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      Abbreviations 

   ACI/ACT    Autologous chondrocyte implantation/transplantation   
  BMSC    Bone marrow stromal cell   
  BMP    Bone morphogenetic protein   
  Col    Collagen type   
  CR    Cartilage rod   
  CT    Cartilage tube   
  ECM    Extracellular matrix   
  ESC    Embryonic stem cells   
  FGF    Fibroblast growth factor   
  GAG    Glycosaminoglycan   
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  iPSC    Induced pluripotent stem cell   
  OA    Osteoarthritis   
  PG    Proteoglycan   
  lpr    Lymphoproliferative   
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transplantation   
  MMP    Matrix metalloproteinase   
  MSC    Mesenchymal stem cell   
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  SHH    Sonic hedgehog   
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  Sox    Sry-related high-mobility-group box   
  TGF    Transforming growth factor   
  VEGF    Vascular endothelial growth factor   

4.1          Cartilage Structure   and Function 

  Cartilage      is a specialized tissue with several interesting characteristics that highlight 
a trade-off between function and healing. On the one hand, cartilage is an incredibly 
robust tissue, with the principal function of providing mechanical support, especially 
in weight-bearing circumstances. On the other hand, most cartilage exhibits almost a 
complete lack of intrinsic healing abilities once damaged. These two characteristics, 
mechanical durability and healing resistance, both stem from the unique structure of 
cartilage.  Adult cartilage tissue   is composed of over 90 % of  extracellular matrix 
(ECM)   and less than 10 % chondrocytes in total volume [ 1 ]. Thus cartilage is consid-
ered hypocellular, with few cartilage cells ( chondrocytes  ) embedded in an abundant 
ECM. It is the molecular compositions of the cartilage ECM that defi ne its mechano-
physical properties:  Proteoglycans (PGs)   are responsible for the osmotic swelling 
and the elastic properties of the cartilage tissue. The most abundant cartilage PG, 
 aggrecan  , contains a core protein complexed with covalently bound  glycosaminogly-
can (GAG)   side chains of  chondroitin sulfate   and  keratin sulfate  .  Aggrecan   further 
associates with hyaluronic acid fi laments via link proteins. These  PGs  , which are 
negatively charged, attract cations and associated water molecules. The charged 
GAG side chains also repel one another, thereby trapping more  water   and causing the 
cartilage tissue to swell in the absence of physical load. In fact, the cartilage  ECM   
contains 65–80 % water in wet weight [ 2 ]. Upon application of load, the hydrated 
 GAG   side  chains      allow cartilage to resist compression as water is forced from the 
tissue. When cyclically loaded, this ebb and fl ow of liquid through the cartilage tissue 
enables nutrient transport to  chondrocytes   [ 2 ]. Another important component of the 
cartilage ECM, the  cartilage network  , is responsible for the tensile strength of the 
cartilage matrix [ 1 ].  Collagen  , the most abundant ECM component in the body, is a 
triple helical macromolecule with a cross-banded fi brillar structure that also acts as a 
meshwork that traps large  PGs  . The main  collagen   found in cartilage is  collagen type 
II (Col2)  , but variations in the  amounts   of other collagen types and  ECM   components 
dictate the precise properties of the cartilage further classifi ed as  fi brocartilage  ,  elas-
tic cartilage  , and  hyaline cartilage   [ 2 ]. Fibrocartilage is characterized by the inclusion 
of  collagen type I (Col1)   in the ECM and is found, for example, in the annulus fi bro-
sus of intervertebral discs, the menisci, the pubic symphysis, and the temporoman-
dibular joint.  Elastic cartilage   contains high amount of  elastin   and is found in the 
outer ear (auricular cartilage), the Eustachian tube, and the epiglottis. Hyaline carti-
lage matrix contains high amounts of  Col2  ,  chondroitin sulfate   and  hyaluronan  , and 
is found on the ventral surfaces of ribs, in the larynx, trachea, and bronchi, and on the 
articular surfaces of bones (articular cartilage), where it is responsible for load  bear-
ing   and shock absorption. Articular cartilage is the most clinically relevant form of 
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 cartilage      as it is intimately involved in the pathogenesis of  osteoarthritis (OA)  , and 
the last section of this chapter will focus specifi cally on articular cartilage healing. 

