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Activin A/IBMP2 chimera AB235
drives efficient redifferentiation
of long term cultured autologous
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Autologous chondrocyte implantation (ACI) depends on the quality and quantity of implanted
cells and is hindered by the fact that chondrocytes cultured for long periods of time undergo
dedifferentiation. Here we have developed a reproducible and efficient chondrogenic protocol to
redifferentiate chondrocytes isolated from osteoarthritis (OA) patients. We used morphological,
histological and immunological analysis together with a RT-PCR detection of collagen | and
collagen Il gene expression to show that chondrocytes isolated from articular cartilage biopsies of
patients and subjected to long-term culture undergo dedifferentiation and that these cells can be
redifferentiated following treatment with the chimeric Activin A/BMP2 ligand AB235. Examination
of AB235-treated cell pellets in both in vitro and in vivo experiments revealed that redifferentiated
chondrocytes synthesized a cartilage-specific extracellular matrix (ECM), primarily consisting of
vertically-orientated collagen fibres and cartilage-specific proteoglycans. AB235-treated cell pellets
also integrated into the surrounding subcutaneous tissue following transplantation in mice as
demonstrated by their dramatic increase in size while non-treated control pellets disintegrated
upon transplantation. Thus, our findings describe an effective protocol for the promotion of
redifferentiation of autologous chondrocytes obtained from OA patients and the formation of a
cartilage-like ECM that can integrate into the surrounding tissue in vivo.

The high incidence of chondral lesions and the lack of a definitive treatment, particularly due to the
intrinsic characteristics of the cartilage tissue, have an important impact on the health services systems
in developed countries. Among approaches to treat articular cartilage lesions, autologous chondrocyte
implantation (ACI) has been established as a good clinical therapeutic strategy for treating small injuries’.
Nevertheless, this procedure has important limitations including the restricted number of chondrocytes
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Figure 1. Dedifferentiation of chondrocyes grown in monolayer culture. (A) Chondrocytes cultured

for 1 week or 4 weeks were stained with Toluidine Blue and immunolabeled for Col I (green) and Col II
(red). (B) Real-time PCR analysis of selected chondrogenic markers after 4 weeks of monolayer cell culture.
The bottom graphic shows the ratio of Col II versus Col I expression during the process of differentiation.
**Statistical significance indicated (p < 0.01).

that can be isolated from a patient biopsy. In fact, in order to increase the number of cells, freshly isolated
chondrocytes are cultured and expanded in vitro. However, this leads to the problem of loss of the chon-
drocyte phenotype due to cell dedifferentiation that occurs during prolonged monolayer culture?. This
dedifferentiation causes chondrocytes to lose their round shape and become flattened fibroblast-like cells
with an increased proliferative capacity and is accompanied by changes in gene expression and surface
markers including decreased Col II and aggrecan and increased levels of Col I, Col X and COMP?. This
loss of the differentiated chondrocyte phenotype upon culture in vitro represents a major disadvantage of
the ACI technique because a decreased ratio of collagen type II/I results in production of an extracellular
matrix typical of fibrotic tissue that might compromise cartilage regeneration®.

Since the success of ACI depends on the number and quality of the cells to be implanted into the
chondral lesion, approaches to revert dedifferentiation, called redifferentiation, are being investigated. In
this respect, some studies have focused on using 3D cultures® or growth factors, such as members of the
TGF-B superfamily including bone morphogenetic proteins (BMPs)®”.

BMPs and activins are structurally related members of the TGF-3 superfamily of ligands but signal
through different pairs of receptors®. Activin A exhibits very high affinity for its type II receptors, ActRII
and ActRIIB, whereas BMP2 possesses low affinity for these receptors and higher affinity for its type
I receptors. Since Activin A and BMP2 bind different type I receptors they activate distinct signalling
pathways, i.e. Activin A activates SMAD2/3 transcription factors while BMP2 activates SMAD1/5/8 tran-
scription factors®. We previously reported the creation of chimeric ligands based on systematic swapping
of BMP2 and Activin-A sequences using a strategy termed Random Assembly of Segmental Chimera and
Heteromers (RASCH)'". We found that one of these chimeras, AB235, significantly promotes chondro-
genic differentiation of adipose-derived stem cells''.

Here we demonstrate that AB235 effectively induces redifferentiation of functional osteoarthritis (OA)
patient-derived dediferentiated chondrocytes. Our results establish a novel protocol for re-establishing
and maintaining the mature chondrocyte phenotype when cells are cultured for extended periods
in vitro. This approach has the potential to facilitate and enhance treatment of cartilage-related injuries
using ACIL.

