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    Abstract  

  Articular cartilage defects are among the most common disabling conditions of humans in 
the western world. The most prominent risk factors are age, weight, and trauma. Osteoarthritis 
is the typical outcome of chronic articular cartilage defects and up to date cartilage regen-
eration remains elusive. The discovery of amniotic fl uid-derived stem cells has opened a 
multitude of new therapeutic options, one of them being their use for novel stem cell-based 
tissue regeneration techniques in order to treat cartilage defects. Here, we summarize devel-
opmental stages and growth factors as well as extracellular molecules involved in articular 
cartilage formation as well as degeneration. Furthermore, we discuss recent advances in the 
use of amniotic fl uid stem cells as novel cell sources for the generation of cartilage tissue 
and how the endogenous cartilage formation process could be recapitulated during artifi cial 
tissue engineering.  
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  Abbreviations 

   ACI    Autologous chondrocyte implantation   
  ADAM    A disintegrin and metalloproteinases   
  AFS cells    Amniotic fl uid stem cells   
  BMP    Bone morphogenic protein   
  DZ    Deep zone   
  HA    Hyaluronic acid   
  HABP    Hyaluronic acid-binding protein   
  MMP    Matrix-metalloprotease   
  MZ    Middle zone   
  OA    Osteoarthritis   
  PCM    Pericellular matrix   

  PGA    Polyglycolic acid   
  sGAG    Glycosaminoglycan   
  SYM1    Symphalangism   
  SYNS1    Synostosis syndrome   
  SZ    Superfi cial zone   

1           Introduction 

 Articular cartilage starts to form during fetal joint develop-
ment and subsequently covers the surface at the bony ends of 
articular joints, where it is maintained throughout life. Its 
main function is to reduce friction and therefore to facilitate 
movement of the joint. Defects within articular cartilage are 
the reason for osteoarthritis (OA), which is also described as 
a primarily noninfl ammatory, degenerative joint disease. The 
main histologic features of OA include disruption of articu-
lar cartilage, degradation of extracellular matrix, and reduced 
cellularity within cartilage [ 1 ]. The incidence of osteoarthri-
tis is still increasing and it is the single most common cause 
of disability in the elderly population [ 2 ]. Cartilage is an 
avascular and aneural tissue and hence regeneration espe-
cially after partial injury, which does not penetrate to the 
subchondral bone, is limited due to poor recruitment of 
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extrinsic cells. Today, marrow stimulation, autograft, and 
allograft-based techniques are applied to treat severe carti-
lage defects [ 3 – 5 ], but all of these procedures suffer from 
several drawbacks. Bone marrow stimulation like micro-
fracture-based treatment results in the production of fi bro-
cartilage with inferior mechanical stability compared to 
native cartilage. For autograft, transplantation-based treat-
ment the patient has to undergo multiple surgeries, once to 
isolate chondrocytes from less weight-bearing areas of the 
joint and another time for re-transplantation of in vitro 
expanded cells. In addition, in vitro expansion of chondro-
cytes is associated with dedifferentiation processes, which 
reduce the ability of cells to produce extracellular matrix [ 6 ,  7 ]. 
Stem cells isolated from various adult tissues have been 
tested for their use as cell sources to regenerate chondro-
genic tissue [ 8 ]. Transplantation of differentiated mesenchy-
mal stem cells remains a promising approach for regenerative 
therapies, but often the tissue generated in vivo shows lower 
matrix deposition and, consequently, less mechanical stability 
as compared to chondrocyte- based transplantations [ 9 ,  10 ]. 
Amniotic fl uid stem (AFS) cells possess properties that make 
them ideal candidates for cell-based therapy and in particular 
for the treatment of cartilage defects. AFS cells are geneti-
cally stable, immune-privileged, non-tumorigenic and they 
can be bio-banked [ 11 ,  12 ]. Here we describe the current 
knowledge on the differentiation of AFS cells towards a 
chondrogenic phenotype. We focus on AFS cell marker 
expression, use of chondrogenic differentiation factors, and 
briefl y discuss scaffolds used for tissue generation. In vitro 
differentiation of AFS cells is supposed to work best if 
developmental processes that give rise to permanent native 
cartilage are recapitulated. Therefore we also review devel-
opmental processes known to be involved in articular carti-
lage formation, but also in degeneration.  