 While the high  matrix-to-cell ratio   of cartilage tissue underlies its mechanical proper-
ties, it also is responsible for its poor intrinsic healing capacities. In addition to being 
hypocellular, healthy adult cartilage is also avascular. Thus, injured cartilage has very 
few reserve  chondrocytes   available to synthesize new matrix. The chondrocytes that are 
present are trapped in their lacunae and embedded in  dense cartilaginous matrix  , making 
migration to wound sites diffi cult. Similarly, the lack of blood vessels also presents a 
barrier for stem cells from other parts of the body to reach the injured cartilage. Once 
cartilage tissue structure is compromised by a wound, the important nutrient transport 
environment begins to break down, causing loss of additional  chondrocytes   and carti-
lage tissue. Thus, rather than healing, even minor cartilage injuries can result in positive 
feedback scenarios in which large areas of  cartilage      are lost and do not regrow. Here we 
will examine special cases in the animal kingdom where cartilage does, in fact, naturally 
regenerate, as well as strategies for the therapeutic enhancement of cartilage  healing     .  

4.2     Cartilage Formation During Embryonic Development 
and Adult Fracture Healing 

  Cartilage            is initially formed in vertebrates during embryonic development of the 
skeletal system [ 3 ]. In fact, the early skeleton is entirely made up of cartilage, and 
cartilage cell sources vary with body location. For example, cartilage of the head is 
formed from the neural crest. Cartilage of the neck and trunk forms as part of the 
axial skeleton from the sclerotome of paraxial mesoderm, while  cartilage            of the tail 
skeleton originates from tail bud mesenchyme.  Limb cartilage   originates with the 
appendicular skeleton from lateral plate mesoderm. In the earliest stages of  chon-
drogenesis  ,  mesenchymal cells aggregate   and condense in response to signaling 
molecules such as  transforming growth factor-β (TGFβ)  ,  sonic hedgehog (SHH)  , 
and  bone morphogenetic protein (BMP)  . Upon  commitment      to  chondrogenesis  , 
cells express the transcription factor  Sox-9  , which drives expression of cartilage- 
specifi c genes, including the matrix proteins  Col2   and  aggrecan  . In vertebrates that 
undergo  skeletal ossifi cation  , the cartilaginous skeleton acts as a template for the 
eventual replacement with bone, a process known as  endochondral ossifi cation  . 
 Chondrocytes   cease proliferating and undergo  hypertrophy  . This critical milestone 
in the process of  endochondral ossifi cation   is typifi ed by characteristic changes in 
chondrocyte  morphology  , including dramatic increases in cell volume, and a defi ned 
gene expression profi le.  Hypertrophic chondrocytes   begin  secreting            a unique matrix 
consisting of  collagen   type X and  alkaline phosphatase  , which initiates matrix cal-
cifi cation [ 4 – 6 ]. The hypertrophic  chondrocytes   also begin secreting the  protease  , 
 matrix metalloproteinase-13 (MMP-13)   [ 7 – 10 ], that breaks down cartilage matrix, 
and growth factors such as  vascular endothelial growth factor (VEGF)   [ 11 ], which 
induces blood vessels to sprout from the surrounding tissues. The  hypertrophic 
chondrocytes            then undergo apoptosis and are replaced by mesenchymal cells and 
 pre-osteoblasts   brought into the cartilage template via invading capillaries [ 12 – 15 ]. 
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The remnant cartilage matrix is further cleared by  invading osteoclasts   and replaced 
with bone matrix as mesenchymal cells differentiate into  osteoblasts  .  Endochondral 
ossifi cation   concludes when the cartilage template is replaced by bone. Not all 
embryonic cartilage is replaced by bone, however, and the permanent cartilage that 
persists following embryonic development make up the  fi brocartilage  ,  elastic carti-
lage  , and  hyaline cartilage   of the adult organism. 

