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The development of regenerative therapies for cartilage injury has
been greatly aided by recent advances in stem cell biology. Induced
pluripotent stem cells (iPSCs) have the potential to provide an
abundant cell source for tissue engineering, as well as generating
patient-matched in vitromodels to studygenetic and environmental
factors in cartilage repair and osteoarthritis. However, both cell
therapy and modeling approaches require a purified and uniformly
differentiated cell population to predictably recapitulate the phys-
iological characteristics of cartilage. Here, iPSCs derived from adult
mouse fibroblasts were chondrogenically differentiated and puri-
fied by type II collagen (Col2)-driven green fluorescent protein (GFP)
expression. Col2 and aggrecan gene expression levels were signif-
icantly up-regulated in GFP+ cells compared with GFP− cells and
decreased with monolayer expansion. An in vitro cartilage defect
model was used to demonstrate integrative repair by GFP+ cells
seeded in agarose, supporting their potential use in cartilage ther-
apies. In chondrogenic pellet culture, cells synthesized cartilage-
specific matrix as indicated by high levels of glycosaminoglycans
and type II collagen and low levels of type I and type X collagen.
The feasibility of cell expansion after initial differentiation was
illustrated by homogenous matrix deposition in pellets from twice-
passaged GFP+ cells. Finally, atomic force microscopy analysis
showed increased microscale elastic moduli associated with collagen
alignment at the periphery of pellets, mimicking zonal variation in
native cartilage. This study demonstrates the potential use of iPSCs
for cartilage defect repair and for creating tissue models of cartilage
that can be matched to specific genetic backgrounds.
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Articular cartilage exhibits poor intrinsic capacity for repair,
and focal cartilage defects often progress to osteoarthritis

(OA) eventually requiring total joint replacement (1). Cartilage
tissue engineering seeks to provide a biological replacement
tissue, which requires an adequate cell source (2, 3). Although
autologous chondrocytes have previously been used for the
treatment of focal defects (4), their derivation requires addi-
tional surgical procedures leading to possible complications at
the donor site (5). Adult stem cells are a promising alternative
cell source due to their minimally invasive isolation and chon-
drogenic potential (6, 7), but these cells also have limitations.
The percentage of mesenchymal stem cells (MSCs) in bone
marrow is low (8), whereas the more abundant adipose-derived
stem cells (ASCs) appear to have reduced chondrogenic poten-
tial under current differentiation protocols (9). Additionally, the
yield of adult stem cells from patients most likely to require such
cartilage therapies may be insufficient, as MSCs from older
patients show lower proliferation rates in culture (10) and MSCs
from patients with OA demonstrate reduced chondrogenic dif-
ferentiation (11).
Induced pluripotent stem cells (iPSCs) have the capacity to

overcome limitations associated with the current cell sources,
primarily because large numbers of patient-matched cells with
chondrogenic potential can be derived from a minimally invasively

isolated starting cell population. As somatic cells that have been
genetically reprogrammed to a pluripotent state, iPSCs dem-
onstrate significant expansion potential while maintaining their
multilineage differentiation capacity (12–14). In addition to cell-
based therapeutic applications, iPSC technology can also provide
patient-specific cell and tissue models for pathophysiological and
pharmacological studies (15, 16). This characteristic also allows
engineered cartilage constructs from specific mouse strains to be
used for mechanistic investigation into the effects of specific ge-
netic traits on cartilage development, repair, and OA.
One of themain challenges in using iPSCs for either therapeutic

applications or in vitro modeling is the difficulty in achieving
uniform differentiation to the cell type of interest (17). A non-
uniform cell population not only limits the effectiveness of the
therapy or model, but also increases the risk for undifferentiated
cells contained in the population to contribute to teratoma for-
mation (18). Previous work with mouse and human embryonic
stem cells has demonstrated that chondrogenesis of pluripotent
cells can be initiated by exposure to growth factors such as the bone
morphogenetic proteins (BMPs) (19, 20) and transforming growth
factor-beta (TGF-β) (21, 22). Chondrogenesis can be further en-
hanced by recapitulating features of mesenchymal condensation
using 3D culture systems such as embryoid bodies (23), micro-
masses (24, 25), pellets (26), or scaffolds (27). These techniques
have also been effective in initial studies with mouse and human
iPSCs (28–31). However, the inability to differentiate every plu-
ripotent cell toward the chondrogenic lineage has limited the po-
tential to engineer a tissue with uniform cartilaginous matrix.
The goal of this study was to create tissue-engineered cartilage

