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ABSTRACT
The regeneration of tissue-engineered cartilage in an immunocompetent environment usually fails due
to severe inflammation induced by the scaffold and their degradation products. In the present study, we
compared the tissue remodeling and the inflammatory responses of engineered cartilage constructed
with bone marrow mesenchymal stem cells (BMSCs), chondrocytes, or both and scaffold group in pigs.
The cartilage-forming capacity of the constructs in vitro and in vivo was evaluated by histological, biochemical, and biomechanical analyses, and the inflammatory response was investigated by quantitative
analysis of foreign body giant cells and macrophages. Our data revealed that BMSC-based engineered
cartilage suppressed in vivo inflammation through the alteration of macrophage phenotype, resulting in
better tissue survival compared with those regenerated with chondrocytes alone or in combination with
BMSCs. To further confirm the macrophage phenotype, an in vitro coculture system established by engineered cartilage and macrophages was studied using immunofluorescence, enzyme-linked immunosorbent assay, and gene expression analysis. The results demonstrated that BMSC-based engineered
cartilage promoted M2 polarization of macrophages with anti-inflammatory phenotypes including
the upregulation of CD206, increased IL-10 synthesis, decreased IL-1b secretion, and alterations in gene
expression indicative of M1 to M2 transition. It was suggested that BMSC-seeded constructs have the
potential to ameliorate scaffold-induced inflammation and improve cartilaginous tissue regeneration
through M2 polarization of macrophages. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1–11

SIGNIFICANCE
Finding a strategy that can prevent scaffold-induced inflammation is of utmost importance for the
regeneration of tissue-engineered cartilage in an immunocompetent environment. This study demonstrated that bone marrow mesenchymal stem cell (BMSC)-based engineered cartilage could suppress inflammation by increasing M2 polarization of macrophages, resulting in better tissue survival
in a pig model. Additionally, the effect of BMSC-based cartilage on the phenotype conversion of macrophages was further studied through an in vitro coculture system. This study could provide further
support for the regeneration of cartilage engineering in immunocompetent animal models and provide new insight into the interaction of tissue-engineered cartilage and macrophages.

INTRODUCTION
Cartilage tissue engineering has made great progress
inrecentyears.Therepairofarticulardefectsbyusing
engineered cartilage has been extensively investigated in animal models and clinical trials [1, 2]. However, cartilage regeneration at ectopic sites usually
fails in immunocompetent animals, owing to severe
subcutaneous inflammation caused by the engineered implants [3, 4]. Some literature showed that
the subcutaneous autotransplantation of engineered

cartilage in canine, swine, or rabbit models finally
resulted in complete absorption, accompanied
by strong inflammatory responses [3, 5]. In other
advanced cases, subcutaneous harvesting of the
remnants of the engineered cartilage from immunocompetent animals found them to be structurally immature and nonuniform, with fibrous and
vascular tissue invasion accompanied by many inflammatory cells. Therefore, a major challenge in
achieving effective ectopic cartilage regeneration
in the immunocompetent environment is the
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biomechanical examinations, and the inflammatory responses
were investigated by quantitative analysis of foreign body multinucleated giant cells (FBGCs) and macrophage phenotype.
Moreover, an in vitro coculture system was established to further confirm the interaction between engineered cartilage and
macrophages. This study could provide further support for cartilage engineering in immunocompetent animal models and
bring new insight into the interaction of tissue-engineered cartilage and macrophages.