Results

Chondrocyte dedifferentiation upon monolayer culture. Freshly isolated chondrocytes were
grown in monolayer culture up to passage 6 (P6) to ensure a complete dedifferentiation. Dedifferentiation
was evident as soon as P3, when the proliferation of the cells increased and some chondrocytes started
to change morphology and adopt a spindle-like fibroblastic shape. After 4 weeks all cells had increased
in size and adopted a fibroblast-like appearance Fig. 1(A), while control chondrocytes cultured for only
7 days retained a typical polygonal and star-shaped morphology. Toluidine Blue staining, which reflects
synthesis of glycosaminoglycans (GAGs), was clearly decreased in cell monolayers at P6 relative to
control chondrocytes Fig. 1(A). Further, chondrocytes cultured for 4 weeks showed decreased Col II
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expression (red staining) and increased Col I expression (green staining) while control chondrocytes
showed the opposite Fig. 1(A).

Finally, we evaluated the expression of selected chondrogenic markers by qRT-PCR Fig. 1(B) and
found that chondrocytes at P6 have increased expression of Col I (p < 0.01) and Col X and decreased
expression of Col II (p<0.01) when compared with control cells Fig. 1(B). A slight increase of Sox 9
expression (p < 0.01) was also detected specifically in long-term cultured chondrocytes. Furthermore, a
significant decrease of the Col II/Col I ratio (p < 0.01) was observed in chondrocytes at P6 when com-
pared to the ratio in the control cells. Together, these results indicate chondrocytes cultured in monolayer
for four weeks adopt a dedifferentiated, fibroblast-like phenotype.

AB235 promotes redifferentiation of dedifferentiated chondrocytes. We tested if the chi-
meric AB235 ligand could induce redifferentiation of chondrocytes that have lost their differentiated
phenotype following extended monolayer culture. Dedifferentiated cells were cultured for 4 weeks
under pellet-forming conditions in chondrogenic medium either containing or lacking the AB235 chi-
meric ligand and then analyzed using histological and immunofluorescence probes. Pellets cultured in
AB235-containing medium showed a noticeable increase in size relative to untreated controls. In addi-
tion, the AB235-induced pellets had a consistency and appearance more similar to native cartilage tissue
Fig. 2(A). We compared the internal structure of the AB235-treated and non-treated pellets and found
that the ECM of treated pellets was also more similar to that of native cartilage tissue Fig. 2(B). Pellet sec-
tions stained for H&E showed that AB235 induced the formation of a complex cellular organization with
cells embedded in lacunae surrounded by ECM (staining in pale pink), again resembling native cartilage
tissue, while ECM was not visible when cells were cultured under control conditions. Masson-Trichrome
staining revealed collagen-specific staining (green) in the ECM of AB235-treated pellet sections that was
similar to the staining of the native tissue but not visible in control pellets. Cartilage specific proteogly-
cans were also clearly more apparent in AB235-treated pellets than in the control as assessed by Alcian
Blue and Toluidine Blue assays pellets (blue and purple respectively).

Further, Col II, Sox 9 and Aggrecan were expressed in the AB235-induced pellets at significantly
higher levels than in the control pellets that showed weak and diffuse staining for these markers of chon-
drocyte differentiation Fig. 2(C). The patterned arrangement of Col II and Aggrecan fibres is striking and
in stark contrast with the homogeneous distribution of this protein in control pellet sections.

Finally, quantitative image analysis was performed using Image]. For histological and immufluores-
cence images, the staining of AB235-treated pellets was significantly higher (p < 0.01) in all cases when
compared with control pellets Fig 3.Together, these data indicate that AB235 promotes re-establishment
of the chondrocytic phenotype in cells that lose this phenotype following extended culture periods
in vitro.

Chondrocytes redifferentiated by AB235 in vitro promote cartilage integration upon trans-
plantation in mice. We tested whether chondrocytes redifferentiated as a pellet in vitro are capable
of maintaining their 3D structure after being transplanted into mice. Figure 4A shows a schematic rep-
resentation of the experimental design we employed. Pellets obtained after 6 weeks of culture in the pres-
ence or absence of AB235 were transplanted into subcutaneous tissue on the flanks of inmunodeficient
mice and then harvested 4 weeks later for histological and immunofluorescence analysis.