constructs frommurine iPSCs by using a starting population of cells
that were successfully predifferentiated toward the chondrogenic
lineage. To accomplish this, we induced chondrogenic differenti-
ation by treating micromass cultures with BMP-4 and used flow
cytometry to sort cells expressing green fluorescent protein (GFP)
under control of the chondrocyte-specific type II collagen (Col2)
promoter/enhancer (32). In addition to biochemical and mechan-
ical characterization of the tissue-engineered constructs, we ex-
amined the potential of differentiated and purified iPSCs to be
used for functional cartilage repair using an in vitro cartilage defect
model system.

Results
Somatic Cell Reprogramming into Induced Pluripotent Stem Cells.
Successful reprogramming of tail fibroblasts from 8- to 10-wk-
old mice through the forced overexpression of a core set of
transcription factors (Oct4, Sox2, Klf4, and Myc) was verified by
morphology, the presence of pluripotency markers, and the
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formation of teratomas. Cells formed rounded colonies on top of
the feeder cells with morphology similar to that of embryonic
stem cells (Fig. 1A). Cells stained positive for alkaline phos-
phatase, Nanog, Oct4/Pou5f1, and stage-specific embryonic an-
tigen 1 (SSEA-1) (Fig. 1A). Pluripotency was confirmed by the
formation of teratomas after injection of undifferentiated iPSCs
in the kidney and testis of mice. The resulting teratomas included
tissue types of all three germ layers, including gland tissue (en-
doderm), muscle (mesoderm), and neural rosettes (ectoderm)
(Fig. 1B). The karyotype of the iPSCs was determined using G
banding analysis, indicating an interstitial deletion from 2D to 2F3
in chromosome 2 and the loss of the Y sex chromosome (Fig. 1C).

Chondrogenically Differentiated Cells Can Be Identified and Isolated
Based on Col2 Expression Driving GFP. The addition of BMP-4 and
dexamethasone during days 3–5 of micromass culture initiated
chondrogenic differentiation in a subset of the iPSCs. After 15 d of
micromass culture, ∼10% of cells expressed GFP under the con-
trol of theCol2 promoter/enhancer and flow cytometry was used to
sort cells based on GFP expression (Fig. S1). Cells sorted for lack
of GFP expression (hereafter termed GFP− cells) were spindle-
shaped and negative for type II collagen by immunocytochemistry,
whereas cells sorted for the positive expression of GFP (hereafter
termedGFP+ cells) displayed a rounded phenotype and expressed
type II collagen (Fig. S1). Quantitative RT-PCR analysis per-
formed on cells immediately after sorting demonstrated an in-
crease in the expression of chondrogenic genes inGFP+ compared
with GFP− cells, including Col2, aggrecan (Acan), type X collagen
(Col10), and Sox9, while displaying decreased expression of type I
collagen (Col1) (Table S1). Both cell populations showed reduced
gene expression of the pluripotency marker Nanog compared with
undifferentiated iPSCs (Table S1).

Monolayer Expansion Alters Chondrogenic Gene Expression. Sorted
cells retained distinct morphologies in monolayer culture, with
GFP− cells remaining spindle-shaped and GFP+ cells remaining
more rounded (Fig. 2A). In the presence of 10% (vol/vol) FBS
and 4 ng/mL bFGF, both the GFP+ and GFP− cells showed
extensive proliferation, with 2366-fold and 264-fold cumulative
expansion over six passages, respectively (Fig. 2B). The chon-
drocyte-specific gene markers Col2 and Acan showed signifi-
cantly higher gene expression levels in GFP+ compared with
GFP− cell populations after either one or two passages. Ex-
pression of Col2 and Acan decreased with passaging in both GFP
+ and GFP− cells (Fig. 2C). The gene expression level of the
early chondrocyte marker Sox9 was similar in GFP+ and GFP−
cells and was generally stable over passaging, but decreased by
passage 3 in GFP+ cells. The expression level of the hypertro-
phic chondrocyte marker Col10 was higher in the GFP+ cells
during the first two passages; however, it increased with pas-
saging in the GFP− cells but not in GFP+ cells. Col1 expression
levels were higher in GFP− cells compared with GFP+ cells after

the first passage. Col1 increased in GFP+ cells after an addi-
tional passage, but was stable with passaging in GFP− cells.