MATERIALS AND METHODS
Cell Culture
Animal experiments were approved by the Ethics Committee of
Peking Union Medical College. Bone marrow and auricular cartilage were obtained from iliac crests and external ears, respectively, of 50-day-old pigs (n = 3). As previously described [25],
BMSCs were isolated and cultured in low-glucose (1,000 mg/l)
Dulbecco’s modified Eagle’s medium (L-DMEM, GE Healthcare
Life Sciences, Piscataway, NJ, http://www.gelifesciences.com)
supplemented with 10% fetal bovine serum (FBS, Thermo Fisher
Scientific Life Sciences, Waltham, MA, http://www.thermofisher.
com), 100 U/ml penicillin, and 0.1 mg/ml streptomycin at 37°C
with 95% humidity and 5% CO2. Part of the auricular cartilage
specimen was used for biomechanical and biochemical evaluations, and the rest was fragmented into 1-mm3 pieces and
digested with 0.25% trypsin for 30 minutes, followed by 0.2%
type IV collagenase (Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com) for 8 hours at 37°C on a shaker. The isolated
cells were cultured and subcultured at a density of 2.5 3 104 cells
per cm2 in high-glucose Dulbecco’s modified Eagle’s medium
(H-DMEM; 4,500 mg/l) supplemented with 10% FBS, 100 U/ml
penicillin, and 0.1 mg/ml streptomycin. Passage 2 BMSCs and chondrocytes were harvested for cartilage construction. The porcine
alveolar macrophage (PAM) cell line 3D4/21 (CRL-2843), established by transformation of PAMs with SV40 large T antigen,
was purchased from the American Type Culture Collection
(Manassas, VA, http://www.atcc.org) and maintained in RPMI
1640 medium, supplemented with 10% FBS, at a density of
1.7 3 105 cells per cm2 [23].

Fabrication of PGA/PLA Scaffolds
Unwoven PGA fibers (provided by National Tissue Engineering Research Center, Shanghai, People’s Republic of China, http://en.sjtu.
edu.cn/research/centers-labs/national-tissue-engineering-researchcenter) were pressed into a cylinder shape of 13-mm diameter
and 1.5-mm thickness. A solution of 0.5% PLA (wt/vol; SigmaAldrich) diluted in dichloromethane was dropped evenly onto
the PGA mesh to solidify each scaffold [25, 26]. The PGA/PLA
scaffold exhibited appropriate pore structures with the crosslinked fibers (supplemental online Fig. 1). The scaffolds (n = 96)
were soaked in 75% alcohol for 12 hours and washed three times
with phosphate-buffered saline (PBS), followed by DMEM containing 10% FBS preculturing overnight.

Group Design and In Vitro Cartilage Construction
Three groups of cell-scaffold complexes (n = 24 per group) were
constructed as follows: BMSCs (P2), auricular chondrocytes (ACs)
(P2), or an equal combination of both (1:1) were seeded at a
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prevention of inflammatory reactions, which is the main factor limiting cartilage tissue engineering in clinical application.
Recent studies have indicated that the inflammatory response
is primarily induced by biomaterials and/or their degradation products, regardless of whether they are biologically or artificially synthesized scaffolds [3, 4, 6]. Although collagen-based cartilage was
successfully engineered in the subcutaneous environment of an
ovine model [7], it was suggested that the collagen was not adapted
to engineering cartilage with specific shape and firmness because
of its fast degradation. Polymer scaffolds, exhibiting predictable
and reproducible mechanical and physical properties such as elastic modulus and degradation rate [8, 9], have drawn great attention
in cartilage engineering. However, construction of a polymer
scaffold-based cartilage with good inflammatory control still remains a challenge. Another study found that stimulation of Fas
ligand overexpressing on chondrocytes could induce host macrophage apoptosis and further improve the survival of poly(L-lactic
acid)-based engineered cartilage in a mouse model [10], the results
of which have yet to be reproduced in large animals. Zheng et al.
used a closed chamber to separate implants from the invasion of
host cells and vasculature to partially inhibit the inflammatory reaction [11], but this technique reduced nutrient exchange and
negatively affected tissue development.
Owing to their immunoprivileged and immunomodulatory
capacities, bone marrow mesenchymal stem cells (BMSCs)
have shown good potential for therapeutic application in inflammatory diseases, such as lung fibrosis, lung sepsis, and
peritonitis [12–18]. BMSCs are also widely investigated in cartilage tissue engineering because of their remarkable potential
for proliferation and chondrogenesis [19–22]. BMSC-based
engineered cartilage showed similarities in tissue structure
and the biochemical and biomechanical properties compared
with cartilage regenerated with chondrocytes. Within and
around biomaterial implants, transient neutrophil accumulation
followed by sustained and robust infiltration of macrophages is a
common inflammatory process. Interactions between BMSCs
and macrophages have been demonstrated to play an important role in the inflammation control and induction of tissue
remodeling. For example, a poly(ethylene glycol) hydrogel encapsulated with BMSCs reduced tumor necrosis factor-a (TNF-a)
release by attenuating the infiltration of M1 macrophages,
leading to a weak foreign body reaction manifested by a thinner
fibrous capsule and improved tissue survival in the long-term
[23]. Geng et al. suggested that rhabdomyolysis-induced acute
kidney injury (AKI) in mice infused with M0 and M1 macrophages suffered more severe renal functional impairment,
whereas injection of MSCs can ameliorate AKI through the activation of macrophages to a trophic M2 phenotype characterized by an increased expression of CD206 and interleukin-10
[24]. These results indicate that MSCs exhibit great potential
for anti-inflammation through macrophage modulation.
With these promising findings, questions are raised as to
whether BMSC-based engineered cartilage could ameliorate
polymer scaffold-induced inflammation through macrophage
modulation. In the present study, we examined the use of
BMSCs, or auricular chondrocytes, alone or in combination
with each other, constructed with a polyglycolic acid (PGA)/
polylactic acid (PLA) scaffold, to induce the formation of
tissue-engineered cartilage subcutaneously in a pig model.
The cartilage-forming capacity in vitro and in vivo of each group
was systematically evaluated by histological, biochemical, and
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Table 1. Primer sequences used for real-time polymerase chain reaction
Gene