We find that the control pellets are completely absorbed by the surrounding mouse tissue and could
not be recovered for histological and immunofluorescence analysis. By contrast, AB235-treated pellets
displayed a dramatic increase in size over the 4 week period demonstrating that the graft was well toler-
ated by the organism Fig. 4(A). Histological analysis reveals that the ECM synthesized by redifferentiated
chondrocytes is cartilage-specific pericellular matrix consisting primarily of vertically-oriented collagen
fibres and proteoglycans Fig. 4(B). Integration of the AB235-treated pellet into the surrounding mouse
tissue is demonstrated by the formation of novo tissue around the pellet that can be seen in the H&E
stained section as shown in Fig. 4B. Finally, our immunofluorescence assay for collagens I and X shows
that AB235 treatment does not induce fibrotic or hypertrophic cartilage formation Fig. 4(C,D). On the
other hand, collagen II and Sox 9 markers were highly expressed with an arranged Col II distribution
typical of a structured ECM and with Sox 9 localized in both the nucleus and cytoplasm Fig. 4(E,F).
Finally, our results showed that Col X was almost undetectable in AB235-treated cells.

Discussion

Autologous chondrocytes are suitable for cell therapy strategies directed to repair cartilage tissue degen-
eration or damage. However, these strategies are hampered by the fact that chondrocytes undergo
dedifferentiation when they are grown in monolayer culture for prolonged periods®. To overcome this
limitation, we developed a robust protocol to redifferentiate chondrocytes that have undergone such
in vitro culture-induced dedifferentiation.

Chondrocyte dedifferentiation has been described to occur as soon as 4-10 days after cells are plated
in a monolayer!. We ensured full dedifferentiation toward a fibroblastic phenotype by growing chon-
drocytes in monolayer culture over a period of 4 weeks. Morphological, histological and immunological
analysis together with real-time PCR measurement of Col I and Col II gene expression confirmed the
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Figure 2. AB235 induces chondrocyte redifferentation in vitro. (A) Representative images of
dedifferentiated chondrocytes cultured in a pellet system for 6 weeks in the absence of treatment (CTL) or
treated with 10ng/ml of the chimeric ligand (AB235) are compared with an image of native cartilage tissue.
(B) Histological staining of sections of the pellets from (A) shows the acquisition of a cartilage like matrix
resulting from AB235 treatment. (C) Merged images of pellet sections inmunostained with Col II, Sox9 and
Aggrecan antibodies (green channel) and cell nuclei labelled with DAPI (blue channel) demonstrate that
AB235 treatment increases of chondrogenic marker expression. Original magnification: 20x for all panels.

complete dedifferentiation of chondrocytes over this 4 week period in a manner that is in agreement
with prior findings®.

We have previously reported the creation of chimeric ligands that combine BMP2 and Activin-A
sequences'?. We subsequently confirmed the chondrogenic potential of Activin- and Nodal-like chime-
ras including AB235 in directing chondrogenic differentiation of adipose derived stem cells'"'*. In the
present study, we specifically hypothesized that AB235 reverts dedifferentiated chondrocytes back to
their previous, fully differentiated chondrocytic state. We tested this hypothesis by culturing dedifferen-
tiated chondrocytes under 3D conditions. It is known that cell-to-cell contact promotes chondrogenic
differentiation and 3D culturing has been used before to induce redifferentiation of monolayer-expanded
autologous chondrocytes®. However, our results showed that 3D culturing is not sufficient per se to red-
ifferentiate chondrocytes as proven by the small size and lack of proper tissue organization found in the
control pellets. On the other hand, pellets cultured with AB235 produced a cartilaginous matrix compa-
rable to the ECM found in native cartilage tissue. These findings suggest that the AB235 ligand interacts
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Figure 3. Quantitative image analysis. Graphical representation of the quantification of histological (A)
and immunofluorescence (B) staining of control and AB235-treated pellet sections. MT: Masson-Trichrome;
AB: Alcian Blue; TB: Toluidine Blue; ACAN: Aggrecan. **Statistical significance indicated (p < 0.01).

with Activin/BMP receptors in a way that promotes the reversion toward a chondrocytic phenotype in
a manner concordant with what previous studies using BMP2 have shown!>'¢. In fact, the enhanced
chondrogenic differentiation of human adipose derived stem cells (hASCs) treated with AB235 relative
to that of cells treated with BMP2 suggests that this chimeric ligand signals more efficiently than BMP2
through type I and type II receptors that mediate cartilage maturation'’.