Enhanced GAG Synthesis in Pellets Formed from GFP+ Cells. Fol-
lowing monolayer expansion, cells were centrifuged to form pel-
lets, which were subsequently cultured for 21 d in the presence of
TGF-β3. As visualized by the diameter of central histological
sections, pellet cultures from GFP+ cells were larger than those
from GFP− cells, and the size of GFP+ pellets decreased with
increased passaging (Fig. 3A). Safranin-O staining of sectioned
pellets demonstrated robust production of glycosaminoglycans
(GAGs) in pellets formed using GFP+ cells (Fig. 3A). In pellets
formed using either passage 1 or passage 3GFP+ cells, the central
region of the pellet did not show uniform GAG production.
However, pellets formed using passage 2 GFP+ cells exhibited
rich GAG staining throughout the whole pellet. Safranin-O
staining was confined to the outer regions of pellets formed using
GFP− cells (Fig. 3A) and “unsorted” cells (Fig. S2). Quantifica-
tion of GAG production supported the histology, as pellets from
GFP+ cells had higher GAG production than corresponding
pellets from GFP− cells at each passage (Fig. 3B). Although total

Fig. 1. Characterization of iPSCs. (A) Pluripotency markers (top left to right, bottom left to right; scale bars: 20 μm): bright field, DAPI, alkaline phosphatase,
nanog, Oct4/Pou5f1, SSEA1. (B) Undifferentiated iPSCs formed teratomas (Upper Left) with endoderm (gland, Upper Right), mesoderm (muscle, Lower Left),
and ectoderm (neural rosette, Lower Right). (C) Karyogram from G banding, arrow indicates deletion.

Fig. 2. Monolayer expansion of sorted cells. (A) Passage 2 cells after sorting
for GFP+ (left) or GFP− (right). (Scale bar: 100 μm.) (B) Cumulative fold in-
crease in cell number (log scale). Asterisk indicates P < 0.05 to GFP− of same
passage, n ≥ 3 per group, mean ± SEM. (C) RT-PCR. Fold increase normalized
to passage 1 GFP+ cells, asterisk indicates P < 0.05 to GFP− of same passage
and pound indicates P < 0.05 to passage 1 of own cell type, n ≥ 3 per group,
mean ± SEM.
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GAG content was higher in pellets from passage 1 GFP+ cells
compared with pellets from passage 2 GFP+ cells, normalizing to
DNA content showed that GAG synthesis per cell was highest in
pellets from passage 2 GFP+ cells (Fig. 3C).

Cartilage-Specific Collagen in Pellets from Passage 2 GFP+ Cells. To
further investigate the extracellular matrix components produced
by passage 2 GFP+ and passage 2 GFP− cells in pellet culture, we
performed immunohistochemical staining for different types of
collagen. Cartilage-specific type II collagen and type VI collagen
were abundantly produced throughout the pellets from GFP+
cells, but were only present in the periphery of pellets fromGFP−
cells (Fig. 4A). Pellets from GFP− cells showed significant stain-
ing for type I collagen in the matrix, whereas pellets from GFP+
cells showed only pericellular staining (Fig. 4A). Pellets from both
groups of cells showed little staining for type X collagen. Controls
confirmed specific antibody staining (Fig. S3). The amount of type
I and type II collagen produced in pellets formed using GFP+
cells or GFP− cells (passages 1–3) were quantified using ELISA.
Pellets formed with GFP+ cells showed significantly more type II
collagen content than the corresponding pellets from GFP− cells
at each passage, and the total type II collagen produced by GFP+

cells decreased with passage (Fig. 4B). When normalized to DNA
content, the maximal production of type II collagen per cell was in
pellets from passage 2 GFP+ cells (Fig. 4B). Type I collagen
content was higher in pellets from passage 1 GFP− cells com-
pared with passage 1 GFP+ cells. With additional passaging in
monolayer, the GFP+ cells produced more type I collagen in
pellet culture whereas the GFP− cells produced less type I col-
lagen after further expansion (Fig. 4B).

