecan; 3-actin used as an internal reference protein. (f) The mean grey value of collagen I, collagen II, and aggrecan
relative to that of B-actin. The results were the means + SD; n =3, *p < 0.05.

processing method, hWJMSCs were cocultured in a simu-
lated articular cartilage microenvironment using pACs and
an ACECM-oriented scaffold to construct the tissue engi-
neering cartilage. From the in vitro results, during cultur-
ing on ACECM-oriented scaffold, hWJMSCs grew rapidly
and seldom died. Besides, the 100:0 (hWJMSC) group
also exhibited a more compact engineering tissue with a
higher cell population and greater secretion of extracellular
matrix compared with other groups. This demonstrated that
ACECM has good biocompatibility with hWJMSCs. How-
ever, after coculturing with pACs and ACECM-oriented scaf-
fold for 5 days, the proliferation rate of hWJMSCs evidently
declined while that of pACs moderately sped up. This indi-
cated that coculturing of pACs and hWJMSCs in the
ACECM-oriented scaffold exerted a distinctly different influ-
ence on the proliferation of these two kinds of seed cells. We
performed histological and immunohistochemical staining;

although H&E staining showed an abundant extracellular
matrix and many cells in the 100:0 group, safranin “O”
and collagen II staining revealed that the coculture groups
secreted amounts of glycosaminoglycan and collagen II at
three weeks that were comparable with those of monoculture
groups. Besides, the western blotting results also showed that
the total protein amount of the cell scaffold complex was
higher in the 25:75 and 50: 50 groups compared with other
groups. The advantages of coculturing with the cell scaffold
complex were visible only after three weeks. The RT-PCR
results at three weeks demonstrated that collagen II and
aggrecan genes of hWJMSCs were upregulated with increas-
ing percentages of pACs, whereas hWJMSCs, upon cocultur-
ing in the simulated in situ microenvironment, underwent
differentiation into chondrocytes without any chondrogenic
inducer. The microenvironment constructed by pACs and
ACECM-oriented scaffold probably could induce hWJMSCs
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FiGure 3: ACECM-oriented scaffold has good biocompatibility and the proliferation activity of pACs was significantly enhanced. (a)
Dead/live staining of cell scaffold complexes using FDA/PI assay after coculturing for 1 day and 3 days by laser scanning confocal
microscope, x40; red color represents a dead cell and green color represents a living cell. (b) Green fluorescent lentivirus-labeled
hWJMSCs, red fluorescent lentivirus-labeled pACs, laser scanning microscope, x200; the proliferation assay was performed in three
different groups (hWJMSCs: pACs), 100:0, 50: 50, and 0: 100, after coculturing for 1 day and 5 days; laser scanning confocal microscope,
x40. (c) 100:0 (hWJMSCs), IOD of hWJMSCs in the 100:0 group at 1 day and 5 days; 100:0 (pACs), IOD of pACs in the 100:0 group
at 1 day and 5 days; 50:50 (hWJMSCs), IOD of hWJMSCs in the 50:50 group at 1 day and 5 days; 50:50 (pACs), IOD of pACs in the
50:50 group at 1 day and 5 days. The results are shown as means + SD; n =3, *p < 0.05.
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(b)

F1GURrk 4: The chondrocyte-specific genes of hWJMSCs were upregulated. (a) The expression values of genes collagen I, collagen II, collagen
X, Sox9, and aggrecan of hWJMSCs in the 75:25, 50: 50, and 25: 75 groups relative to the 100:0 group after coculturing for three weeks as
measured by RT-PCR. (b) The expression values of genes collagen I, collagen II, collagen X, Sox9, and aggrecan of pACs in the 75: 25, 50: 50,
and 25:75 groups relative to the 0:100 group after coculturing for three weeks. The results are shown as means + SD; n =3, *p < 0.05.