 Interestingly, many of the same  milestones            observed in  embryonic cartilage   and 
skeletal development are also seen in adult vertebrate fracture healing [ 16 ]. Furthermore, 
the primary morphogenetic pathways that are active during embryonic skeletal devel-
opment are also expressed in  fracture calluses  , and a comparison of the  transcriptomes   
has revealed that genes that  control            appendicular limb development also show increased 
expression during fracture healing [ 17 ].  Fracture healing   begins with an initial anabolic 
phase characterized by an increase in tissue volume related to the de novo recruitment 
and differentiation of stem cells that form skeletal and vascular tissues. The tissue 
between broken bones at the fracture site swells as hematomas form. The  adjacent 
periostium   also swells, and periosteal stem/progenitor cells proliferate into the fracture. 
These cells undergo  chondrogenesis  , forming the cartilage callus. Concurrent with car-
tilage tissue development, cells that will form the nascent blood vessels that supply the 
new bone are recruited and differentiate in the surrounding muscle sheath. As  chondro-
cyte         differentiation progresses through  hypertrophy  , the cartilage extracellular matrix 
undergoes mineralization and the anabolic phase of fracture repair terminates with 
chondrocyte  apoptosis  . Just as in  endochondral ossifi cation  , blood vessels invade in 
response to  VEGF   signals, bringing  pre-osteoblasts   that replace cartilage tissue with 
bone. The  anabolic phase   is followed by a prolonged phase in which catabolic activities 
predominate as the callus is resorbed and remodeled to the bone’s original cortical 
 structure           . The recapitulation of these ontological processes is believed to make fracture 
healing one of the few postnatal processes that is truly regenerative, restoring the dam-
aged skeletal organ to its pre-injury cellular composition, structure and biomechanical 
function [ 16 ]. As discussed in the following section, certain  non-mammalian organ-
isms   are capable of even more impressive feats of  regeneration           .  

4.3     Cartilage Regeneration During Limb/Tail Regeneration 

 Several remarkable  organisms      are able to  regenerate            amputated limbs and/or tails. 
In doing so, the tissues of the lost appendage are replaced, including cartilage. In 
fact, cartilage is the default skeletal tissue for appendage regeneration, and, in these 
special cases, the regenerated cartilage does not ossify for the lifetime of the regen-
erate. These feats of regeneration are achieved through processes that meld embry-
onic development with adult wound healing, and what we learn from them may 
offer clues for improving mammalian regeneration. 

  Urodeles   ( salamanders   and newts) and   Xenopus  frogs   are able to regenerate 
limbs as adults (Table  4.1 ). While  urodeles   are able to regenerate both front and 
back  limbs        , frogs are able to regenerate front limbs only.  Urodeles   retain  non- ossifi ed, 
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cartilaginous skeletons into adulthood and are able to regenerate fully formed  limbs   
(Fig.  4.1a ), with all the cartilaginous skeletal elements of the originals (Fig.  4.1c ). 
Regenerated urodele limbs also recreate the musculature of the amputated arms/
legs. Frogs, which do fully develop and exhibit ossifi ed skeleton as adults, regener-
ate cartilage spikes rather than limbs following  amputation      (Fig.  4.1b ). Cartilage 
spikes are continuous with the radio-ulna bone of the original limb, and no other 
skeletal elements are formed, and very little muscle is regenerated (Fig.  4.1d ). These 
differences between urodele and  frog limb regeneration   are remarkable given that 
both processes begin very similarly. Following limb loss in both animal groups, 
limb stump tissues contract and wound epidermis forms to seal the stump.  Stump 
tissues   are broken down by secreted proteases, releasing cells into the stump. These 
cells migrate and proliferate, forming the  blastema  , the classic indicator of regen-
eration, and  blastema   cells reform the majority of tissues of the replacement limb. 
In  frogs        , regenerated spike cartilage does not originate from blastema cells. Instead, 
cartilage spikes originate from severed bones of amputated limbs and are formed 
similar to  cartilage   calluses during fracture repair [ 18 ]. How this callus-like accu-
mulation of cartilage extends into the spikes of regenerated frog limbs is not known 
currently, but may provide clues for healing bone fracture gaps that exceed critical 
size defect lengths. In urodeles, regenerated limb cartilage does originate from  blas-
tema   cells (Fig.  4.2 ) [ 19 ]. Interestingly, the blastema cells that differentiate into 
cartilage are derived from both the  dermis      and cartilage of the original limb stump, 
but not from muscle. This restriction in differentiation stems from the fact that the 
 urodele   limb  blastema   is a heterogeneous collection of restricted progenitor cells 
that do not cross developmental origins as they reform lost tissues. For example, 
both dermis and skeletal tissues originate from the  lateral plate mesoderm  , and blas-
tema cells originating from either of these tissues are able to differentiate into carti-
lage, but not muscle, which originates from  presomitic mesoderm  . Similarly, limb 
blastema cells derived from muscle do not differentiate into dermis or cartilage.