Furthermore, we demonstrate that AB235-induced cartilage integrates into the subcutaneous tissue
upon transplantation into the flanks of immune compromised mice and that the structural cartilage-like
complexity of the ECM in AB235-treated pellets strongly resembles native cartilage. By contrast,
non-treated control pellets were absorbed by the surrounding tissue and could not be recovered for
examination, in agreement with others studies that have showed that dedifferentiated chondrocytes failed
to form cartilage tissue in vivo'”'8. Interestingly, Activin A has been shown to be an inhibitor of matrix
metalloproteinase 3 and to block the degradation of the ECM by this enzyme! raising the possibility that
AB235, which utilizes the activin pathway, may exert similar effects.

From the present study we can conclude that the combination of sequences of BMP2 and Activin-A
present in AB235 result in a ligand that increases the expression of chondrogenic markers of dedifferen-
tiated chondrocytes. Others studies have shown that BMP2 upregulates chondrogenic gene expression of
human articular chondrocytes expanded in vitro* and, therefore, comparing the chondrogenic potential
of BMP2 versus AB235 would be of great interest for future studies.

In conclusion, we describe an effective protocol for redifferentiation of autologous chondrocytes
obtained from OA patients and the formation of a cartilage-like ECM that can integrate into the
surrounding tissue in vivo. Future work will include assessment of the tumour-forming potential of
AB235-treated cells in order to determine if the procedure can be translate to the clinic. Since the suc-
cess of cell therapies for cartilage injury depends on the quality and quantity of the implanted cells, our
protocol may have significant potential for clinical applications.

Material and Methods

Patients. Articular cartilage was obtained from from 4 female and 4 male patients with knee oste-
oarthritis during joint replacement surgery at the University Hospital of Mélaga, Spain, according to
the guidelines of the University Hospital of Malaga (Table S1). Informed patient consent was obtained
for all samples used in this study and samples were collected in accordance with the Research Ethics
Committees of the University Hospital of Malaga, “Virgen de la Victoria” and University of Granada
(ES180870000164). Average patient age at resection for females and males was 67,25+ 7 years; and
66,5+ 6 years, respectively. None of the patients had a history of inflammatory arthritis or crystal-in-
duced arthritis. Human articular cartilage (leaf shape; size: length: 16 £ 5mm and width: 8 £2mm)
was obtained from the femoral side, selecting the non-overload compartment: lateral condyle in varus
deformity and medial condyle in valgus cases. Only cartilage that looked normal microscopically was
used for this study. Samples collected at joint arthroplasty were transported to the laboratory in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma) with 100 U/ml penicillin and 100 mg/ml streptomycin.

Isolation and dedifferentitation of human articular chondrocytes. Articular chondrocytes
were isolated as previously described'% To induce chondrocyte dedifferentiation cells were harvesting by
TrypLE (Invitrogen) and cultured on monolayer for 6-7 passages.
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Figure 4. AB235 induces chondrocyte redifferentiation in vivo. (A) Schematic representation of the
experimental design showing images of representative pellets before and after implantation into mice and
integration of AB235-treated pellets with the surrounding tissue. (B) Sections of AB235-treated pellets
harvested from mice and stained for H&E, Masson’s Trichrome, Alcian Blue and Toluidine Blue show a
robust staining for mature, cartilage-like ECM. Black arrows indicate the edge of the pellet in H&E and
Masson’s Trichrome stained sections while the edge of the pellet is not visible in Alcian Blue and Toluidine
Blue stained sections. (C-F) Representative images of immunofluorescence analysis of cartilage markers.
Stained sections of fibrotic marker type I collagen (Col I) and hypertrophic marker type X collagen (Col X)
in both control pellet grown in vitro (C) and AB235-induced pellet harvested from mice (D). Expression of
the chondrogenic markers Col II and Sox 9 in AB235 induced pellet sections after the in vivo assay (E,F).
Original magnification 10x for (C,D); 20x for (E,F).

Chondrogenic differentiation in cell pellet culture. Chondrocytes were maintained at 37°C in
a humidified atmosphere containing 20% O2 and 5% CO?2 usin a protocol detailed in Supplementary
data. Briefly, 200,000 cells/ml were grown using a pellet system as described before!!. Control pellets
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were grown in DMEM-high glucose (Sigma) Supplemented with 10% foetal bovine serum (FBS, Gibco,
composition is listed in supplementary data), 50pug/pL of l-ascorbic acid 2-phosphate (Sigma), 1%
penicillin-streptomycin (Sigma) and 1% ITS (Insulin-Transferrin-Selenium, Gibco). To induce rediffer-
entiation, 10ng/ml of AB235 was added fresh during each media exchange every 48hours. The AB235
chimeric ligand was generated as previously described'® and was dissolved in a solution (1:20v/v) of
10mM sodium acetate buffer (pH 5.0) and PBS containing 0,1% bovine serum albumin (BSA).