to differentiate into chondrocytes without the use of chon-
drogenic inducer. Some factors that may contribute to this
observation are the following: (1) hWJMSCs derived from
the umbilical cord Wharton’s jelly had a better ability to
differentiate into chondrocytes compared with adipose and
bone [30, 37, 38]; (2) pACs possessed a primitive articular
cartilage cell phenotype and could secrete some cyto-
kines that were beneficial to chondrogenic differentiation
of hWJMSCs. (3) The microenvironment constructed by
PACs and the ACECM-oriented scaffold quite closely resem-
bled the natural articular cartilage microenvironment, and
the microenvironment has a huge effect on, and plays a
critical guidance role in, the destiny of MSCs [19, 21]. In

addition, at the same moment, collagen I and collagen II
levels of pACs were upregulated and downregulated, respec-
tively, in the coculture groups. A gene upstream of collagen
I, Sox9 was upregulated in pACs in the coculture groups
revealing a contradictory inverse correlation between colla-
gen II and Sox9. However, some researchers reported that
Sox9 gene also plays an important role in proliferation, which
not only explains that RT-PCR results of pACs are plausible
but also shows a possible reason why the proliferation of
pACs was improved after coculture with hWJMSCs [39, 40].

However, this paper has left some questions unanswered
and we will need to carry out more research to elucidate the
functional mechanisms. For example, we have not identified
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the specific cytokines secreted by pACs and hWJMSCs and
their signal pathways. It is important to further clarify the
mechanism of hWJMSCs that has been induced to differenti-
ate into chondrocytes by the microenvironment constructed
by pACs and an ACECM-oriented scaffold which is very
important to aid the development of and to optimize the
coculture model to construct tissue engineering cartilage.

5. Conclusions

The engineered articular cartilage was successfully con-
structed using hWJMSCs cocultured with pACs in an
ACECM-oriented scaffold. A potential mechanism behind
the improved engineering cartilage tissue was (i) the prim-
itive hyaline cartilage phenotype and the improved cytoac-
tivity of pACs or (ii) the stable chondrogenic differentiation
of hWJMSCs in a simulated in situ cartilage microenviron-
ment constructed by pACs and the ACECM-oriented scaf-
fold. There were some clear advantages: the repair and
regeneration of the tissue were improved by the articular
cartilage histochemical components and structural charac-
teristics; pACs showed a native chondrocyte phenotype
because they were not passaged in vitro; and hWJMSCs
were induced to differentiate into chondrocytes by a simu-
lated native cartilage microenvironment instead of inducers
only and they replaced part of the pACs which to a certain
extent released its resource limitation. It was a promising
strategy that the simulated cartilage microenvironment
constructed by pACs and the ACECM-oriented scaffold
cocultured with hWJMSCs could effectively improve the
quality of hyaline cartilage.

Data Availability

The authors would like to share all the original data from
our lab, including supplementary information that supports
the findings of our manuscript, by depositing them in a
publicly available data repository wherever possible. Usage
restrictions, distribution, and reproduction of the original
work provided via any medium are properly cited.

Disclosure

This manuscript was presented during the 14™ World
Congress of the International Cartilage Repair Society.

Conflicts of Interest

The authors declare no conflicts of interest.

Acknowledgments

We acknowledge the staff working with the Bruker BioS-
pec 7.0T MRI scanner in the China Nanotechnology Cen-
ter and the staff working with the Hysitron Tribo Indenter In
Situ Nanomechanical Test System at Peking University.
This work was supported by the National Natural Science
Foundation of China (81772319), National Key R&D
(2018YFC1105901), and Translation Medicine of Chinese
PLA General Hospital (2017TM-014).

Stem Cells International

Supplementary Materials

Table 1: primer sequences of goat target genes and human
target genes for gene expression analysis. (Supplementary
Materials)

References

[1] H. J. Mankin, “The structure, chemistry and metabolism of
articular cartilage,” Bulletin on the Rheumatic Diseases,
vol. 17, no. 7, pp. 447-452, 1967.

D. Chen, J. Shen, W. Zhao et al., “Osteoarthritis: toward a

comprehensive understanding of pathological mechanism,”

Bone Research, vol. 5, article 16044, 2017.

[3] F. Lenoch, “Disturbance of nourishment of the articular carti-
lage and its relation to the development of osteoarthrosis,”
Review of Czechoslovak Medicine, vol. 16, no. 3, pp. 113-117,
1970.