2     Development of Articular Cartilage 

 Synovial joint formation is initiated with the establishment 
of the interzone at the prospective joint site consisting of 
densely packed, fl attened mesenchymal cells interconnected 
by gap junctions [ 13 ]. The interzone plays a dual role by 
providing progenitor cells for all tissues constituting joints 
including articular cartilage, ligaments, and the synovial 
membrane as well as the signaling center by preventing 

chondrocyte differentiation at the prospective joint site and 
by controlling maturation of chondrocytes within adjacent 
future skeletal elements [ 14 – 16 ]. How interzone cells or sub-
sets of them contribute to different joint tissues is not clear 
yet since the interzone is species-specifi cally organized 
which impedes extracting a common mechanism concerning 
the developmental fate of interzone cells. For example, the 
interzone of chicks, a model organism for developmental 
studies, consists of three layers [ 17 ] whereas that of humans 
represents a non-structured thin fl attened layer [ 13 ,  18 ,  19 ]. 
Moreover, the developmental origin of these cells is still a 
matter of debate and is associated with a crucial and early 
event in skeletogenesis by endochondral ossifi cation, the 
mesenchymal condensation, which subsequently gives rise 
to the cartilaginous  anlagen  [ 20 ]. Two concepts concerning 
the time of patterning of the future skeletal elements and 
hence the appearance of the interzone have been proposed by 
different authors (reviewed in [ 20 ] and citations therein). 
Those imply that interzone cells might either originate from 
the cartilaginous  anlagen  requiring localized cellular re- 
differentiation and matrix removal or from non-condensed 
mesenchymal cells in the area of the adjacent ends of pre-
formed bone templates. The latter is supported by Pacifi ci 
et al. who showed that peri-articular cells actively migrate 
into the incipient joint and suggested that they contribute to 
or entirely constitute the interzone [ 21 ]. 

 Joint formation can be divided into interzone formation, 
cavitation, and establishment of permanent articular carti-
lage (see also Table  8.1 ). Interzone development is controlled 
by BMP, TGF-β, and WNT signaling pathways [ 22 ]. GDF5 
is a member of the TGF-β superfamily and is an early marker 
expressed by cells of the interzone and in the immediate 
proximity of the prospective joint [ 16 ,  23 ]. GDF5 is pivotal 
for joint maintenance rather than for induction of joint for-
mation since a dominant-negative mutation in GDF5 indeed 
impairs but its ectopic expression is not suffi cient to induce 
joint formation [ 24 ,  25 ]. Sox11 might contribute to the regu-
lation of GDF5 expression in joint development although its 
ectopic expression cannot induce GDF5 [ 26 ]. GDF5 binds 
to and oligomerizes type I and type II serine-threonine kinase 
receptors and signals through phosphorylation of transcrip-
tion factors of the SMAD family [ 27 ]. Two type I receptors 
are expressed in the interzone and perichondrium, BMPRIA 
and BMPRIB, but GDF5 specifi cally binds to and 
signals through BMPRIB [ 28 ,  29 ]. The importance of 

   Table 8.1    Articular Cartilage Development   

 Developmental stage  Genes  Extracellular matrix proteins  References 

 Interzone formation  GDF5 (TGFß-superfamily), Sox9, WNT9a, 
TGFß, BMP2, BMP4, BMP7 

 Versican, Collagen I, fi bronectin  [ 23 ,  37 , 
 111 – 114 ] 

 Cavitation  Sox5, Sox6, Sox9, CD44, BMP2, BMP4, BMP14  Hyaluronan  [ 39 ,  115 – 118 ] 
 Permanent cartilage  Sox9  Aggrecan, Collagen II, Collagen IX, cartilage link 

protein, cartilage oligomeric matrix protein (COMP) 
 [ 34 ,  111 , 
 119 – 124 ] 
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GDF5-BMPRIB- mediated signaling is underlined by the 
fact that mutations in either one or the other lead to similar 
skeletal malformations (e.g., brachydactyly, symphalangism) 
and that many mutations of GDF5 are in its receptor-binding 
loop [ 29 ]. Notably, BMPRIA expression seems to be impor-
tant for cartilage homeostasis and repair since conditional 
knockout leads to postnatal erosion of articular cartilage of 
normally developed joints in mice [ 30 ]. In addition, GDF6 
and GDF7 are expressed at joint sites distinct from that of 
GDF5 and inactivation of GDF6 causes defects in the forma-
tion of joints, ligaments, and cartilage distinct from that 
observed due to GDF5 mutation indicating a joint-specifi c 
role of the different members of the BMP family [ 31 ]. 
Noggin is a BMP antagonist and binds to and thereby limits 
the activity of GDF5 [ 32 ]. This interaction is important for 
joint development since certain mutations in NOG and GDF5 
are associated with symphalangism (SYM1) and multiple 
synostosis syndrome (SYNS1) [ 32 ,  33 ].

