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Abstract For regenerating damaged articular cartilage, it

is necessary to identify an appropriate cell source that is

easily accessible, can be expanded to large numbers, and

has chondrogenic potential. Amniotic fluid-derived stem

(AFS) cells have recently been isolated from human and

rodent amniotic fluid and shown to be highly proliferative

and broadly pluripotent. The purpose of this study was to

investigate the chondrogenic potential of human AFS cells

in pellet and alginate hydrogel cultures. Human AFS cells

were expanded in various media conditions, and cultured

for three weeks with growth factor supplementation. There

was increased production of sulfated glycosaminoglycan

(sGAG) and type II collagen in response to transforming

growth factor-b (TGF-b) supplementation, with TGF-b1

producing greater increases than TGF-b3. Modification of

expansion media supplements and addition of insulin-like

growth factor-1 during pellet culture further increased

sGAG/DNA over TGF-b1 supplementation alone. Com-

pared to bone marrow-derived mesenchymal stem cells, the

AFS cells produced less cartilaginous matrix after three

weeks of TGF-b1 supplementation in pellet culture. Even

so, this study demonstrates that AFS cells have the

potential to differentiate along the chondrogenic lineage,

thus establishing the feasibility of using these cells for

cartilage repair applications.
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Introduction

Due to a limited capacity for regeneration following

trauma, damaged articular cartilage typically degenerates

over time, eventually progressing to osteoarthritis. Current

clinical treatments range from simple surgical interventions

(e.g., microfracture) to autologous tissue implantation (e.g.,

osteochondral grafts). However these therapies usually lead

to sub-optimal results (Hunziker 2002). Autologous chon-

drocyte implantation (ACI) has been frequently used in the

clinic, but results from animal models demonstrate the

inefficacy of this technique (Breinan et al. 1997; Breinan

et al. 2001). A recent survey found no evidence of addi-

tional benefits of ACI compared to conventional techniques

(Ruano-Ravina and Jato Diaz 2006). Tissue engineering

strategies, in which a combination of cells, scaffolds and

bioactive factors are used, have emerged as a potential

technique to improve the current clinical outcomes of

cartilage regeneration (Vacanti and Langer 1999). Due to
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the low cellularity and lack of vascularity of articular

cartilage, the delivery of chondroprogenitor cells may be

an important element of this therapeutic strategy.

For successful cell based therapy it is necessary to

identify an appropriate cell source that is easily accessible,

can be expanded to large numbers, and has chondrogenic

potential (Hunziker 2002; Song et al. 2004). Numerous

progenitor cell types have been shown to undergo chon-

drogenic differentiation, including those derived from the

bone marrow (Johnstone et al. 1998; Sekiya et al. 2002a,

b), adipose (Erickson et al. 2002), muscle (Zheng et al.

2006), embryo (Hwang et al. 2006), placenta (Zhang et al.

2006) and umbilical cord (Baksh et al. 2007). Out of these,

mesenchymal stem cells (MSCs) derived from the bone

marrow have been extensively investigated, and have

demonstrated a strong potential for cartilage regeneration

(Johnstone et al. 1998; Sekiya et al. 2002a, b; Sharma

et al. 2007). However bone marrow MSCs have limitations

to the extent of their self renewal capacity (McCulloch

et al. 1991; Banfi et al. 2002), and have also shown loss of

differentiation abilities with age of the donor (Quarto et al.

1995; D’Ippolito et al. 1999). Embryonic stem cells (ESCs)

possess very high self-renewal capability, but have limited

availability and are technically difficult to culture (Heng

et al. 2004a, b; Findikli et al. 2006).

Recently pluripotent cells have been isolated from the

human and rodent amniotic fluid (De Coppi et al. 2007)

that express c-Kit, which is the receptor for stem cell

factor. These cells, termed amniotic fluid-derived stem

(AFS) cells are thought to originate in the developing

fetus and be in an intermediate stage between ESCs and

lineage-restricted adult stem cells (De Coppi et al. 2007).

Though other cells such as the ESCs, primordial germ

cells, and cells from the neural crest also express c-Kit,

they have differential cell surface markers and gene

expression patterns compared to the AFS cells (Hipp and

Atala 2006). Thus the exact origin of these cells is

unclear. The AFS cells have shown remarkable ability to

differentiate into cells of all three embryonic germ layers.