Forward primer

Reverse primer

5-CTGCCCCTTCTGCTGATGC-3

5-TCCACGATGCCGAAGTTGTC-3

IL-1b

5-TTCTCCTCACTCAAAGCCAG-3

5-CACACTCACCCCAAAGAAAT-3

TNF-a

5-CGCATCGCCGTCTCCTACCA-3

5-GCCCAGATTCAGCAAAGTCCAGAT-3

IL-6

5-CTGGCAGAAAACAACCTGAACC-3

5-TGATTCTCATCAAGCAGGTCTCC-3

NOS2

5-CTCCAGGTGCCCACGGGAAA-3

5-TGGGGATACACTCGCCCGCC-3

IL-10

5-GGATGACGACTCTACTAAAC-3

5-TTGAACACCATAGGGCACAC-3

TGF-b

5-CACGTGGAGCTATACCAGAA-3

5-TCCGGTGACATCAAAGGACA-3

Arg-1

5-AGAAGAACGGAAGGACCAGC-3

5-CAGATAGGCAGGGAGTCAC-3

CXCR2

5-TGCCTCAATCCTCTCATCTAC-3

5-TGGCTCAGAATGGACACCGA-3

CCR1

5-GTGCTGCCTCTATTGGTCAT-3

5-ACCTCTGTCACTTGTATGGC-3

CCR2

5-CTCCCTCTCTGATTCTACCT-3

5-ACAGTTCTCAAGCTCTCCAT-3

CCR4

5-TTCAAGTACAAGCGGCTCAAG-3

5-CAGGTACCTATCGATGCTCAT-3

CX3CR1

5-TTTGCGAATGTCAGGGAGG-3

5-GCGAAGAAAGCCAGGATGAG-3

Abbreviations: Arg-1, Arginase 1; CCR1, chemokine (C-C motif) receptor type 1; CCR2, chemokine (C-C motif) receptor type 2; CCR4, chemokine (C-C
motif) receptor type 4; CXCR2, chemokine (C-X-C motif) receptor type 2; CX3CR1, chemokine (C-X3-C motif) receptor type 1; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; IL-1b, interleukin-1b; IL-6, interleukin 6; IL-10, interleukin 10; NOS2, nitric oxide synthase 2; TGF-b,
transforming growth factor b; TNF-a, tumor necrosis factor a.

density of 6 3 107 cells per milliliter onto each PGA/PLA scaffold,
followed by 5-hour incubation to promote cell adhesion [25, 26].
PGA/PLA scaffolds without cells were used as a control. All the
samples were statically cultured in FBS-free H-DMEM, supplemented with 10 ng/ml transforming growth factor b3 (TGF-b3;
Peprotech, Rocky Hill, NJ, http://www.peprotech.com), 100 ng/ml
insulin-like growth factor (R&D Systems Inc., Minneapolis, MN,
https://www.rndsystems.com), 40 ng/ml of dexamethasone
(Sigma-Aldrich), 0.2 mM of ascorbic acid, and 31 insulin-transferrin-selenium (Sigma-Aldrich) for 8 weeks in vitro. Medium was
refreshed every 2 days.