   WNT9a (former WNT14) is pivotal for joint formation. In 
developing chick limbs, it is expressed at the prospective 
joint site appearing as a transverse stripe at stage 27, which 
separates as joint development progresses to form two stripes 
possibly setting the interzone boundaries. Eventually, 
WNT9a is detected in the fi brous part and the synovial lining 
of the joint capsule [ 34 ]. However, the notion that WNT9a is 
suffi cient to induce joint formation as proposed by some 
authors has recently been challenged by Später et al. [ 35 , 
 36 ]. The latter showed that Wnt9a acts cooperatively with 
WNT4 to suppress chondrogenic differentiation of interzone 
cells and that the fusion of the three carpal elements observed 
in  Wnt9a : Wnt4  double mutant mice was not due to the failing 
of joint induction [ 37 ]. 

 A critical step in joint formation is cavitation, the forma-
tion of the joint space between opposing skeletal elements. It 
precedes the morphogenesis of synovial joint structures. The 
importance of mechanical stimuli for cavitation by move-
ment of the developing joint has early been appreciated. In 
ovo application of neuromuscular blocking agents leading to 
either fl accid or rigid paralysis revealed the differential 
impact of dynamic and static stimuli for initiation of cavita-
tion and maintenance of the joint cavity [ 38 ]. The molecular 
link to mechanostimulation is the expression of hyaluronic 
acid (HA). Indeed, the lack of static and dynamic stimuli pre-
vents cavity formation and leads to reduced cartilage volume 
occurring concomitantly with reduced amounts of HA in the 
interzone and the lack of menisci and ligaments [ 38 ]. HA 
emerges at the interzone concomitant with cavitation [ 39 ]. 
Moreover, the activity of uridine diphosphoglucose dehydro-
genase (UDPGD) which synthesizes precursors of HA pre-
cedes cavitation and is maintained within articular surfaces 
and synovium during cavitation [ 40 ], and CD44, an HA 
receptor, is expressed by interzone cells. The sequestering of 
HA-binding proteins (HABPs) to high-molecular HA is sug-
gested to be crucial for cavitation since HA oligosaccharides 

applied in ovo exert an effect similar to the lack of mechani-
cal stimulation by preventing cavitation and being hallmarked 
by decreased CD44 expression and UDPGD activity [ 41 ].  

3     Native Articular Cartilage 
Organization 

 Articular cartilage is avascular and nutrient supply occurs by dif-
fusion. It has been postulated that nutrition is mediated by syno-
vial fl uid as well as diffusion through calcifi ed cartilage and the 
subchondral bone [ 42 ]. Especially synovial fl uid plays a critical 
role in maintaining adult normal cartilage homeostasis [ 43 ]. 

 The importance of mechanical stimulation in the regen-
eration has been shown through zone-specifi c gene expres-
sion after stimulatory effects of compression [ 44 – 46 ]. 
Mature articular cartilage consists of three zones, which con-
stitute also different subpopulations of chondrocytes: the 
superfi cial zone (SZ), the transitional or middle zone (MZ), 
and the radial zone or deep zone (DZ). The superfi cial or 
tangential zone (10–20 %) harbors small and fl at chondro-
cytes and collagen fi brils are orientated parallel to the carti-
lage surface. Cells within this zone produce and secret 
lubricin and proteoglycan 4, which are the most important 
joint lubricant superfi cial zone proteins [ 47 ,  48 ]. Human 
articular cartilage was predicted to not contain any source of 
stem cells because of the avascular architecture. However, 
recent discovered studies show phenotypic and functional 
properties of mesenchymal stem or progenitor cell popula-
tions in the SZ of mature articular cartilage [ 49 – 51 ]. These 
cells are characterized by expression of mesenchymal 
markers CD105, CD166, Notch-1, STRO-1, and VCAM-1 [ 52 ]. 
Superfi cial zone cells are positive for alpha-smooth muscle 
actin, which is also present in progenitor cells [ 53 ,  54 ]. 