In addition AFS cells proliferate rapidly without feeder

cells and have not shown tumorigenicity, thus making

them an exciting new source of regenerative cells. Though

these cells have been shown to give rise to adipogenic,

osteogenic, myogenic, endothelial, neurogenic and hepatic

lineages, not much is known about their potential to

undergo chondrogenic differentiation. Due to their higher

proliferative capacity and their ability to maintain their

pluripotency at higher passage numbers, these cells may

be a readily available source for large numbers of chon-

droprogenitors. Moreover, since it is unclear which stem

cell source for treating cartilage defects is optimal, it is

worthwhile to investigate the chondrogenic potential of

AFS cells.

Johnstone et al. were the first to describe chondrogenic

differentiation of MSCs in a three-dimensional pellet cul-

ture system using a defined culture media with the growth

factor transforming growth factor beta 1 (TGF-b1) and the

synthetic glucocorticoid dexamethasone (Johnstone et al.

1998). Since then, the use of various cytokines/growth

factors, chemical factors and culture conditions have been

examined in an effort to optimize the culture conditions for

chondrogenesis (Heng et al. 2004a, b). Members of the

TGF-b superfamily (including the bone morphogenetic

proteins, BMPs) have been shown to be the most potent

known inducers of chondrogenic differentiation (Iwasaki

et al. 1993; Kramer et al. 2000; Awad et al. 2003; Sekiya

et al. 2005). In addition fibroblast growth factor-2 (FGF-2)

and insulin-line growth factor (IGF-1) are known to play an

important role in this process (Bianchi et al. 2003; Indra-

wattana et al. 2004; Solchaga et al. 2005; Im et al. 2006).

The addition of serum to the culture medium (Hwang et al.

2006), and varying the cell number used to form pellets

(Shirasawa et al. 2006) has also been found to be advan-

tageous for chondrogenesis. In addition to pellet culture,

hydrogels have been shown to be an effective culture

system for chondrogenic differentiation of progenitor cells

(Bosnakovski et al. 2006; Coleman et al. 2007).

The objective of this study was to investigate the

chondrogenic potential of AFS cells in pellet and hydrogel

culture systems. In addition, we evaluated the effects of

various growth factors and culture conditions on AFS cell

chondrogenesis. Finally we compared the cartilage matrix

production of AFS cells versus bone marrow MSCs. Our

results indicate that AFS cells are able to produce cartilage-

like matrix in both pellet and hydrogel cultures. We also

found that chondrogenic differentiation of AFS cells is

culture condition dependent, and seems to be less robust

than that of bone marrow MSCs in pellet culture at three

weeks with TGF-b1 supplementation.

Materials and methods

Cell culture

Human AFS cells were provided by the Wake Forest

Institute for Regenerative Medicine (Winston-Salem, NC).

The isolation method has been described previously (De

Coppi et al. 2007). Briefly, back-up human amniocentesis

cultures were harvested by trypsinization, and subjected to

c-kit immunoselection. AFS cells were subcultured rou-

tinely at a dilution of 1:4 to 1:8 and not permitted to expand

beyond 70% of confluence. The AFS cells were received at

passage 14, and further passaged 2–3 times in aMEM

supplemented with 16% fetal bovine serum (ES Cell-qual-

ified FBS), 100 U/ml penicillin, 100 lg/ml streptomycin,
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2 mM L-glutamine (all from Invitrogen, Carlsbad, CA),

18% Chang B and 2% Chang C (both from Irvine Scientific,

CA). This combination of supplements will subsequently be

referred to as Chang media. For expansion of some samples,

10 ng/ml of FGF-2 (R&D systems, MN) was added to the

baseline Chang media. It should be noted that the AFS cells

have been found to be pluripotent, even at high passage

numbers (Delo et al. 2006; De Coppi et al. 2007).