RNA isolation and real time-PCR analysis. Total cellular RNA isolation, cDNA generation and
Real-time PCR were performed as described in Supplementary data. Primer sequences used in this study
are summarized in Table S1 (Supplementary data).

Histological and immunohistochemical analysis. Described in detail in Supplementary data.

Invivoassay. Invivo experiments were performed in immunodeficient NOD SCID (NOD.CB17-Prkdc*id/
NecrCrl) mice purchased from Charles River (Barcelona, Spain). Cell pellets obtained after 6 weeks of chon-
drogenic induction were transplanted into the back subcutaneous tissue of mice anesthetized (n=6) by iso-
flurane inhalation (described in detail in Supplementary data). In vivo assays were carried out in accordance
with the approved guidelines of University of Granada following institutional and international standards
for animal welfare and experimental procedure. All experimental protocols were approved by the Research
Ethics Committee of the University of Granada.

Statistical analysis. All graphed data represent the mean+ /-SD from at least three experiments.
Differences between treatments were tested using the two tailed Student’s T test. Assumptions of
Student’s T test (homocedasticity and normality) were tested and assured by using transformed data
sets [log(dependent variable value + 1)] when necessary. P-values < 0.01 (**) were considered statistically
significant in all cases.

References

1. Brittberg, M. Autologous chondrocyte implantation—technique and long-term follow-up. Injury. 39, Suppl 1 S40-S49 (2008).

2. Chung, C. & Burdick, J. A. Engineering cartilage tissue. Adv Drug Deliv Rev. 60(2), 243-262 (2008).

3. Ma, B. et al. Gene expression profiling of dedifferentiated human articular chondrocytes in monolayer culture. Osteoarthritis
Cartilage. 21(4), 599-603 (2013).

4. Barlic, A., Drobnic, M., Malicev, E. & Kregar-Velikonja, N. Quantitative analysis of gene expression in human articular
chondrocytes assigned for autologous implantation. J Orthop Res. 26(6), 847-853 (2008).

5. Caron, M. M. et al. Redifferentiation of dedifferentiated human articular chondrocytes: comparison of 2D and 3D cultures.
Osteoarthritis Cartilage. 20(10), 1170-1178 (2012).

6. Park, J. S., Yang, H. N., Woo, D. G., Chung, H. M. & Park, K. H. In vitro and in vivo chondrogenesis of rabbit bone marrow-
derived stromal cells in fibrin matrix mixed with growth factor loaded in nanoparticles. Tissue Eng Part A. 15(8), 2163-2175
(2009).

7. Hautier, A. et al. Bone morphogenetic protein-2 stimulates chondrogenic expression in human nasal chondrocytes expanded
in vitro. Growth Factors. 26(4), 201-211 (2008).

8. Kwiatkowski, W., Gray, P. C. & Choe, S. Engineering TGF-( superfamily ligands for clinical applications. Trends Pharmacol Sci.
35(12), 648-657 (2014).

9. Korupolu, R. V., Muenster, U., Read, ]. D., Vale, W. & Fischer, W. H. Activin A/bone morphogenetic protein (BMP) chimeras
exhibit BMP-like activity and antagonize activin and myostatin. J Biol Chem. 15, 283(7), 3782-3790 (2008).

10. Allendorph, G. P. et al. Designer TGFbeta superfamily ligands with diversified functionality. PLoS One. 6(11), €26402 (2001).

11. Peran, M. et al. Activin/BMP2 chimeric ligands direct adipose-derived stem cells to chondrogenic differentiation. Stem Cell Res.
10(3), 464-476 (2013).

12. Lépez-Ruiz, E. et al. Chondrocytes extract from patients with osteoarthritis induces chondrogenesis in infrapatellar fat pad-
derived stem cells. Osteoarthritis Cartilage. 21(1), 246-258 (2013).

13. Martin, L. et al. Quantitative analysis of gene expression in human articular cartilage from normal and osteoarthritic joints.
Osteoarthritis Cartilage. 9, 112-118 (2001).

14. Esquivies, L. et al. Designer nodal/BMP2 chimeras mimic nodal signaling, promote chondrogenesis, and reveal a BMP2-like
structure. J Biol Chem. 289(3), 1788-1797 (2014).