 The middle    zone represents the thickest part (40–60 %) of 
the cartilage where collagen fi bers are less organized and the 
pericellular matrix (PCM) is located. The PCM is a thin layer 
of extracellular matrix that immediately surrounds the chon-
drocyte. It plays a major role in the communication between 
chondrocytes and extracellular matrix [ 55 ]. The PCM is best 
studied in the form of chondrons which are chondrocytes 
clustered in one unit and form a functional and metabolic 
microenvironment. The PCM is different from the rest of the 
extracellular matrix in cartilage concerning vicinity, matrix 
density, and matrix composition. Collagen type VI proteins 
built up a fi brillar network in PCM [ 56 ]. Further identifi ed 
PCM proteins are triosephosphate isomerase, transforming 
growth factor-ß induced protein, peroxiredoxin-4, ADAM 
(A disintegrin and metalloproteinases) 28, and latent-trans-
forming growth factor ß-binding protein-2 [ 57 ]. 

 The deep zone is characterized by ellipsoid cells and 
fi bers, orientated perpendicular to the surface and oxygen 
tension is below 1 % [ 58 ]. Underneath the DZ is the tidemark 
to calcifi ed cartilage and subchondral bone.  
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4     Articular Cartilage Degeneration 

 Age, trauma, and disease are the factors that facilitate joint 
cartilage damage, which subsequently can lead to osteoar-
thritis (OA) formation. The so-called primary OA develops 
without any known cause, but genetic, biomechanical, or 
biochemical factors often play a role [ 59 ,  60 ]. OA is a big 
burden of society since the majority of individuals over the 
age of 65 show evidence for OA on hands, knees, hips, and 
spine which cause symptoms like infl ammation, pain, and 
loss of mobility [ 61 ]. All joint structures are affected by OA, 
but articular cartilage is affected most by degeneration. In 
the initial phase of the disease chondrocytes become clus-
tered and show increased cell proliferation. When OA pers-
its, proteinases like MMPs and aggrecanases are expressed 
and type II collagen and proteoglycans undergo changes in 
composition and are eventually degraded [ 62 ]. The excessive 
reorganization of hyaline cartilage fi nally leads to fi brillation 
of the surface and localized production of fi brocartilage 
which contributes to the observed joint stiffness during 
OA. Progressive OA is accompanied by hypertrophy of artic-
ular chondrocytes as evidenced by a thickening of the zone 
of calcifi ed cartilage [ 63 ]. Hypertrophy is hallmarked by 
release of pro-angiogenic as well as osteogenic factors with 
subsequent apoptosis of chondrocytes [ 64 ]. 

 Hypertrophy in articular chondrocytes is thought to 
 recapitulate hypertrophy during endochondral ossifi cation. 
During bone formation chondrocytes undergo several 
 developmental stages which end with post-mitotic hypertro-
phy [ 65 ]. Upon hypertrophy, growth plate chondrocytes 
downregulate SOX9 and type II collagen expression, whereas 
RUNX2, type X collagen, alkaline phosphatase, and 
VEGF-A are up-regulated [ 66 – 68 ]. Research on articular 
cartilage regeneration has profi ted from studies on endo-
chondral ossifi cation because the mechanisms of hypertro-
phy induction are now better understood and it has become 
clear that for permanent cartilage formation hypertrophy 
induction has to be avoided.  

5     Novel Approaches for the Treatment 
of Degenerative Joint Disorders 

 Articular cartilage defects can be divided into full thickness 
and partial thickness defects. In the fi rst group not only car-
tilaginous tissue is lost but also part of the subchondral bone 
mass. This kind of defect will trigger an intrinsic repair 
response, activating mesenchymal stem cells residing in the 
bone marrow and leading to the formation of fi brocartilagi-
nous repair tissue [ 69 ]. Fibrocartilage is structurally and bio-
mechanically inferior to articular cartilage, still this 
endogenous repair program is the basis for so-called marrow- 
stimulating technique [ 70 ]. These include arthroscopic pro-