          Table 4.1    Comparison of  vertebrate cartilage regeneration            and healing abilities   

 Organism  Adult skeleton 
 Limb 
regeneration 

 Tail 
regeneration 

 Full 
thickness 
articular 
defect 

 Partial 
thickness 
articular 
defect 

 Ear 
hole 
closure 

 Amphibia  Urodele  Cartilaginous  Yes [ 18 ,  19 ]  Yes [ 20 – 22 ]  Yes [ 23 ]  ?  NA 
 Frog  Osseous  Yes [ 18 ]  NA  ?  ?  NA 

 Reptilia  Lizard  Osseous  No  Yes [ 24 – 26 ]  Yes [ 27 ]  ?  NA 
 Mammalia   Acomys  

mice 
 Osseous  No  No  ?  ?  Yes 

[ 28 ] 
 MRL 
mice 

 Osseous  No  No  Yes [ 29 ]  No [ 29 ]  Yes 
[ 30 ] 

 Wild 
type 
mice 

 Osseous  No  No  No  No  No 

 Humans  Osseous  No  No  No  No  No 
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  Fig. 4.1    Examples of limb and tail  regeneration      in amphibians and  lizards  . ( a ,  b ) Morphological 
comparison of ( a )  salamander   ( Ambystoma mexicanum ) and ( b ) frog ( Xenopus laevis ) forelimbs 
before ( left ) and 8 weeks after ( right ) amputation.  Salamanders   regenerate new limbs, while frogs 
regenerate cartilage spikes. ( c ,  d ) Histological analysis (pentachrome) of regenerated ( c ) salaman-
der and ( d ) frog limbs. Salamanders regenerate all the skeletal elements of the upper arm and hand,
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     The inverse relationship between complexity and regeneration fi delity and the 
preference for producing  cartilage            noted for limb regeneration are also observed in 
tail regeneration.  Urodeles   and  lizards   regenerate tails (Table  4.1 ) [ 24 – 26 ,  32 ], and 
both regenerated tail skeletons are almost completely cartilaginous (Fig.  4.1e, f ). 
 Salamanders   regenerate  cartilage rods (CR)   ventral to regenerated spinal cords 
(Fig.  4.1e ), while lizards regenerate  cartilage tubes (CT)   that enclose regenerated 
spinal cords (Fig.  4.1f ). However, regenerated tails of the comparatively primitive 
salamander segment and develop neural and hemal arches, and mature regenerated 
salamander tails are almost perfect copies of  originals      (Fig.  4.1g ). The more  com-
plex             lizards  , on the other hand, regrow imperfect regenerated tails, and lizard carti-
lage tubes never segment and are easily distinguishable from original tail skeletons 
(Fig.  4.1g ). Also unlike  salamander   cartilage regeneration, a portion of the regener-
ated lizard cartilage ossifi es [ 24 ]. The most proximal region of the  CT   in contact 
with the original tail  skeleton   undergoes  endochondral ossifi cation   in a process 
similar to what is observed during fracture healing. Proximal CT  chondrocytes   
undergo  hypertrophy   and are replaced by bone. This proximal ossifi cation event is 
not observed in the  urodele   CR, and may refl ect the differences in ossifi cation states 
between adult  urodele         and  lizard   skeletons. Interestingly, the perichondrium of the 
distal lizard CT calcifi es without undergoing ossifi cation, while the CT interior 
remains cartilaginous for the lifetime of the regenerate. Like bone periosteum, the 
 lizard   CT perichondrium harbors a stem/progenitor cell population that forms addi-
tional cartilage in response to stimulation with  TGFβ   [ 24 ]. Like urodele regenerated 
 cartilage     , cartilage formed from  lizard   CT perichondrium cells does not undergo 
 hypertrophy   and endochondral ossifi cation. These observations also indicate a link 
between original and regenerated cartilage ossifi cation: cartilage formed by  cells   
derived from ossifi ed tissues undergo  hypertrophy   and ossifi cation, while cartilage 
derived from cartilaginous tissue elements do not. This topic becomes important 
during discussion of cell therapies for cartilage healing in humans, which are 
plagued by unwanted cartilage  hypertrophy   and ossifi cation. 