total collagen content was quantified by hydroxyproline assay as previously described [26]. To examine the mechanical
properties, samples were tested by using a biomechanical
analyzer (Instron, Canton, MA, http://www.instron.us), and
the superficial area and thickness were measured (n = 3 per
group). Porcine auricular cartilage was used as a positive control
(n = 3). A constant compressive strain rate of 0.3 mm/minute
was applied until 80% of maximal deformation was achieved
and a stress-strain curve was generated. Young’s modulus
was calculated based on the formula Y = S 3 T/A (Y, Young’s
modulus; S, slope of stress-strain curve; T, thickness; A, superficial area).

Subcutaneous Implantation
After 8 weeks, constructs from BMSC, AC, 1:1, or PGA/PLA scaffold control groups (n = 12 per group) were autotransplanted into
individual subcutaneous pockets and harvested after 2, 4, and
8 weeks of implantation for analyses.

Histological and Immunohistochemical Examinations
Samples from each group were harvested after 8 weeks in vitro
and 72 hours and 2, 4, and 8 weeks in vivo, and subjected to histological and immunohistochemical examinations. The specimens were fixed with 10% buffered formalin in PBS for 48
hours, embedded in paraffin, sectioned into 5-mm sections,
and then stained with hematoxylin and eosin (H&E) and Safranin
O. Type II collagen expression was detected by using a mouse antihuman type II collagen monoclonal antibody (1:100; Zhongshanjinqiao, Beijing, People’s Republic of China, http://www.zsbio.
com/) followed by horseradish peroxidase-conjugated antimouse antibody and color development with diaminobenzidine
tetrahydrochloride (Zhongshanjinqiao).

Quantification of Glycosaminoglycan, Total Collagen,
and Young’s Modulus
After 8 weeks of in vitro culture, glycosaminoglycan (GAG) content
was analyzed by using spectrophotometric microdetermination
by the dimethylmethylene blue chloride (Kamiya Biomedical,
Seattle, WA, http://www.kamiyabiomedical.com) method, and
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Quantification of Residual PGA/PLA Scaffold
After 8 weeks of in vitro culture, images at 3200 magnification
(n = 6) from H&E-stained sections were randomly selected, and
the percentage of the area containing PGA/PLA was calculated by
using image-processing software (Image-Pro Plus, version 3.0,
Media Cybernetics, Rockville, MD, http://www.mediacy.com).

Examinations of FBGCs and Macrophages
Images adjacent to the implant obtained at 3400 magnification (n = 6) from the H&E-stained sections were randomly
acquired, and the total number of FBGCs was counted. By microscopy, FBGCs were defined as large cells containing more
than two nuclei.
To characterize the macrophage phenotype, immunofluorescent labeling of primary antibodies against the panmacrophage marker CD68 (goat anti-mouse CD68, 1: 50,
Santa Cruz Biotechnology, Santa Cruz, CA, http://www.
scbt.com) and the M2 macrophage marker CD206 (rabbit
anti-human CD206, 1:50, Santa Cruz Biotechnology) were
performed, followed by the fluorescently conjugated secondary antibodies donkey anti-goat Alexa Fluor 488 (1:200
dilution; Abcam, Cambridge, MA, http://www.abcam.com)
and donkey anti-rabbit Alexa Fluor 594 (1:200 dilution;
Thermo Fisher Scientific Life Sciences). Nuclei were labeled
with 49,6-diamidino-2-phenylindole (Zhongshanjinqiao).
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Images at 3400 magnification (n = 6) adjacent to the implant
were acquired for quantification of CD68- and CD206positive macrophages.

In Vitro Coculture of Engineered Cartilage
With Macrophages
The macrophage cell line 3D4/21 (CRL-2843), cultured at a
density of 2.5 3 105 cells per cm2, was activated by lipopolysaccharide (LPS; 1 mg/ml) and interferon-g (IFN-g; 10 ng/ml)
(Peprotech) stimulation for 24 hours before coculture as previously described [10]. In a transwell system with a semipermeable membrane (pore size: 0.4 mm), the engineered
cartilage from three groups after 8 weeks in vitro was placed
in the upper chamber and cocultured with the activated macrophages seeded in the lower chamber for 24 hours in RPMI
1640 medium supplemented with 10% FBS. The macrophages
were subjected to immunofluorescence staining for CD68 and
CD206 as described before.