Elastic Modulus and Collagen Alignment Vary by Region. Tomeasure
the stiffness of matrix produced by cells in pellet culture, micro-
scale elastic moduli were determined using atomic force micros-
copy (AFM) (Fig. 5). When tested in bulk, pellets from passage 2
GFP+ cells demonstrated a trend toward a higher elastic modulus
compared with pellets from passage 2 GFP− cells (20.3 ± 6.3 kPa
vs. 11.0 ± 1.9 kPa, P = 0.14). Regional elastic modulus was then
assessed on cryosections, showing a significantly higher elastic
modulus in the region containing the outer 40 μm compared with
the region 100–300 μm from the edge of pellets, regardless of
whether pellets were formed with GFP+ or GFP− cells. Whereas
there was no difference between pellets from GFP+ and GFP−
cells in the outer region (25.9± 3.2 kPa vs. 25.2± 2.4 kPa,P= 0.97),
the inner region of pellets from GFP+ cells had a significantly
higher elastic modulus than the inner region of pellets fromGFP−
cells (5.8 ± 0.7 kPa vs. 3.6 ± 0.4 kPa, P < 0.01). Similar trends were
seen when analyzing AFM data for structural indentation stiffness
(Fig. S4). Assessment with polarized light showed that the outer
region had greater collagen alignment compared with the inner
region, and there was a significant correlation of elastic modulus
with collagen alignment for bothGFP+ (R2= 0.70, P< 0.0001) and
GFP− pellets (R2 = 0.43, P < 0.01) (Fig. 5E).

In Vitro Cartilage Defect Repair with Cells Embedded in Agarose. An
in vitro cartilage defect model was established to investigate the
ability of iPSC-derived cells to contribute to defect repair. After
21 d of culture in 1% agarose, both passage 3 GFP+ and GFP−
cells showed cartilaginous matrix production and integration
with the surrounding explant cartilage as determined by histology
(Fig. 6A). The integrative repair strength was calculated as the
peak shear stress at failure as constructs containing GFP+ or
GFP− cells were pushed out of the surrounding cartilage ex-
plant. This repair strength was significantly higher than that of
controls using agarose alone or cored cartilage to fill the defect
(Fig. 6B). Constructs with GFP+ cells showed significantly higher
integrative strength compared with constructs with GFP− cells
(48.8 ± 4.9 kPa vs. 29.1 ± 7.6 kPa, P < 0.01).

Discussion
Our findings show that, with appropriate differentiation and
purification protocols, murine iPSCs can be induced to a chon-
drogenic lineage characterized by high production of cartilage-

Fig. 3. Glycosaminoglycans (GAGs) production. (A) Safranin-O/Fast-Green/
Hematoxylin stained section from pellets of GFP+ or GFP− cells passaged
once (Left), twice (Center), or three times (Right) after sorting. (Scale bar:
100 μm.) (B and C) Total GAGs per pellet (B) andGAGs per DNA by DMB assay
(C), asterisk indicates P < 0.05 to GFP− of same passage and pound indicates
P < 0.05 to passage 1 of own cell type, n ≥ 4 per group, mean ± SEM.