Human MSCs (passage 1) derived from the bone mar-

row were obtained from Tulane University Center for Gene

Therapy (New Orleans, LA). Cells were isolated using

bone marrow aspirates from the iliac crest of normal adult

donors as previously described (Sekiya et al. 2002a, b). For

expansion, these cells were plated at 50 cells/cm2 and

cultured in aMEM (Invitrogen) supplemented with 16.5%

FBS (Atlanta Biologicals, Atlanta, GA), 100 U/ml peni-

cillin, 100 lg/ml streptomycin, and 2 mM L-glutamine

(Invitrogen). This will be subsequently referred to as MSC

media. Passage 2 MSCs were then used for all experiments.

Chondrogenic differentiation in pellet culture

The cells were harvested at *70% confluency using 0.25%

trypsin with 0.38 g/l EDTA 4Na (Invitrogen) and counted,

after which 200,000 cells were seeded in each 15 ml

conical tube in either basal or chondrogenic media.

Chondrogenic differentiation consisted of treating the cells

with various combinations of growth factors, in addition to

basal media. The basal media consisted of high-glucose

DMEM (Invitrogen) with 1% ITS+ Premix (Becton Dick-

inson, NJ), 100 U/ml penicillin, 100 lg/ml streptomycin,

2 mM lg/ml L-glutamine (Invitrogen), and supplemented

with 100 nM dexamethasone, 40 lg/ml of L-proline, and

50 lg/ml ascorbic acid-2-phosphate (Sigma, St. Louis,

MO). Growth factors were added at the following con-

centrations: TGF-b1—10 ng/ml; TGF-b3—10 ng/ml;

BMP-2—500 ng/ml; IGF-1—100 ng/ml (R&D systems).

Control samples were maintained in the basal media. The

tubes were centrifuged for 5 min at *500 g to condense

the cells. By 24 hours, the cells had contracted and formed

into pellets. The pellets were cultured in 0.5 ml of media in

a humidified atmosphere of 5% CO2 at 37�C. Media was

changed every 3–4 days for 3 weeks after cell seeding, at

which time the samples were analyzed.

In the first experiment, we examined the effects of sup-

plementation with TGF-b3, TGF-b1 and the combination of

TGF-b3 and BMP-2 during pellet culture of AFS cells. In

the second experiment, we investigated the efficacy of

additional culture supplements during pellet culture. Fur-

thermore, we varied the expansion culture conditions and

the number of cells used to form a pellet. The details of the 6

groups are listed in Table 1. In this experiment we also used

MSCs that were expanded in MSC media, and supple-

mented with TGF-b1 in pellet culture.

Biochemical analysis

For the biochemical assays, the pellets were first digested

in 83 lg/ml proteinase K (Worthington, Lakewood, NJ) for

*18 h at 60�C. The tissue digest was then assayed for

DNA by Hoescht 33258 dye (Sigma) (Kim et al. 1988) and

for sulfated glycosaminoglycan (sGAG) content by dime-

thyl-methylene blue (DMMB, Aldrich) (Farndale et al.

1986). The Hoechst dye was dissolved in 1 · TEN buffer

(10 mM Tris–HCl, 1 mM Na2EDTA, 100 mM NaCl), and

diluted to a final concentration of 0.5 lg/ml. About 10 ll

of the digested solution was mixed with 200 ll of the

Hoechst dye solution, and incubated at room temperature

for 10–15 min. The samples were compared to calf thymus

DNA at known concentrations diluted in 100 mM ammo-

nium acetate and analyzed on a PerkinElmer HTS 7000

fluorometric plate reader (Wellesley, MA) at excitation/

emission wavelengths of 360/465 nm.

For the sGAG assay, a 16 lg/ml DMMB solution was

prepared in 40 mM of NaCl and 40 mM of glycine. About

200 ll of this solution was mixed with 20 ll of the

Table 1 Variation of expansion media, chondrogenic supplements and cell number for AFS cell experimental groups

Culture condition notation Expansion media Chondrogenic supplements Cell number

1. Chang: TGF-b1 Chang media TGF-b1 200,000

2. Chang: TGF-b1 + FBS Chang media TGF-b1 + 2% FBS 200,000

3. Chang: TGF-b1 + IGF-1 Chang media TGF-b1 + IGF-1 200,000

4. Chang: TGF-b1 (0.8e6 cells) Chang media TGF-b1 800,000

5. Chang+FGF-2: TGF-b1 Chang media + FGF-2 TGF-b1 200,000

6. MSC media: TGF-b1 MSC media TGF-b1 200,000

Six different culture conditions were tested for AFS chondrogenic differentiation. For example, the ‘Chang: TGF-b1’ group pellets were exposed

to Chang media during expansion followed by TGF-b1 supplementation during chondrogenic differentiation, and had 200,000 cells per pellet.