Enzyme-Linked Immunosorbent Assay for
Inflammatory Factors
The supernatant of engineered cartilage cocultured with
macrophages was collected, and the protein concentrations
of interleukin-1b (IL-1b) and interleukin-10 (IL-10) were determined by a commercially available enzyme-linked immunosorbent assay kit (R&D Systems), following the manufacturer’s
instructions.

©AlphaMed Press 2016

Quantitative Real-Time Polymerase Chain Reaction of
Inflammation-Related Genes
Macrophages in each coculture group were harvested, and the
total RNA was extracted by using TRIzol reagent (Thermo Fisher
Scientific Life Sciences). RNA was reverse-transcribed into
single-stranded cDNA according to the manufacturer’s protocol
(Promega, Madison, WI, http://www.promega.com). The expression levels of selected genes were analyzed by quantitative polymerase chain reaction, by using a LightCycler 480 system with a
SYBR green kit (Roche Molecular Biochemicals, Mannheim,
Germany, http://www.roche.com). The forward and reverse
primer pairs are shown in Table 1. To normalize mRNA levels,
glyceraldehyde-3-phosphate dehydrogenase was used as an internal housekeeping control.

Scanning Electron Microscopy
The PGA/PLA scaffolds were prepared for scanning electron microscopy examination. Briefly, samples were sputter-coated with
gold (BAL-TEC, Philips, Eindhoven, Netherlands, http://www.usa.
philips.com) and examined finally with a scanning electron microscope (Philips-XL-30).

Statistical Analysis
Data were presented as mean 6 SD. Statistical significance was
evaluated by using one-way analysis of variance in SPSS Statistics
17.0 software. A value of p , .05 was considered statistically
significant.
S TEM C ELLS T RANSLATIONAL M EDICINE
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Figure 1. Engineered cartilage construction for 8 weeks in vitro. (A–C, E–G, I–K, M–O): Gross view (A–C), H&E staining (E–G), Safranin O staining
(I–K), and immunohistochemical staining of type II collagen (M–O). (D, H, L, P): Gross view and histology of pig native auricular cartilage. (G, J, M):
Black arrows indicate the undegraded PGA fibers. (Q–T): Quantitative comparison of the total GAG, total collagen, Young’s modulus, and residual
PGA/PLA content among the groups of BMSCs, 1:1, and chondrocytes. Scale bars = 100 mm. p, p , .05 (statistically different from other groups).
Abbreviations: ACs, articular chondrocytes; BMSCs, bone marrow mesenchymal stem cells; GAG, glycosaminoglycan; HE, hematoxylin and eosin; PGA, polyglycolic acid; PLA, polylactic acid; Saf O, Safranin O.
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RESULTS
Engineered Cartilage Construction In Vitro
After culturing for 8 weeks in vitro, all cell-scaffold constructs in the
BMSC, AC, and 1:1 groups maintained their original round shapes
and exhibited an ivory-white-like appearance (Fig. 1A–1C). Samples
in all three groups exhibited typical cartilaginous features with lacuna structures (Fig. 1E–1G) and abundant cartilage-specific extracellular matrix deposition, as indicated by positive staining for
Safranin O (Fig. 1I–1K) and type II collagen (Fig. 1M–1O). Pig native
auricular cartilage was set as control (Fig. 1D, 1H, 1L, 1P). Notably, a
few undegraded PGA fibers were observed among the tissues
(Fig. 1G, 1J, 1M, indicated by black arrows).
Additionally, quantitative analysis showed that GAG content
was significantly higher in the BMSC group than in the 1:1 group

www.StemCellsTM.com

(p , .05) (Fig. 1Q). Furthermore, no significant differences were
found among the three groups in total collagen, Young’s modulus,
or residual PGA content (Fig. 1R–1T).