cedures where the subchondral bone is partially abrased, 
penetrated by drilling or microfractured. On the contrary, 
partial thickness defects that do not lead to stimulation of 
cells residing within the subchondral bone do not heal spon-
taneously. One reason for the persistence of partial cartilage 
loss is the inert nature of adult cartilage, which basically only 
consists of chondrocytes. In a healthy state it neither contains 
blood vessels, lymph vessels, nor does it contain nerve cells. 
Therefore a promising approach to treat partial, but also full 
thickness defects are cell-based transplantation approaches. 
The most widely applied method is autologous chondrocyte 
implantation (ACI), where chondrocytes are isolated from 
less weight-bearing areas of the joint, expanded in vitro and 
retransplanted into the defective area. Since this method 
relies on two separate surgical procedures it poses a burden 
for patients. Additionally, ACI leads to increased donor site 
morbidity, loss of chondrocytic phenotype in the course of 
in vitro expansion, and also fi brocartilage formation at the 
site of the defect [ 6 ,  7 ]. To reduce the risk as well as the dis-
comfort associated with two surgical procedures potential 
future treatment options will rely on the application of stem 
cells for the treatment of degenerative joint disorders. 
Embryonic stem cells as well as induced pluripotent stem 
cells could be used, but on the one hand they potentially give 
rise to tumors [ 71 – 73 ] and on the other hand for high yield 
chondrogenic differentiation embryonic stem cells will fi rst 
need to be differentiated towards mesenchymal precursor 
cells and then further on to chondrocytes, which makes the 
whole differentiation process more complex [ 74 ]. 
Mesenchymal stem cells are nowadays directly available 
from patient-derived tissues like bone marrow, muscle, and 
adipose tissue [ 8 ,  75 ,  76 ]. These cells are an attractive cell 
source for cartilage tissue engineering since they show strong 
proliferation and are easy to differentiate into chondrocytes, 
but their proliferation capacity can be exhausted and, when 
isolated from older patients, a mutation free status cannot be 
guaranteed. For the isolation of fetal cells the amniotic fl uid 
is the best accessible compartment and it has been shown 
that cells within the amniotic fl uid can be used to generate 
3D fetal constructs able to be used for fetal surgery [ 77 ,  78 ]. 
With the discovery of AFS cells novel approaches in regen-
erative medicine have been enabled [ 79 ]. AFS cells are 
termed broadly pluripotent and are hallmarked by the expres-
sion of the stem cell-associated transcription factor OCT-4 
[ 80 – 82 ]. AFS cells can be grown in large quantities and 
show a higher differentiation potential compared to adult 
stem cells [ 83 ]. AFS cells are devoid of a risk for tumor 
development and do not raise the ethical issues of embryonic 
stem cells. Furthermore AFS cells do not need exogenic 
treatment to induce pluripotency, are chromosomally stable 
and do not harbor the epigenetic memory and accumulated 
somatic mutations frequently found in adult source cells. 
Accordingly, AFS cells are now a much appreciated cell 
source for regenerative therapy approaches [ 84 – 87 ].  
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6     Use of Undifferentiated Amniotic 
Fluid Stem Cells for the Treatment 
of Degenerated Articular Cartilage 

 It is not always necessary to differentiate stem cells before 
they are used for cell-based regenerative approaches. For 
AFS cells for example it has been shown that they can con-
tribute to renal tissue when co-cultured with embryonic kid-
ney cells [ 85 ], or they can contribute to heart muscle after 
induction of heart failure [ 88 ]. The downside of this approach 
is that the number of differentiated cells is expected to be 
drastically lowered compared to the use of already pre- 
differentiated cells (see next paragraph), but transplantation 
of stem cells is known to elicit a plethora of benefi cial effects 
not directly related to novel tissue formation. These effects 
include specifi c homing to the site of injury, attraction of 
cells necessary to stimulate the healing process and modula-
tion of the host’s immune response. Interestingly, these 
effects can be of a transient nature since most transplanted 
stem cells do not integrate into the host tissue and will there-
fore be abandoned. For example, recently it was shown that 
amniotic fl uid-derived cells with mesenchymal stem cell 
characteristics have the potential to accelerate the wound- 
healing process by stimulating proliferation and migration of 
dermal fi broblasts [ 89 ]. This phenomenon was attributed to 
the secretion of growth factors and cytokines including IL-8, 
IL-6, TGF-beta, TNFRI, VEGF, and EGF by the stem cells, 
which are important in normal wound healing. Up to date 
there a numerous clinical trials, which study the benefi cial 
effects of mesenchymal stem cells directly transplanted to the 
region of articular cartilage degeneration, but to our knowl-
edge AFS cells have not been used for this purpose so far.  