Fig. 4. Collagen production. (A) Immunohistochemistry
for type II, type VI, type X, and type I collagen (as la-
beled). (Scale bar: 100 μm.) (B) Quantification of type II
(Left) or type I collagen (Right) by ELISA, presented as
total content or normalized to DNA content. Asterisk
indicates P < 0.05 to GFP− of same passage and pound
indicates P < 0.05 to passage 1 of own cell type, n ≥ 4 per
group, mean ± SEM.
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specific matrix at the gene and protein levels. Using these cells,
we sought to produce cartilage tissue-engineered constructs to
establish a model system that harnesses the power of mouse
genetics for in vitro studies of cartilage injury and repair. We
observed the most robust chondrogenic differentiation in this
system by using BMP-4 treatment in micromass culture, isolating
differentiated cells by Col2 expression, expanding these cells for
several passages with bFGF, and subsequently forming pellets
that were maintained for 21 d in the presence of TGF-β3. This
multistage approach enabled us to generate constructs with high
levels of GAG and type II collagen production. Finally, we
showed that the iPSC-derived cells were effective at promoting
the integration of nascent tissue with the surrounding adult
cartilage using an in vitro model of cartilage injury.
There are several advantages to using iPSCs for developing

cartilage model systems. These cells can be expanded indefinitely
in an undifferentiated state, enabling the derivation of adequate
numbers of differentiated progeny for high-throughput analysis
and drug screening. In contrast, most adult stem cells such as
MSCs andASCs show changes in differentiation potential after∼4
passages in culture (33). Derivation of iPSCs from minimally in-
vasive sources such as skin fibroblasts or from joint cells during
surgery allows for patient-matched engineered tissues even from
elderly patients or those with OA (28, 31). Recent work has shown
that iPSCs from patients with complex, polygenic diseases such as
sporadic Alzheimer’s disease were able to recapitulate the func-
tional deficit of neuronal cells (16), opening up the possibility that
iPSC-derived cartilage from patients with OAmay show enhanced
degradation and aid investigation of OA risk factors and potential
treatments. Similarly, generating tissue models from knockout

mice that are either susceptible to OA or are protected from OA
may allow for mechanistic investigations that are challenging to
perform in animal models.
The differentiation of pluripotent cells toward the chondrogenic

lineage is a complex process that typically involves multiple steps.
For example, Oldershaw and colleagues developed a protocol in-
volving temporally-varied plating densities, matrix substrates, and
growth factors to achieve a high percentage of chondrocyte-like
cells from human embryonic stem cells (34). Similarly, several
studies using mouse or human iPSCs have used 3D embryoid
bodies as an intermediate step leading to subsequent chondrogenic
differentiation (28–30). We determined that short-term exposure
to BMP-4 in serum-free micromass cultures was effective at initi-
ating chondrogenesis. For the second phase of differentiation, cells
were grown as pellets in the presence of TGF-β3 to promotematrix
formation without the terminal hypertrophic or osteogenic dif-
ferentiation that can occur with long-term BMP stimulation (35).
Additionally, this work extended the concept of multistage chon-
drogenic differentiation of pluripotent cells by including a purifi-
cation step to isolate cells that had successfully differentiated
toward the chondrogenic lineage.
To efficiently derive a cell source with sufficient chondrogenic

capacity, we developed a protocol to isolate subpopulations of
cells at the end of micromass culture based on GFP expression
under the control of a previously described cartilage-specific Col2
regulatory element (32). This approach allowed us to demon-
strate the significance of starting cell population homogeneity in
recreating tissues with cartilage-specific physiological properties.
The GFP+ (successfully predifferentiated) and GFP− cells (not
successfully predifferentiated) showed clear differences in mor-
phology, proliferation rate, and gene expression in monolayer
culture, indicating that the sorting procedure generated distinct
and well-defined starting cell populations. Pellets formed using
GFP+ or GFP− cells confirmed these observations, as GFP+
cells produced larger pellets with increased production of carti-
lage matrix consisting of sulfated GAGs and type II collagen.
Sorting for GFP+ cells not only enhanced the chondrogenic
properties of the engineered tissue constructs, but also served to
eliminate undifferentiated cells that could potentially form ter-
atomas upon transplantation. The benefit of using a defined
starting cell population for iPSC-based therapeutic applications
was recently demonstrated in a study showing that positive sorting
for a cardiovascular progenitor marker not only encouraged
cardiac repair in vivo, but also eliminated the teratoma formation
associated with contaminating undifferentiated cells (18).
Continuous passaging of the sorted cells in monolayer culture