Engineered Cartilage Construction In Vivo
At 2 weeks after implantation, all samples were encapsulated with
thick fibrous tissues surrounded by vascular networks (Fig. 2A–2C).
Histological examination showed that normal cartilaginous structures with homogeneously distributed lacunas (Fig. 2D, black
arrow) and intensely deposited type II collagen (Fig. 2G, black arrow) were observed only in the BMSC group. A smaller number
of lacunas and weaker basophilic matrix were seen in the 1:1 group,
with similar staining for type II collagen compared with the BMSC
group (Fig. 2E, 2H). However, few chondrocytes survived in the AC
group, resulting in weak staining of residual type II collagen fibers.

©AlphaMed Press 2016
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Figure 2. Engineered cartilage construction for 2 and 8 weeks in vivo. Gross view (A–C, J–L), H&E staining (D–F, M–O), and immunohistochemical staining of type II collagen (G–I, P–R). Black arrows indicate homogeneously distributed lacunas (D) and intensely deposited type II collagen
(G) and the undegraded polyglycolic acid fibers (M–O). (J): White arrow indicates the outline of the implant. Scale bars = 100 mm. Abbreviations:
ACs, articular chondrocytes; BMSCs, bone marrow mesenchymal stem cells; HE, hematoxylin and eosin.
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After 8 weeks in vivo, the constructs in the three groups were
damaged to varying degrees. Samples in the BMSC group showed
several lacunas and positive staining for type II collagen (Fig. 2M,
2P), whereas destructive matrix and a large number of inflammatory cells were observed in the 1:1 (Fig. 2N, 2Q) and AC (Fig. 2O,
2R) groups. Notably, residual PGA fibers were still observed
within all groups (Fig. 2M–2O, black arrows).

Analysis of Multinucleated FBGCs
After 2 weeks of implantation, engineered cartilage in the BMSC
group maintained a clear boundary with the surrounding fibrous
tissue, whereas the cartilaginous matrix was destroyed in the 1:1
and AC groups (Fig. 3A–3C). The encapsulated fibrous tissues
in all groups were infiltrated with plenty of multinucleated
FBGCs distributed along the implants (Fig. 3E–3H). Furthermore,
FBGCs adjacent to the implants (,200 mm) were counted, and
the results showed that samples in the BMSC group caused the
least infiltration of FBGCs compared to the other three groups
after 2 and 8 weeks in vivo (Fig. 3I). However, no significant difference was found in the FBGC number between the 1:1 and AC
groups. The highest number of FBGCs was seen in the PGA/PLA
group after 2 weeks in vivo. These results indicated that BMSCengineered cartilage had the highest potential for reducing
FBGC recruitment.

Analysis of Macrophage and Subsets
To explore the role of macrophages in the inflammatory response to the engineered constructs, the macrophage and
the subsets were identified after 72 hours and 2, 4, and 8 weeks
in vivo (Fig. 4A–4X; supplemental online Fig. 2). Quantitative
analysis showed that the number of cells positive for CD68

©AlphaMed Press 2016

(pan-macrophage cell surface marker) was the lowest in the
BMSC group at 72 hours and 2 weeks after implantation, indicating that the reduced phagocytosis occurred in the BMSC
group. Conversely, in the PGA/PLA group, CD68-positive cells
were widespread (Fig. 4D) and significantly more numerous
than any other group at 72 hours, 2 and 4 weeks after implantation, which was consistent with the results of multinucleated
FBGCs (Fig. 4Y; supplemental online Fig. 2).
Conversely, M2 macrophages indicated by CD206-positive cells
maintained the lowest numbers in the PGA/PLA group, but they
were significantly higher in the BMSC and 1:1 group compared with
the AC group at 2 and 4 weeks in vivo (Fig. 4Z). All these results implied that the BMSC-based engineered cartilage could activate the
M2 polarization of macrophages.