7     Differentiation of Stem Cells 
from the Amniotic Fluid as a Novel 
Cell Source for Regenerative Therapy 

 Research on fetal tissue engineering lead to the discovery 
that amniotic fl uid-derived cells harbor chondrogenic 
potential [ 90 ]. Ovine amniotic fl uid cells were isolated and 
grown in culture medium without serum, but containing 
dexamethasone, ascorbic acid, sodium pyruvate, insulin, 
transferrin, and selenium. Additionally cells were treated 
with TGF-β2 and kept in culture for a total of 12 weeks. 
Compared to fetal hyaline cartilage the engineered con-
structs displayed less amounts of type II collagen, but simi-
lar amounts of glycosaminoglycans. Basically the culture 
conditions used in this fi rst study reassembled the differen-
tiation protocol described for mesenchymal stem cells 
derived from adult bone marrow aspirates [ 75 ]. First reports 
on human AFS cells used c-kit magnetically sorted cell 
populations and demonstrated increased production of type 
II collagen and sGAG after treatment with TGF-β1 and 
IGF-I [ 91 ]. The use of c-kit selected cells started a new fi eld 
of research based upon the fi nding that c-kit selected single 
cell clones are broadly pluripotent [ 84 ]. Comparing c-kit 
positive and negative populations for their chondrogenic 
potential revealed that the c-kit positive stem cell popula-
tion, after differentiation, displayed signifi cant higher 
alcian blue staining and therefore stronger chondrogenic 
differentiation [ 92 ]. Therefore for chondrogenic differenti-
ation either c-kit selected amniotic fl uid cells or stem cell 
marker positive cells as depicted in Table  8.2  are used. The 
culture medium used is basically identical and Table  8.2  
also shows that chondrogenesis can be triggered by differ-

     Table 8.2    Chondrogenic differentiation of amniotic fl uid stem cells   

 c-kit Selection  Marker expression  Species 
 Factors used 
for differentiation  Scaffolds used  References 

 Yes  CD117  Human  TGFβ1  Pellet culture  [ 91 ] 
 TGFβ3  Alignate gel 
 IGF-1 
 BMP-2 

 Yes  CD117  Human  TGFβ1  Pellet culture  [ 92 ,  125 ] 
 Agarose hydrogel 

 No  CD44, CD54, CD31, CD106, 
TrA-1-60, SSEA3, SSEA4 

 Human  TGFβ1  Two-dimensional culture  [ 80 ] 

 No  CD44, CD90  Murine  TGFβ3  Pellet culture  [ 126 ] 
 BMP6 

 No  CD29, CD44, CD90, CD105  Ovine  TGFβ1  Polyglycolic acid (PGA) matrix  [ 104 ] 
 TGFβ2 
 IGF-1 

 No  CD13, CD29, and CD44  Human  TGFβ1  Pellet culture  [ 89 ] 
 No  CD44  Human  TGFβ3  Pelllet culture  [ 127 ] 
 No  CD29, CD44, CD166  Human  TGFβ3  Fibrin gel  [ 103 ] 
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ent TGF-beta family members and by IGF-1, which has 
been shown in humans and also in other species. What can 
be concluded from chondrogenic differentiation of AFS cell 
up to now is that supplementation of chondrogenesis pro-
moting factors is necessary for successful reprogramming 
of AFS cells and that the isolation of c-kit positive cells also 
enhances the differentiation process.

8        Spatial and Temporal Regulations 
of Chondrocytic Differentiation 
of Amniotic Fluid Stem Cells 

 The aim for the future is to improve in vitro protocols for the 
generation of artifi cial cartilage that can be transplanted to 
previously degenerated joints and will furthermore permit a 
permanent lubrication and full function of the joint (see 
Fig.  8.1 ). As already discussed human AFS cells represent a 
valuable cell source for ex vivo tissue regeneration, and 
ongoing work now focuses on the correct choice of differen-
tiation factors, scaffolds and mechanical force. Optimal dif-
ferentiation conditions are achieved when developmental 