The compositions of Chang media and MSC media, and growth factor concentrations are specified in the Methods and Materials section
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digested solution, and read immediately on a PowerWave

plate reader (Biotek, VT) at an optical density of 525 nm.

The samples were compared to chondroitin sulfate stan-

dards diluted in 100 mM ammonium acetate. The amount

of sGAG from each pellet was normalized by the DNA

content from the same pellet. Data were analyzed using

one-way ANOVA and Tukey’s test for post-hoc analysis

(significance at P < 0.05).

Histology

For histological analysis, the pellets were placed in either

10% neutral buffered formalin or 1% acid alcohol (1%

glacial acetic acid in 95% ethanol) for *18 h, rinsed twice

in phosphate buffered saline (PBS, Invitrogen) for 30 min

each, and stored in 70% ethanol at 4�C. The pellets were

then processed and embedded in paraffin, and 4 lm sec-

tions were obtained using a microtome. Formalin-fixed

sections were used for tinctorial staining, while acid alco-

hol sections were used for immunohistochemistry. The

toluidine blue stain was used to detect negatively charged

sGAGs.

For type II collagen immunostaining, antigen retrieval

was first achieved by incubating the sections in a pepsin

solution (Invitrogen) for 10 min at 37�C, and then blocked

with 1% gelatin (Sigma)/PBS for 20 min at room temper-

ature. Sections were incubated with a full strength solution

of monoclonal antibody for type II collagen (II-II6B3,

Developmental Hybridoma Studies Bank, Iowa City, IA)

for 1 hour at room temperature. The sections were incu-

bated with an anti-mouse secondary antibody (BA2001,

Vector Laboratories, Burlingame, CA) for 30 min at room

temperature. The secondary antibody was diluted 1:400 in

1% bovine serum albumin (BSA, Sigma)/PBS and 2%

serum. The stain was detected colorimetrically using the

Vectastain ABC alkaline phosphatase kit (AK 5000 and SK

5100, Vector). For all immunohistochemical staining,

native bovine articular cartilage and tendon control speci-

mens were included for positive and negative controls

respectively. Primary antibody was withheld from some

pellet sections as an additional negative control.

Chondrogenic differentiation of AFS cells

in alginate gels

AFS cells were suspended in 2% Pronova UP LVG sodium

alginate (FMC Biopolymer, Drammen, Norway) at a

seeding density of 20e6 cells/ml. Cylindrical gels were cast

in a custom designed mold with wells having a diameter

and height of 4 mm. A 0.2 lm, cellulose acetate membrane

supported by an 80 lm stainless steel mesh was placed

between the top and bottom pieces of the mold, and was

wet with a solution containing 102 mM CaCl2, 100 mM

NaCl, and 50 mM HEPES to crosslink the alginate. About

25 ll of the cell and gel suspension (containing 0.5e6 cells)

was pipetted into each well of the mold and allowed to

polymerize for 30 min at room temperature. The hydrogel

constructs were rinsed in high glucose DMEM supple-

mented with 100 U/ml penicillin, 100 lg/ml streptomycin,

and 2 mM L-glutamine (Invitrogen) after solidification, and

placed in either basal media or basal media supplemented

with TGF-b1. Constructs were cultured in 1 ml of media in

a 24 well dish. Media was changed every 2–3 days for

3 weeks, after which the constructs were analyzed for type

II collagen.

En block Type II collagen immunostaining

for alginate constructs

At the end of the culture period the alginate-AFS cell

constructs were rinsed in PBS, cut in half, and fixed in 10%

NBF for 10 min. Constructs were again rinsed with PBS

and the cellular membranes permeabilized with 0.01%

Triton-X for 5 min. Antigen retrieval was done by treat-

ment with 0.05 U/ml chondroitinase for 30 min at 37�C.