Engineered Cartilage Cocultured With Macrophage
In Vitro
To further verify the interaction between the engineered cartilage and macrophages, a transwell-based coculture system was established. The experimental model is shown in
Figure 5A. After coculturing for 24 hours, the secretion of
the proinflammatory factor IL-1b was significantly lower in
the BMSC/macrophage (MF) coculture group than in the
MF group (Fig. 5B). In contrast, the anti-inflammatory factor
IL-10 was remarkably higher in the BMSC/MF and 1:1/MF
groups than in the MF group (Fig. 5C). Moreover, CD68 expression in macrophages stimulated with LPS and IFN-g
showed no differences between all groups, but the fraction
of CD206-positive macrophages reached 89.67% 6 3.71% in
the BMSC group and was significantly higher than in the other
groups (Fig. 5D, 5M).
S TEM C ELLS T RANSLATIONAL M EDICINE
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Figure 3. The role of foreign body multinucleated giant cells (FBGCs) in the inflammatory responses to engineered cartilage in vivo. (A–D):
Representative H&E staining images of engineered cartilage constructs after 2 weeks in vivo at low magnification and the white dotted lines
depict the boundary of the implants. (E–H): Quantitative comparison of FBGCs from H&E stained images at high magnification after 2 weeks and
8 weeks post implantation among the groups of BMSCs, 1:1, chondrocytes, and PGA/PLA (I). p, p , .05 (statistically different from other groups).
Scale bars = 50 mm (A–D) and 100 mm (E–H). Abbreviations: ACs, articular chondrocytes; BMSCs, bone marrow mesenchymal stem cells; PGA,
polyglycolic acid; PLA, polylactic acid; w, weeks.
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Differential Expressions of Polarization-Related Genes
in Macrophages After Coculturing With Engineered
Cartilage
To confirm M2 polarization of macrophages under this coculture system, the expressions of different inflammatory factors and chemokines receptors indicative of M1 and M2
polarization were examined. The results showed that the
mRNA expression of proinflammatory cytokines, including
IL-1b, TNF-a, IL-6, and inducible nitric oxide synthase 2 (iNOS
II), were significantly downregulated in the BMSC/MF coculture group compared with the MF group, whereas similar expression levels were found in the 1:1/MF and AC/MF groups

www.StemCellsTM.com

(Fig. 6A–6D). In contrast, the anti-inflammatory cytokines IL10 and TGF-b were significantly higher in the BMSC/MF coculture group compared with the other groups, and the BMSC/
MF coculture group also had a higher expression of arginase 1
(Arg-1) than in the MF group (Fig. 6E–6G). Moreover, positive
markers of M1 macrophage, including chemokine (C-C motif)
receptor type 1 (CCR1), chemokine (C-C motif) receptor type 4
(CCR4), chemokine (C-X-C motif) receptor type 2 (CXCR2), and chemokine (C-X3-C motif) receptor type 1 (CX3CR1), showed the lowest expression levels in the BMSC/MF coculture group, but the
highest in the AC/MF group (Fig. 6I–6L). Additionally, the mRNA
level of CCR2 was significantly higher in the BMSC/MF coculture
group than in the other three groups (Fig. 6H).