processes regulating articular joint formation are recapitu-
lated during in vitro culturing. This requires control of spa-
tial and temporal changes, which on the one hand lead to 
effi cient induction of chondrogenesis and on the other hand 
prevents the so-called hypertrophic state of chondrocytes. 
Adult chondrocytes reside in a hypoxic environment with 
very little nutrient supply. They are hallmarked by the 
expression of the chondrogenic transcription factors Sox5, 
Sox6, Sox9, and by formation of extracellular matrix com-
ponents like Collagen type II, Collagen type IX, Collagen 
type XI and proteoglycans. As also shown in Table  8.2  
 generally TGF-β family members are suffi cient for chondro-
genesis in amnion fl uid-derived cells, but recent data has 
also shown that in vitro expanded autologous chondrocytes, 
when treated with TGF-β1, show onset of hypertrophy [ 93 ]. 
Chondrocyte hypertrophy is evidenced, among others, by 
morphologic changes, expression of transcription factor 
Runx2 and production of Collagen type X and endothelial 
growth factor VEGFA. Hypertrophy generally leads to calci-
fi cation of the tissue and subsequently to the loss of func-
tional chondrocytes, an undesirable process within the joint 
region. Here we propose that developmental programs able 
to suppress onset of hypertrophy can also be used during 
cartilage  engineering. For example Noggin, an antagonist of 
BMP signaling, has been identifi ed to play an essential role 
in joint formation, since its deletion results in lack of GDF5 
expression, a prominent member of the TGF-β family, and 
affected mice do not form joints [ 94 ]. Also WNT-4, WNT-
14, WNT- 16, and the WNT signaling mediator β-catenin 
show anti- chondrogenic activity during joint formation [ 35 ,  95 ]. 
The concept of exchanging factors during differentiation has 
already been used in a recent study were mesenchymal stem 
cells have been treated with TGF-β3 combined with 
β-catenin activation, which resulted in the prevention of 
hypertrophy and gave rise to a more stable chondrogenic 
phenotype than the induction with TGF-β3 alone [ 96 ]. 
Another way of achieving full differentiation without signs 
of hypertrophy is by forcing continuous expression of the 
master regulator SOX9. Studies in growth plate chondro-
cytes have shown that permanent induction of SOX9 inhibits 
terminal differentiation and hypertrophy by repression of 
the transcription factor RUNX2 [ 97 ,  98 ]. RUNX2 and 
RUNX3 are the pivotal inducers of type X and type I collagen 
as well as osteocalcin and MMP13 [ 99 – 101 ]. Therefore, it is 
tempting to speculate that treatment with other anti- 
chondrogenic stimuli during chondrogenic differentiation 
will result in the generation of fully functional and non-
hypertrophic chondrocytes.

   As shown in Fig.  8.1 , partial cartilage defects need to 
be fi lled with regenerated tissue consisting of appropriate 
extra cellular matrix. AFS cells have mostly been induced 
for chondrogenic differentiation in so-called pellet culture 

  Fig. 8.1    AFS cells as a cell source for articular cartilage regeneration. 
Cartilage is solely composed of chondrocytes and the extracellular 
matrix they produce. Articular cartilage can be divided into different 
zones, starting from the top with the superfi cial zone, where collagen 
fi bers are arranged horizontally to the surface. Underneath resides the 
transitional zone with spherical chondrocytes. The thickest part of car-
tilage consists of the radial zone with collagen fi bers and chondrocytes 
orientated vertically to the subchondral bone. The fi gure shows a partial 
cartilage defect which does not elicit a bone marrow response. This 
type of defect is best healed by transplantation with artifi cial generated 
tissue. As shown AFS cells can be used to generate artifi cial tissue 
fi nally consisting of cells and extracellular matrix similar to native car-
tilage. This can be achieved by the use of growth factors, scaffolds and 
environmental conditions refl ecting developmental processes during 
cartilage formation       
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systems which is a scaffoldless approach were approxi-
mately 250,000 cells are used to self assemble into a 3D 
structure. These culture conditions are reminiscent of in vivo 
joint formation where mesenchymal cell condensation pre-
cedes the induction of chondrogenesis and extracellular 
matrix molecules like type I collagen and type II collagen are 
produced. Since pellets are diffi cult to attach at sites of injury 
within cartilage, for transplantation approaches cells are fre-
quently grown and differentiated on various scaffolds, which 
are supposed to exhibit biomechanical stability and aid in the 
construction of artifi cial tissue. Commonly used biomateri-
als are either biodegradable like agarose, alginate, hyaluronic 
acid, and collagen, or of synthetic origin like polyethylene 
glycol or poly-lactic-co-glycolic acid. Human amniotic fl uid 
cells have so far been differentiated in three-dimensional pel-
lets [ 92 ,  102 ] and in hyaluronan-based hydrogels [ 103 ]. 
Ovine amniotic fl uid cells have been differentiated in biode-
gradable polyglycolic acid scaffolds [ 90 ] and in synthetic 
polyglycolic acid [ 104 ]. 