After rinsing, the constructs were blocked with 1% BSA in

PBS for 10 min, following which they were incubated in a

full strength solution of the type II collagen monoclonal

antibody (II-II6B3, Developmental Hybridoma Studies

Bank) at room temperature for 1 h. Secondary antibody

conjugated to Alexa Fluor 488 was diluted 1:200 in 2%

serum and 1% BSA in PBS. Hoescht dye was added to this

solution at a concentration of 0.1 lg/ml to stain the cell

nuclei blue. Finally constructs were incubated in the sec-

ondary antibody solution for 1 h at room temperature

protected from light. Images were taken on a Zeiss LSM

510 confocal microscope (Carl Zeiss, Thornwood, NY) at

excitation/emissions of 365 nm/458 nm for Hoescht dye,

and 496 nm/518 nm for Alexa Fluor 488.

Results

Effects of TGF-b1, TGF-b3 and BMP-2

on the chondrogenic differentiation of AFS cells

In the first pellet culture experiment, we examined the

influence of three commonly used chondrogenic growth

factors—TGF-b1, TGF-b3 and BMP-2 on AFS cell chon-

drogenesis. After three weeks in pellet culture, similar

DNA amounts were obtained with or without growth factor

addition, suggesting that these growth factors did not affect

the number of AFS cells in the pellet (Fig. 1A). Growth

408 J Mol Hist (2007) 38:405–413
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factors increased the amount of sGAG synthesized per AFS

cell, indicating formation of a cartilaginous matrix

(Fig. 1B). Compared to samples in basal media, there was a

2.2-, 1.9- and 2.7-fold increase in the sGAG/DNA pro-

duction by addition of 10 ng/ml TGF-b3 alone, 10 ng/ml

TGF-b3 + 500 ng/ml BMP-2, and 10 ng/ml TGF-b1 alone,

respectively. The addition of BMP-2 did not increase

sGAG/DNA over TGF-b3 alone. Interestingly, sGAG/

DNA production was highest with TGF-b1 supplementa-

tion. TGF-b1 had a 21% greater effect on sGAG/DNA than

TGF-b3.

Histological data supported the above results. Pellets

cultured with growth factors were larger than those in basal

media (Fig. 2A). Growth factor supplementation also

increased sGAG staining with toluidine blue, as shown by

the red-purple color in the pellets (Fig. 2A). Control sam-

ples stained blue throughout, indicating minimal sGAG

levels. The amount of sGAG staining was strongest for

TGF-b1 supplemented samples, followed by TGF-b3 and

TGF-b3 + BMP-2, thus reflecting the quantitative sGAG

levels shown in Fig. 1A. Further evidence of chondrogen-

esis was provided by type II collagen immunostaining

(Fig. 2B). The strongest staining for type II collagen was

seen in groups supplemented with TGF-b3 and TGF-b1,

whereas moderate staining was seen in the case of

TGF-b3 + BMP-2. Type II collagen was present throughout

the pellet in the TGF-b3 and TGF-b1 groups, whereas it was

restricted to the central portion in the TGF-b3 + BMP-2

group. The pellets in basal media did not stain for type II

collagen, indicating that no background staining was

present.

Optimization of culture conditions and comparison

with MSCs

Having established that the AFS cells respond more to

TGF-b1 than TGF-b3, we further examined the effects of
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changing culture conditions on chondrogenesis of AFS

cells. In this experiment, the efficacy of additional culture

supplements, passaging conditions and cell number was

investigated. The experimental groups are listed in Table 1.

The amount of DNA extracted from the pellets was

dependent on the culture conditions (Fig. 3A). The addi-

tion of 2% serum to the TGF-b1 containing media

significantly increased DNA by a factor of 4.4, compared

to TGF-b1 alone. As expected, the DNA from pellets

formed with 800,000 cells was also significantly higher

than those formed with 200,000 cells (a 5.9-fold increase).

The addition of 100 ng/ml IGF-1, or expansion with

10 ng/ml FGF-2 or MSC media did not significantly affect

the DNA levels. The amount of DNA extracted from MSC

pellets was significantly higher than the AFS cell pellets

cultured under the same conditions by a factor of 2.6.