had an effect on the cell phenotype, with a reduction in Col2 and
Acan gene expression along with increased Col1 expression. This
result was expected, as human and mouse primary chondrocytes
have been previously shown to rapidly undergo a transition to
dedifferentiated chondrocytes in culture (36, 37). Contrary to the
expectation that matrix synthesis would also decrease with passage,
the pellets formed from passage 2 GFP+ cells showed a more
uniform distribution of GAG staining and higher synthesis of GAG
and type II collagen per cell than passage 1 GFP+ cells. This ob-
servation could be due to a preferential expansion of a specific
subset within the GFP+ cells during culture with bFGF, as this
growth factor has been previously shown to enhance the pro-
liferation and chondrogenic capacity of MSCs (33) and the

Fig. 5. Mechanical characterization of pellets via AFM. (A) Bulk elastic
modulus measurements of GFP+ and GFP− pellets, n ≥ 5, mean ± SEM. (B)
Regional elastic modulus values from cryosections, n ≥ 4, mean ± SEM, pound
symbol indicates P < 0.05 by region and asterisk indicates P < 0.05 by cell type.
(C) Picrosirius red stained section of GFP+ pellet depicting regions tested: 0–
40 μm (between solid lines) and 100–300 μm (between dashed lines). (Scale
bars: 100 μm.) (D) Polarized light micrograph of section in C. (E) Correlation
between regional elastic modulus values and percent collagen alignment
within those regions for pellets from GFP+ (Left) and GFP− (Right) cells.

Fig. 6. In vitro cartilage defect repair. (A) Cored cartilage
explants filled with agarose only, GFP+ cells in agarose,
GFP− cells in agarose, or replaced cartilage (as labeled).
(Scale bars: 100 μm.) (B) Shear strength of repair by the
maximum stress as the inner core is pushed out of the
explant, n ≥ 5 per group, mean ± SEM, asterisk indicates
P < 0.05 to cartilage, pound indicates P < 0.05 to agarose,
and ampersand indicates P < 0.05.
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proliferation of iPSC-derived MSC-like cells (30). However, it is
important to note that GFP+ cells lost the ability to form homo-
geneous cartilaginous pellets after being passaged three times,
suggesting that whereas limited passaging may prime or preferen-
tially expand cells with the most chondrogenic potential, extensive
expansion may lead to dedifferentiation that limits the chondro-
genic capacity of the cells.
The specific matrix composition gives an indication of how

well the iPSC-derived tissue engineered constructs can serve as
an in vitro model for cartilage. Pellets formed using passage 2
GFP+ cells demonstrated robust production of hyaline cartilage-
specific type II collagen, and were generally negative for the
hypertrophic chondrocyte marker type X collagen and the fi-
brous tissue marker type I collagen. The lack of a hypertrophic
chondrocyte phenotype was particularly interesting as this con-
version has been previously reported to occur during chondro-
genesis with adult stem cells (38). The avoidance of type I
collagen production in pellets from GFP+ cells is an important
observation, as the formation of mechanically inferior fibro-
cartilage instead of hyaline cartilage is associated with the failure
of the reparative process in joints (39). Due to the high cellu-
larity of the pellets, staining for type VI collagen was present
throughout the matrix, consistent with young cartilage, whereas
this protein is typically localized to the pericellular matrix in
mature cartilage (40). Taken together, the positive staining of
collagen II and VI and the lack of collagen I and X indicate that
the iPSC-derived pellets after 21 d of culture are similar to an
immature cartilaginous tissue.
As cartilage primarily serves the biomechanical role of dis-