[4] M. Wang, Z. Yuan, N. Ma et al., “Advances and prospects in
stem cells for cartilage regeneration,” Stem Cells International,
vol. 2017, Article ID 4130607, 16 pages, 2017.

[5] A.Nazempour and B. J. Van Wie, “Chondrocytes, mesenchy-
mal stem cells, and their combination in articular cartilage
regenerative medicine,” Annals of Biomedical Engineering,
vol. 44, no. 5, pp- 1325-1354, 2016.

[6] M. B. Gugjoo, Amarpal, G. T. Sharma, H. P. Aithal, and

P. Kinjavdekar, “Cartilage tissue engineering: role of mesen-

chymal stem cells along with growth factors & scaffolds,”

Indian Journal of Medical Research, vol. 144, no. 3, pp. 339-

347, 2016.

T.-J. Lu, F.-Y. Chiu, H.-Y. Chiu, M.-C. Chang, and S.-C. Hung,

“Chondrogenic differentiation of mesenchymal stem cells in

three-dimensional chitosan film culture,” Cell Transplanta-

tion, vol. 26, no. 3, pp. 417-427, 2017.

[8] H.S. Vasiliadis, J. Wasiak, and G. Salanti, “Autologous chon-
drocyte implantation for the treatment of cartilage lesions of
the knee: a systematic review of randomized studies,” Knee
Surgery, Sports Traumatology, Arthroscopy, vol. 18, no. 12,
pp. 1645-1655, 2010.

[9] P. Niemeyer, G. M. Salzmann, A. Hirschmuller, and N. P.
Sudkamp, “Factors that influence clinical outcome following
autologous chondrocyte implantation for cartilage defects of
the knee,” Zeitschrift fiir Orthopddie und Unfallchirurgie,
vol. 150, no. 1, pp. 83-88, 2012.

[10] J. D. Harris, R. A. Siston, R. H. Brophy, C. Lattermann,
J. L. Carey, and D. C. Flanigan, “Failures, re-operations, and
complications after autologous chondrocyte implantation - a
systematic review,” Osteoarthritis and Cartilage, vol. 19,
no. 7, pp. 779-791, 2011.

[11] J. Fischer, A. Dickhut, M. Rickert, and W. Richter, “Human
articular chondrocytes secrete parathyroid hormone-related
protein and inhibit hypertrophy of mesenchymal stem cells
in coculture during chondrogenesis,” Arthritis & Rheumatism,
vol. 62, no. 9, pp. 2696-2706, 2010.

[12] A. Ruano-Ravina and M. Jato Diaz, “Autologous chondrocyte
implantation: a systematic review,” Osteoarthritis and Carti-
lage, vol. 14, no. 1, pp. 47-51, 2006.

[13] M. Brittberg, A. Lindahl, A. Nilsson, C. Ohlsson, O. Isaksson,
and L. Peterson, “Treatment of deep cartilage defects in the
knee with autologous chondrocyte transplantation,” The New
England Journal of Medicine, vol. 331, no. 14, pp. 889-895,
1994.

2

—

[7

—


http://downloads.hindawi.com/journals/sci/2019/5130152.f1.docx
http://downloads.hindawi.com/journals/sci/2019/5130152.f1.docx

Stem Cells International

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

L. Peterson, M. Brittberg, I. Kiviranta, E. L. Akerlund, and
A. Lindahl, “Autologous chondrocyte transplantation. Biome-
chanics and long-term durability,” The American Journal of
Sports Medicine, vol. 30, no. 1, pp. 2-12, 2002.

D. Saris, A. Price, W. Widuchowski et al., “Matrix-applied
characterized autologous cultured chondrocytes versus micro-
fracture,” The American Journal of Sports Medicine, vol. 42,
no. 6, pp. 1384-1394, 2014.

M. Brittberg, D. Recker, J. Ilgenfritz, D. B. F. Saris, and on
behalf of the SUMMIT Extension Study Group, “Matrix-ap-
plied characterized autologous cultured chondrocytes versus
microfracture: five-year follow-up of a prospective random-
ized trial,” The American Journal of Sports Medicine, vol. 46,
no. 6, pp. 1343-1351, 2018.