Culture conditions also had differential effects on sGAG

synthesized per cell (Fig. 3B). When the AFSCs were

differentiated in TGF-b1 + IGF-1 or expanded in MSC

media, there was significantly more sGAG/DNA when

compared to expansion in Chang media and TGF-b1 sup-

plementation during chondrogenesis. The addition of TGF-

b1 + IGF-1 increased sGAG/DNA production by 25%,

while there as a 30% increase due to expanding the AFS

cells with MSC media. Interestingly, by increasing the cell

number to form pellets from 200,000 to 800,000 cells,

there was a significant 57% decrease in sGAG/DNA. There

was no significant change due to the addition of 2% serum

or expansion with 10 ng/ml FGF-2. MSCs synthesized

3.1-fold higher sGAG/DNA than AFS cells cultured under

the same conditions. MSCs also demonstrated robust

sGAG production in the central core when stained with

toluidine blue (Fig. 3C). Additionally, the MSC pellets

were substantially larger in size than the AFS cell pellets.

Chondrogenic differentiation of AFS cells

in alginate gels

In addition to pellet culture, we investigated the chondro-

genic differentiation of AFS cells in alginate gels. After

3 weeks in chondrogenic media, we assayed the gels for

the presence of type II collagen. When cultured in the

presence of TGF-b1, AFS cells synthesized type II colla-

gen, indicating chondrogenic differentiation (Fig. 4).

Confocal microscopy localized the type II collagen to the

pericellular region of majority of AFS cells, as seen by the

green fluorescence. Minimal type II collagen staining was

seen in the AFS cells cultured in basal media.

Discussion

For the regeneration of articular cartilage using cell-based

therapies, it is essential to identify readily available cells
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that have the ability to differentiate into chondrogenic

cells. AFS cells are a new potential stem cell source that

have shown high self renewal capability and broad pluri-

potency (De Coppi et al. 2007). In this study, we have

demonstrated that AFS cells differentiate along the chon-

drogenic lineage, thus establishing the feasibility of using

these cells for cartilage regeneration. We found that both

TGF-b1 and TGF-b3 were effective in increasing sGAG

produced by the AFS cells. These growth factors have been

shown to be potent inducers of chondrogenesis in a variety

of cell types (Sekiya et al. 2002a, b; Hwang et al. 2006;

Shirasawa et al. 2006; Zhang et al. 2006; Baksh et al.

2007). It has recently been demonstrated that the stimula-

tory effects of TGF-b involves N-cadherin and mitogen-

activated protein kinase and Wnt signaling cross talk (Tuli

et al. 2003). Interestingly, we found that TGF-b1 supple-

mentation produced significantly higher sGAG levels

compared to TGF-b3 supplementation. The differential

effects of the various isoforms of the TGF-b superfamily

have also been reported on mouse limb bud mesenchymal

cells (Chimal-Monroy and Diaz de Leon 1997).

Researchers have found that BMPs can have a large posi-

tive effect on cartilaginous matrix production by cells

(Sekiya et al. 2001; Sekiya et al. 2005; Shirasawa et al.

2006), and that BMP-2 is the most effective growth factor

for chondrogenic differentiation of bone marrow MSCs

(Sekiya et al. 2005). However, our results indicate that the

addition of BMP-2 to TGF-b3 did not enhance the chon-

drogenesis of AFS cells. This is similar to responses

observed for murine ESCs (Hwang et al. 2006), perhaps

indicating that BMP-2 may not enhance chondrogenic

differentiation in more primitive cells. We have also

demonstrated that the AFS cells are able to differentiate

along the chondrogenic lineage in alginate hydrogels with

TGF-b1 stimulation. This is consistant with the results seen

with bone marrow MSCs in alginate (Coleman et al. 2007).

In an attempt to enhance the chondrogenesis of AFS

cells, we next investigated the effects of changing key

culture conditions during cell expansion and pellet culture.