 Articular cartilage is devoid of blood vessels, hence oxy-
gen levels from the superfi cial zone to the calcifi ed zone 
gradually decrease. Low oxygen tension termed hypoxia 
enhances the differentiation process of human mesenchy-
mal stem cells and of human articular cartilage cells [ 105 , 
 106 ], whereas in AFS cells, as far as we know, the impact of 
hypoxia on the chondrogenic potential has not been evalu-
ated. Interestingly, chondrocyte hypertrophy, which is also 
a hallmark of osteoarthritis, is marked by extensive VEGF-A 
production. Secretion of this growth factor leads to 
increased angiogenesis in the affected organ area, leading 
to a resupply with oxygen and a subsequent mineralization 
process. This generation of osteophytes during progression 
of OA has been shown to occur in the knee joint of rabbits 
induced to form OA by anterior cruciate ligament transec-
tion [ 107 ]. On the contrary, hypoxia has the potential to 
inhibit upregulation of RUNX2 and thereby leads to a block 
of osteoblastic differentiation as demonstrated in mesen-
chymal stem cells [ 108 ]. 

 Another physiologic process, which can be observed in 
native cartilage, is autophagy, since it protects chondrocytes 
from age-related cell death and preserves homeostasis within 
the tissue [ 109 ]. This process can protect cells under starva-
tion conditions by turnover of intracellular organelles and 
molecules. Especially during aging-related cellular changes 
as well as biochemical stimuli and mechanical stress, all this 
can lead to osteoarthritis and during this process the compe-
tence to undergo autophagy is lost [ 110 ]. Therefore 
 autophagy protects from aging-related cell death and proba-
bly it is also an important process during chondrogenic dif-
ferentiation, even though its regulation during the 
differentiation process of amniotic fl uid-derived stem cells 
has not been thoroughly studied.  

9     Future Perspectives 

 Stem cells derived from the amniotic fl uid represent a novel 
and promising source for cell-based therapy approaches in 
regenerative medicine. Cells can either be applied directly to 
the site of injury in order to stimulate repair processes or 
cells are used for chondrogenic differentiation in order to 
form artifi cial cartilage constructs. Differentiation of AFS 
cells has already been shown many times, most often via 
induction with TGF-β family members either embedded 
within matrix or in a scaffoldless approach. Still the molecu-
lar differentiation process is incompletely understood and up 
to date the regeneration of cartilage defects is elusive because 
novel generated tissue does not show the required toughness 
and hardness required for long term stability. Therefore dif-
ferentiation protocols need to be improved and this is best 
achieved via recapitulation of the spacio-temporal aspects 
during chondrocyte differentiation. The hope is that future 
tissue regeneration will be based on stem cells stimulated to 
undergo self organized cartilage formation with almost 
native extracellular matrix composition and without signs of 
chondrocyte hypertrophy which will fi nally lead to durable 
repair tissue. Ways to achieve this includes the treatment 
with growth factors only for specifi c time periods and in 
combinations of pro and anti-chondrogenic treatment regi-
ments in a defi ned ratio. This will yield the benefi cial effects 
of chondrogenic stimuli, while preventing the end stage mat-
uration effects of hypertrophy. Scaffolds are important three- 
dimensional environments, which regulate cell–cell 
interaction as well as oxygen supply, but usually scaffolds 
show too little mechanic stability and a negative impact on 
cell survival upon degradation. Recent efforts promote a 
scaffoldless approach where differentiated cells provide their 
own extra cellular matrix, like it is achieved when AFS cells 
are differentiated in a pellet culture approach. In conclusion, 
the demand for novel strategies to heal articular cartilage 
defects is high in our society and AFS cells have proven to 
harbor therapeutic potential. Especially the modifi cation of 
existing chondrogenic differentiation approaches holds the 
promise to yield durable articular cartilage.     

  Disclosure Statement   No competing fi nancial interests exist.  
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