tributing forces during joint loading, the ability to assess the
mechanical properties of tissue-engineered cartilage is critical
(2). In this study, we adapted an AFM-based elastic modulus
mapping technique (41) to investigate the intrinsic mechanical
properties of cartilaginous matrix synthesized by iPSCs in pellet
culture. With the development of a system to match particular
genetic profiles to changes in mechanical properties, this ap-
proach provides a tool to investigate questions related to carti-
lage mechanics and mechanotransduction. Microscale testing of
cryosections also allows for the assessment of regional variation
in elastic moduli. Both GFP+ and GFP− cells synthesized matrix
with similar mechanical properties at the periphery of the pellet,
but GFP+ cells produced matrix with higher elastic modulus in
the central region of the pellet. This finding emphasizes that
selecting for the successfully predifferentiated cells enhances the
distribution of cartilaginous matrix throughout the construct.
Interestingly, the most prominent effect was the greater elastic
modulus in the periphery (outer 40 μm) compared with central
regions (100–300 μm from the edge) of the pellets. The elastic
moduli correlated to collagen alignment, with the stiffer outer
region of the pellets showing a higher degree of collagen align-
ment compared with the central region. This observation is
similar to zonal alterations seen in the microscale mechanical
properties of native cartilage, with the superficial layer showing
a high modulus due to an increased ratio of aligned collagen
molecules to GAGs in this zone (42). These results indicate that
the engineered cartilage has some of the features of native car-
tilage architecture, which may be critical to success in defect
repair and developing in vitro models to study cartilage biology
and mechanics.
Autologous chondrocyte implantation (ACI) is the only cell-

based treatment that is FDA-approved for treating focal cartilage
defects (Carticel, Genzyme Biosurgery). An important step in
evaluating novel cell sources for defect repair is to demonstrate
integration of newly developing tissue with native cartilage, as the
synthesis of matrix by cells can affect the strength of cartilage
integration (43–45). We found that sorted and expanded iPSC-
derived cells seeded in agarose were effective at filling the defect
with cartilaginous matrix that integrated well with the surrounding
cartilage. Interestingly, matrix production by iPSCs was enhanced
near the native cartilage surface, possibly due to paracrine signals
from chondrocytes (46). The agarose constructs with cells

contributed to a defect repair that far exceeded native cartilage
healing and the cell-free agarose group, which provides a control
for the effects of friction. Constructs made with GFP+ cells
showed the highest integrative repair strength, further confirming
the utility of using predifferentiation and cell purification to en-
hance the therapeutic potential of iPSC-derived cell populations
for cartilage defect repair.
This study provides a proof-of-principle strategy for using

iPSCs as a cell source for cartilage tissue engineering. The ability
to derive large numbers of cells with chondrogenic potential from
a noninvasively isolated somatic cell starting population is an
important advance for the development of cellular therapy
strategies to treat osteoarthritis. Additionally, we used techniques
to purify a defined cell population with enhanced chondrogenic
potential from undifferentiated and off-target cell types, pro-
viding a pathway for maximizing therapeutic effectiveness while
minimizing the risk of teratoma formation. Finally, this work also
establishes a tool for performing mechanistic in vitro studies using
iPSCs from mouse strains with unique phenotypes related to
cartilage development, repair, and osteoarthritis.

Materials and Methods
Induced Pluripotent Stem Cell Derivation and Culture. All procedures were
performed in accordance with a protocol approved by the Duke University
Institutional Animal Care and Use Committee. The details of tail fibroblast
isolation from 8- to 10-wk-old mice and derivation of iPSCs can be found in SI
Materials and Methods. Briefly, reprogramming was performed by trans-
ducing tail fibroblasts with a single doxycycline-inducible lentiviral vector
controlling the transgenic expression of mouse cDNAs for Oct4 (Pou5f1),
Sox2, Klf4, and c-Myc (47) for 24 h. After ∼2 wk, individual colonies were
manually selected based on morphology and colonies were maintained on
feeder cells in iPSC media without doxycycline. Nucleofection with Col2-GFP
plasmid (32) and selection with G418 generated clones that were further
screened based on the specific increase in GFP+ expression after chondro-
genic induction in micromass culture.