IGF-1 has been shown to enhance chondrogenic differ-

entiation when added with TGF-b (Fukumoto et al. 2003;

Indrawattana et al. 2004; Im et al. 2006). We found a

moderate increase in sGAG/DNA produced by AFS cells

with the addition of IGF-1 to TFG-b1 during pellet cul-

ture, relative to TGF-b1 alone (Fig. 3B). Furthermore we

observed a similar increase in sGAG/DNA when AFS

cells were expanded in MSC media instead of Chang

media. The Chang media has been designed to keep the

AFS cells in a proliferative state and prevent spontaneous

differentiation. It is possible that the MSC media ‘primes’

the cells for chondrogenic differentiation. IGF-1 supple-

mentation or expansion in MSC media did not

significantly change the number of cells in pellets, indi-

cating that these conditions only modulated the

differentiation state of the cells.

The effects of FGF-2 on MSCs have also been exten-

sively studied. Researchers have demonstrated that

expanding cells in FGF-2 enhances the ability to the cells

to undergo chondrogenesis (Bianchi et al. 2003; Solchaga

et al. 2005). However neither cell number nor GAG/DNA

produced by the AFS cells was significantly affected by

FGF-2 expansion. The addition of 1–5% serum to the

chondrogenic media has been used previously for ESCs

(Kim et al. 2005; Hwang et al. 2006), presumably to

improve cellular viability. Indeed, we saw increased cel-

lular proliferation due to the presence of 2% serum.

However, on a per cell basis, there was no significant

increase in sGAG suggesting that serum did not elevate

chondrogenic differentiation of AFS cells. We also detec-

ted decreased sGAG/DNA due to increasing the cell

number in the pellet to 800,000, whereas Shirasawa et al.

(2006) found this to the optimal cell number for

Fig. 4 Immunohistochemical

detection of type II collagen

deposited by AFS cells in

alginate constructs. Green

fluorescence indicates presence

of type II collagen in the

pericellular matrix of cells. The

cellular DNA is seen as

fluorescent blue due to binding

with the Hoechst 33258 dye
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chondrogenic cultures with human synovium-derived

MSCs. These results indicate that AFS cells respond to

culture conditions differently than MSCs.

For the conditions tested, our results further indicate that

both cellular proliferation and sGAG/DNA production by

AFS cells are lower compared to bone marrow MSCs in

our culture system. Other groups have observed similar

levels of chondrogenic differentiation with MSCs derived

from different sources (Zhang et al. 2006; Baksh et al.

2007). To our knowledge, such comparisons have not been

made between ESC and MSC chondrogenic differentiation.

It is possible that increasing culture time or use of an early

passage culture may further increase the chondrogenesis of

AFS cells. Alternatively, due to the primitive nature of

these cells, a multiple step biochemical stimulation proto-

col may be needed to obtain robust chondrogenesis. It

should be noted that bone marrow MSCs typically lose

their chondrogenic abilities beyond passage 6, thus limiting

the number of cells that can be obtained. Also, due to the

superior self-renewing capacity of AFS cells, once

implanted in vivo, they may outperform the MSCs in

producing cartilaginous matrix.

Phenotypic stability and immunogenicity of transplanted

cells in vivo are important issues that need to be considered

with any stem cell based therapy. Chiavegato et al. found

AFS cells to be phenotypically unstable and rejected

by either immunosuppressed or immunodeficient rats

when transplanted into a model of myocardial infarction

(Chiavegato et al. 2007). In contrast, we recently found

that when we pre-differentiate AFS cells to bone forming

cells in vitro, and then implant them subcutaneously into a

nude rat, we obtain large increases in bone formation,

suggesting a stable osteoblast-like phenotype that was able

to survive transplantation (Peister et al. 2007). These

contrasting results may be due to differences in the trans-

plantation site and the pre-differentiation status of the AFS

cells. It remains to be seen how the host will respond to

AFS cells transplanted into a cartilage defect.

In conclusion, we have demonstrated the ability of AFS

cells to undergo chondrogenic differentiation by TGF-b
supplementation in both pellet and alginate cultures.

Addition of IGF-1 and expansion in MSC media further

increases the sGAG production per cell. Compared to bone

marrow MSCs, the AFS cells produced less cartilaginous

matrix after three weeks of pellet culture, indicating either

a slower or less robust chondrogenic differentiation

response to TGF-b1.
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