©AlphaMed Press 2016
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Figure 4. The role of macrophages in the inflammatory response to the engineered cartilage in vivo. Immunofluorescent staining of CD68
(green) and CD206 (red) colocalized with 49,6-diamidino-2-phenylindole-stained nuclei (blue) after 2 (A–H), 4 (I–P), and 8 (Q–X) weeks after
implantation. (Y, Z): Quantitative comparison of CD68- and CD206-positive cells among the groups of BMSCs, 1:1, chondrocytes, and PGA/
PLA. Scale bars = 50 mm. p, p , .05 (statistically different from other groups). Abbreviations: ACs, articular chondrocytes; BMSCs, bone marrow
mesenchymal stem cells; PGA, polyglycolic acid; PLA, polylactic acid; W, weeks.
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DISCUSSION
There have been very few reports on the successful construction of tissue-engineered cartilage in immunocompetent animal models, although tissue-engineered cartilage could be
generally accomplished in nude mice. The inflammatory response to the scaffold has been regarded as the main reason
for the destruction and resorption of autologous engineered
cartilage. To find a strategy for promoting the survival of engineered cartilage, here we took advantage of the immunomodulatory capacity of BMSCs to ameliorate the inflammation
induced by the scaffold in a pig model. As to the immunosuppressive characteristic of BMSCs, conflicting results have been
produced in chondrogenically differentiated cells. Ryan et al.
showed that the chondrogenic differentiation of MSCs could increase the host antidonor immune responses after its allogenic
transplantation [27]. Another study that highlighted both of the
MSCs and MSC-differentiated chondrocytes found that they
showed similar properties in suppressing T-cell responses in
an allogenic model [28]. Most of these studies investigated
the immunological consequences of BMSC chondrogenic differentiation in an allogeneic model, with less attention to the inflammation responses in an autograft model. In our study,
autogenic BMSCs were seeded on a PGA/PLA scaffold and cultured in chondrogenic differentiation medium, and we focused
on the inflammation induced by the PGA/PLA scaffold in vivo
and the interaction between the macrophage and the whole
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cell-scaffold complex. We demonstrated that BMSC-engineered
cartilage showed the less inflammatory phenotype by increasing M2 polarization of macrophages, resulting in better tissue
survival at 8 weeks after implantation compared with those
regenerated by chondrocytes alone or in combination with
BMSCs.
Several studies have reported that the inflammatory response caused by tissue-engineered implants showed a strong
association with the used scaffolds and/or their degradation
products [3, 4, 6]. PGA, which has been used in sutures and
wound dressings since the 1970s, was found to have good biocompatibility for cartilage tissue engineering [8]. PLA, which is
also U.S. Food and Drug Administration-approved, was usually
used to coat PGA fibers to maintain a fixed porous structure
and increase the stiffness. We chose PGA/PLA to construct
tissue-engineered cartilage because of its superiority in the
balance of degradability and shape control, which are very important for the regeneration of auricular or nasal cartilage that
requires a high fidelity of configuration fit to the defect shape.
However, residual PGA/PLA and its degradation products can
cause a decrease in local pH, resulting in inflammation, even
though the degradation products are harmless [8]. This inflammatory process is accompanied by the recruitment of
macrophages and the accumulation of FBGCs, which are believed to induce oxidative damage and cause chronic inflammation [29]. In our study, all three groups of complexes
formed cartilage-like tissues in vitro; however, after 8 weeks
S TEM C ELLS T RANSLATIONAL M EDICINE
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Figure 5. In vitro coculture of engineered cartilage and activated macrophage for 24 hours. (A): Coculturing of different groups of engineered
cartilage with macrophages in a transwell system. (B, C): Comparison of the protein concentrations of the proinflammatory factor IL-1b (B) and
anti-inflammatory factor IL-10 (C) secreted by macrophages in the supernatant among different coculture groups. (E–M): After coculturing with
different engineered cartilage for 24 hours, macrophages were immunofluorescent stained of CD68 (green) (E–H) and CD206 (red) (I–L), and
their positive fractions were calculated (M). Scale bars = 50 mm. p, p , .05 (statistically different from other groups). Abbreviations: ACs, articular
chondrocytes; BMSCs, bone marrow mesenchymal stem cells; IL-1b, interleukin 1b; IL-10, interleukin 10; MF, macrophages.
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Figure 6. Quantitative analysis of inflammation and chemokine receptors related genes in macrophages after coculturing with different groups
of engineered cartilage for 24 hours. p, p , .05 (statistically different from other groups). Abbreviations: ACs, articular chondrocytes; Arg-1,
arginase 1; BMSCs, bone marrow mesenchymal stem cells; CCR1, chemokine (C-C motif) receptor type 1; CCR2, chemokine (C-C motif) receptor
type 2; CCR4, chemokine (C-C motif) receptor type 4; CXCR2, chemokine (C-X-C motif) receptor type 2; CX3CR1, chemokine (C-X3-C motif) receptor type 1; IL-1b, interleukin 1b; IL-6, interleukin 6; IL-10, interleukin 10; MF, macrophages; NOS II, nitric oxide synthase 2; TGF-b, transforming growth factor b; TNF-a, tumor necrosis factor a.

in vivo, the constructs in the AC and 1:1 groups were all damaged, whereas those in the BMSC group maintained partial
cartilaginous structure with the fewest FBGCs and CD68positive macrophages. The engineered cartilage in the 1:1
group also showed a limited effect on M2 polarization of

www.StemCellsTM.com

macrophage at the early stage of 2 and 4 weeks after implantation. It implied that increasing the ratio of BMSCs:ACs in the coculture group might improve the quality of engineered cartilage
and maintain tissue homeostasis in the subcutaneous environment of a pig model. However, the main potential pitfall
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