Micromass Culture and Cell Sorting. Reagents from Sigma-Aldrich unless
noted. Feeder cells were removed using two subtraction steps of 45 min on
tissue culture plastic separated by a day of culture on 0.1% gelatin. Cells were
resuspended at a concentration of 2 × 107 cells/mL, and micromasses were
established by plating 2 × 105 iPSCs in 10 μl into individual wells of 48 well
plates (Corning) or 30 micromasses in a 10 cm dish (BD). After 2–3 h in-
cubation, additional iPSC medium with 10% serum without LIF was added.
The following day, media was switched to serum-free chondrogenic differ-
entiation medium containing DMEM-HG, NEAA, 2-me, ITS+ premix (BD),
penicillin-streptomycin (P/S, Gibco), 50 μg/mL L-ascorbic acid 2-phosphate,
and 40 μg/mL L-proline. Micromasses were cultured for 15 d, with 50 ng/mL
mBMP-4 (R&D Systems) and 100 nM dexamethasone added to the chon-
drogenic medium during days 3–5 of culture only. Micromasses were then
digested for 1 h using 0.4% collagenase type II (Worthington), 1320 PKU/mL
pronase (Calbiochem), and 10 μg/mL DNase I (Worthington). Cells were
centrifuged, incubated with 0.25% tryspin-EDTA for 5 min, and resuspended
in sort medium containing DMEM-HG, 2% FBS, DNase I, 10 mM Hepes
(Gibco), 2× P/S/F, and 5 μM propidium iodide (Biolegend). Cells were sorted
based on GFP expression using the 100 μM nozzle of a Cytomation MoFlo
sorter (Beckman Coulter). Cells designated as “unsorted” were plated di-
rectly after micromass digestion.

Cell Expansion and Pellet Culture. Cells sorted as GFP− or GFP+ were plated at
1 × 104 cells per cm2 on gelatin coated plates in chondrogenic differentiation
medium with the addition of 10% FBS and 4 ng/mL bFGF (Roche). Cells were
passaged upon subconfluence every 2–3 d using 0.05% trypsin-EDTA (Sigma-
Aldrich). Pellets were formed by centrifuging 2.5 × 105 cells at 200 × g for 5
min in 15-mL tubes. Pellets were cultured in chondrogenic differentiation
medium containing 10 ng/mL TGF-β3 (R&D Systems) and 100 nM dexa-
methasone for 21 d.

Analysis of Pluripotency and Karyotype. Detailed methods can be found in SI
Materials and Methods. Teratoma formation and karyotype analysis were
performed by Applied Stem Cell.

Immunocytochemistry, RT-PCR, Histology, and Immunohistochemistry. Detailed
methods can be found in SI Materials and Methods.
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Biochemical Analysis. Some pellets were digested using pepsin and elastase at
4 °C and analyzed for type I and type II collagen using ELISA kits according to
the manufacturer’s protocol (Chondrex). Digested samples were also ana-
lyzed for glycosaminoglycans (GAGs) and dsDNA as described (48).

Atomic Force Microscopy. Pellets were mechanically tested using an atomic
force microscope to determine bulk and regionally varying elastic moduli
using techniques based on previous work (41) as described in detail in SI
Materials and Methods.

Collagen Alignment. Cryosections from each pellet were stained with Pic-
rosirius red and imaged under polarized light to assess collagen alignment as
described in detail in SI Materials and Methods.

Cartilage Defect Repair Assay. Cartilage explants of 5 mm diameter were
taken from healthy areas of the femoral cartilage of young pigs and kept in
chondrogenic differentiation medium containing 10% FBS. Explants were
then cored using a 3 mm biopsy punch and immobilized on a thin layer of
molten 2% agarose that was allowed to cool. Passage 3 GFP+ or GFP− cells
in chondrogenic differentiation media were mixed 1:1 with 2% agarose
for delivery to the defect area with a final concentration of 1 × 106 cells in

10 μL of 1% agarose. Filling the defect area with agarose alone or im-
mediately replacing the 3 mm cartilage core served as controls. Samples
were cultured for 21 d with chondrogenic differentiation medium con-
taining 10 ng/mL TGF-β3 and 100 nM dexamethasone. After 21 d, samples
were processed for histology (n = 2 per group) or used to assess the me-
chanical strength of the defect repair (n ≥ 5 per group) by measuring the
peak shear stress during a push-out test in a size-adjusted version of
a described method (49).

Statistical Analysis. Statistical analysis was performed using a t test or analysis
of variance (ANOVA) with α = 0.05 as described in SI Materials and Methods.
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