15. Salentey, V. et al. Human chondrocyte responsiveness to bone morphogenetic protein-2 after their in vitro dedifferentiation:
Potential use of bone morphogenetic protein-2 for cartilage cell therapy. Pathol Biol. 57(4), 282-289 (2009).

16. Cha, B. H. et al. Cartilage tissue formation from dedifferentiated chondrocytes by codelivery of BMP-2 and SOX-9 genes
encoding bicistronic vector. Cell Transplant. 22(9), 1519-1528 (2013).

17. Kreuz, P. C. et al. Scaffold-assisted cartilage tissue engineering using infant chondrocytes from human hip cartilage. Osteoarthritis
Cartilage. 21(12), 1997-2005 (2013).

18. DellAccio, E, De Bari, C. & Luyten, F. P. Molecular markers predictive of the capacity of expanded human articular chondrocytes
to form stable cartilage in vivo. Arthritis Rheum. 44(7), 1608-1619 (2001).

19. Chang, D. M,, Liu, S. H,, Lee, H. S,, Lai, J. H. & Chen, C. H. Activin A suppresses interleukin-1-induced matrix metalloproteinase
3 secretion in human chondrosarcoma cells. Rheumatol Int. 27(11), 1049-1055 (2007).

20. Murphy, M. K., Huey, D. J., Hu, J. C. & Athanasiou, K. A. TGF-31, GDF-5, and BMP-2 stimulation induces chondrogenesis in
expanded human articular chondrocytes and marrow-derived stromal cells. Stemn Cells. 33(3), 762-73 (2015).

Acknowledgements
This work was supported by the Consejeria de Economia, Innovacién y Ciencia (Junta de Andalucia,
excellence project number CTS-6568). The authors also gratefully thank Ana Santos and Mohamed

SCIENTIFIC REPORTS | 5:16400 | DOI: 10.1038/srep16400 7



www.nature.com/scientificreports/

Tassi from the C.I.C. (University of Granada) for excellent technical assistance with histological and
microscopy studies. We acknowledge the Junta de Andalucia for providing a fellowship granted to G.J.
and a post-doctoral fellowship to E.L.-R.

Author Contributions

G.J. and E.L.-R. design study, data acquisition, data analysis and interpretation, drafting the article. W.K,,
J.C. L-B,, S.C. and P.C.G. data interpretation, provision of material, drafting the article, final approval
of submitted manuscript. E.M.: provision of patients, drafting the article. EA. and E.C. provision of
material, data analysis. M.P. conception and design of the study, data analysis and interpretation, drafting
the article. J.LA.M. conception and design of the study, data analysis and interpretation, obtaining of
funding, drafting the article. All authors: final approval of submitted manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Jiménez, G. et al. Activin A/BMP2 chimera AB235 drives efficient
redifferentiation of long term cultured autologous chondrocytes. Sci. Rep. 5, 16400; doi: 10.1038/
srep16400 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oM jmages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:16400 | DOI: 10.1038/srep16400 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Activin A/BMP2 chimera AB235 drives efficient redifferentiation of long term cultured autologous chondrocytes

	Results

	Chondrocyte dedifferentiation upon monolayer culture. 
	AB235 promotes redifferentiation of dedifferentiated chondrocytes. 
	Chondrocytes redifferentiated by AB235 in vitro promote cartilage integration upon transplantation in mice. 

	Discussion

	Material and Methods

	Patients. 
	Isolation and dedifferentitation of human articular chondrocytes. 
	Chondrogenic differentiation in cell pellet culture. 
	RNA isolation and real time-PCR analysis. 
	Histological and immunohistochemical analysis. 
	In vivo assay. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Dedifferentiation of chondrocyes grown in monolayer culture.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ AB235 induces chondrocyte redifferentation in vitro.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Quantitative image analysis.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ AB235 induces chondrocyte redifferentiation in vivo.



 
    
       
          application/pdf
          
             
                Activin A/BMP2 chimera AB235 drives efficient redifferentiation of long term cultured autologous chondrocytes
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16400
            
         
          
             
                G. Jiménez
                E. López-Ruiz
                W. Kwiatkowski
                E. Montañez
                F. Arrebola
                E. Carrillo
                P.C. Gray
                J.C. Izpisua Belmonte
                S. Choe
                M. Perán
                J. A. Marchal
            
         
          doi:10.1038/srep16400
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep16400
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep16400
            
         
      
       
          
          
          
             
                doi:10.1038/srep16400
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16400
            
         
          
          
      
       
       
          True
      
   