F. Dell'Accio, Cosimo de Bari, and F. P. Luyten, “Molecular
markers predictive of the capacity of expanded human articu-
lar chondrocytes to form stable cartilage in vivo,” Arthritis &
Rheumatism, vol. 44, no. 7, pp. 1608-1619, 2001.

X. Ouyang, B. Wei, F. Mao, X. Zhang, Y. Xu, and L. Wang,
“Uncultured bone marrow mononuclear cells delay the
dedifferentiation of unexpanded chondrocytes in pellet cul-
ture,” Cell and Tissue Research, vol. 361, no. 3, pp. 811-821,
2015.

Y. Miki, K. Ono, S. Hata, T. Suzuki, H. Kumamoto, and
H. Sasano, “The advantages of co-culture over mono cell cul-
ture in simulating in vivo environment,” The Journal of Steroid
Biochemistry and Molecular Biology, vol. 131, no. 3-5, pp. 68—
75, 2012.

A. Koseska and P. I. H. Bastiaens, “Cell signaling as a cognitive
process,” The EMBO Journal, vol. 36, no. 5, pp. 568-582, 2017.

T. S. Lawrence, W. H. Beers, and N. B. Gilula, “Transmission
of hormonal stimulation by cell-to-cell communication,”
Nature, vol. 272, no. 5653, pp. 501-506, 1978.

N. Ahmed, R. Dreier, A. Gopferich, J. Grifka, and S. Grassel,
“Soluble signalling factors derived from differentiated cartilage
tissue affect chondrogenic differentiation of rat adult marrow
stromal cells,” Cellular Physiology and Biochemistry, vol. 20,
no. 5, pp. 665-678, 2007.

L. Wu, H. J. Prins, M. N. Helder, C. A. van Blitterswijk, and
M. Karperien, “Trophic effects of mesenchymal stem cells in
chondrocyte co-cultures are independent of culture conditions
and cell sources,” Tissue Engineering Part A, vol. 18, no. 15-16,
pp. 1542-1551, 2012.

L. Wu, J. C. H. Leijten, N. Georgi, J. N. Post, C. A. van
Blitterswijk, and M. Karperien, “Trophic effects of mesenchy-
mal stem cells increase chondrocyte proliferation and matrix
formation,” Tissue Engineering Part A, vol. 17, no. 9-10,
pp. 1425-1436, 2011.

S. Liu, K. D. Hou, M. Yuan et al., “Characteristics of mes-
enchymal stem cells derived from Wharton’s jelly of human
umbilical cord and for fabrication of non-scaffold tissue-
engineered cartilage,” Journal of Bioscience and Bioengineer-
ing, vol. 117, no. 2, pp. 229-235, 2014.

S. Liu, M. Yuan, K. Hou et al, “Immune characterization
of mesenchymal stem cells in human umbilical cord Whar-
ton’s jelly and derived cartilage cells,” Cellular Immunology,
vol. 278, no. 1-2, pp. 35-44, 2012.

S. Liu, Y. Jia, M. Yuan et al., “Repair of osteochondral defects
using human umbilical cord Wharton’s jelly-derived mesen-
chymal stem cells in a rabbit model,” BioMed Research Inter-
national, vol. 2017, Article ID 8760383, 12 pages, 2017.

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

11

1. Majore, P. Moretti, F. Stahl, R. Hass, and C. Kasper, “Growth
and differentiation properties of mesenchymal stromal cell
populations derived from whole human umbilical cord,” Stem
Cell Reviews and Reports, vol. 7, no. 1, pp. 17-31, 2011.

A. Lindenmair, T. Hatlapatka, G. Kollwig et al., “Mesenchymal
stem or stromal cells from amnion and umbilical cord tissue
and their potential for clinical applications,” Cells, vol. 1,
no. 4, pp. 1061-1088, 2012.

L. Wang, L. Ott, K. Seshareddy, M. L. Weiss, and M. S.
Detamore, “Musculoskeletal tissue engineering with human
umbilical cord mesenchymal stromal cells,” Regenerative
Medicine, vol. 6, no. 1, pp. 95-109, 2011.

Q. Yang, J. Peng, Q. Guo et al, “A cartilage ECM-derived
3-D porous acellular matrix scaffold for in vivo cartilage
tissue engineering with PKH26-labeled chondrogenic bone
marrow-derived mesenchymal stem cells,” Biomaterials,
vol. 29, no. 15, pp. 2378-2387, 2008.

H. Kang, J. Peng, S. Lu et al,, “In vivo cartilage repair using
adipose-derived stem cell-loaded decellularized cartilage
ECM scaffolds,” Journal of Tissue Engineering and Regenera-
tive Medicine, vol. 8, no. 6, pp. 442-453, 2014.

Y. Qiang, Z. Yanhong, P. Jiang et al., “Xenoimplantation of
an extracellular-matrix-derived, biphasic, cell-scaffold con-
struct for repairing a large femoral-head high-load-bearing
osteochondral defect in a canine model,” The Scientific
World Journal, vol. 2014, Article ID 127084, 10 pages, 2014.

P. D. Benya and J. D. Shaffer, “Dedifferentiated chondrocytes
reexpress the differentiated collagen phenotype when cultured
in agarose gels,” Cell, vol. 30, no. 1, pp. 215-224, 1982.

E. M. Darling and K. A. Athanasiou, “Rapid phenotypic
changes in passaged articular chondrocyte subpopulations,”
Journal of Orthopaedic Research, vol. 23, no. 2, pp. 425-432,
2005.

G. Filardo, F. Perdisa, A. Roffi, M. Marcacci, and E. Kon, “Stem
cells in articular cartilage regeneration,” Journal of Orthopae-
dic Surgery and Research, vol. 11, no. 1, p. 42, 2016.

A. Can, E. T. Celikkan, and O. Cinar, “Umbilical cord mesen-
chymal stromal cell transplantations: a systemic analysis of
clinical trials,” Cytotherapy, vol. 19, no. 12, pp. 1351-1382,
2017.

R. C. Pereira, A. R. Costa-Pinto, A. M. Frias, N. M. Neves, H. S.
Azevedo, and R. L. Reis, “In vitro chondrogenic commitment
of human Wharton’s jelly stem cells by co-culture with human
articular chondrocytes,” Journal of Tissue Engineering and
Regenerative Medicine, vol. 11, no. 6, pp. 1876-1887, 2015.

P. Dy, W. Wang, P. Bhattaram et al., “Sox9 directs hypertro-
phic maturation and blocks osteoblast differentiation of
growth plate chondrocytes,” Developmental Cell, vol. 22,
no. 3, pp. 597-609, 2012.

T. Ushijima, K. Okazaki, H. Tsushima, and Y. Iwamoto,
“CCAAT/enhancer-binding protein f3 regulates the repression
of type II collagen expression during the differentiation from
proliferative to hypertrophic chondrocytes,” Journal of Biolog-
ical Chemistry, vol. 289, no. 5, pp. 2852-2863, 2014.



	Coculture of hWJMSCs and pACs in Oriented Scaffold Enhances Hyaline Cartilage Regeneration In Vitro
	1. Background
	2. Coculture Studies In Vitro
	2.1. Isolation, Culturing, and Identification of hWJMSCs and pACs
	2.2. Cell Scaffold Complex
	2.3. Gross Morphology and Histology Evaluation
	2.4. Western Blot Analysis
	2.5. Cell Viability and Proliferation Assay
	2.6. Real-Time PCR Assay
	2.7. Statistical Analysis

	3. Results
	3.1. Coculture Studies In Vitro
	3.1.1. Characteristics of hWJMSCs and pACs

	3.2. Gross Morphology and Histology Evaluation of the Cell Scaffold Complex
	3.3. Western Blot Analysis
	3.4. Cell Viability Staining and Proliferation in ACECM-Oriented Scaffold
	3.5. Real-Time PCR Assay

	4. Discussion
	5. Conclusions
	Data Availability
	Disclosure
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