  Tail regeneration   also provides an interesting contrast to limb regeneration in 
terms of cell identity. As with limb regeneration,  urodele   and  lizard   tail generation 
begins with  blastemas           . Unlike limb blastema cells, whose differentiation is lineage 
restricted by developmental origin (i.e., mesoderm vs ectoderm) [ 19 ], tail blastema 

Fig. 4.1 (continued) while frogs regenerate a single cartilage spike. ( e ,  f ) Histological (penta-
chrome) and ( e ,  f  Insets) morphological analysis of ( e ) salamander tail 5-weeks post amputation 
and ( f ) lizard ( Anolis carolinensis ) tail 2 weeks post-amputation. ( g ) Salamander ( top ) and lizard 
( bottom ) tails 10 weeks after amputation analyzed by micro-computed tomography. Pentachrome 
stains cartilage  green , bone  orange , muscle  red , and spinal cord and epidermis  purple. Dashed 
lines  denote amputation planes.  c  carpal,  cr  cartilage rod,  cs  cartilage spike,  ct  cartilage tube,  h  
humerus,  m  muscle,  mc  metacarpal,  nc  notochord,  p  phalanges,  r  radius,  rm  regenerated muscle, 
 rsc  regenerated spinal cord,  ru  radio-ulna,  sc  spinal cord,  u  ulna,  ve  vertebra. Bar = 1 mm. Figure 
adapted from [ 31 ]       
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cells are able to transition between developmental lineages during differentiation 
(Fig.  4.2 ). For example, regenerated tail cartilage is formed from  blastema   cells that 
have originated from muscle [ 20 ], dermis, or even spinal cord (ependyma) [ 21 ]. In 
fact, tail skeletal tissue contributes only minimally to regenerating tail blastemas 
and, hence, regenerated cartilage. The reasons for these differences between limb 
and tail blastema origins are not currently understood, but they may refl ect differ-
ences involving both development and healing in the appendicular versus axial 
 skeletons     . 

 In summary, appendage  regeneration      is depended on the formation of wound 
epithelia and  blastemas   or blastema-like structures. This  encapsulation            of proliferat-
ing cells by un-differentiated, embryonic-like epithelial tissue provides the neces-
sary environment for tissue differentiation and extension and avoids scar formation. 
While  lizards  ,  urodeles  , and  frogs   provide perhaps the best examples of these struc-
tures and the regenerative process, certain mammals are also capable of approxi-
mating these healing  responses           .  

4.4     Cartilage Healing and Regeneration in Non-Human 
Mammals 

 As a group,  mammals               exhibit much reduced regenerative abilities compared to 
amphibians and  lizards  . For example, no mammal is capable of limb or tail regen-
eration as adults. While some rodent species, such as  African spiny mice ( Acomys )   
and South American spiny rats (  Proechimys )      shed tails as strategies for escaping 
predators (caudal autotomy), lost tails are not regenerated [ 33 ,  34 ]. Perhaps the 
most impressive naturally-occurring  examples      of adult regeneration among mam-
mals are observed in species capable of skin autotomy. For example, the skin of 

  Fig. 4.2    Summary of  blastema   cell differentiation restrictions during  salamander   limb and tail 
regeneration. Figure adapted from [ 19 ]       
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  Acomys    mice is mechanically weak and easily tears and sloughs off [ 28 ]. This 
makes   Acomys    mice diffi cult for predators to grab and hold onto, allowing the mice 
to escape, but often results in large open wounds and skin loss.  Acomys  mice, but 
not house mice ( Mus ), are able to heal these types of skin wounds quickly and with-
out scarring [ 28 ]. In the lab,  Acomys  mice are capable of healing ear hole punches, 
including auricular cartilage (Table  4.1 ) [ 28 ]. Interestingly, these types of mice 
appear to generate  blastema  -like structures during healing, as evidenced by wound 
epidermis that bears striking similarities to those formed during appendage regen-
eration in  urodeles   and  lizards  . Whether the  Acomys  blastema follows the same 
 rules               in cell fate and differentiation remains to be determined. 

 While   Acomys    mice and   Proechimys       rats may represent the best examples of 
“natural” cartilage regeneration among mammals, certain mouse strains exhibit 
enhanced regenerative abilities following selective breeding over many genera-
tions. The so-called “ super healing  ” mouse strains are able to heal a number of tis-
sues better than wild type  mice     . Collectively known as the  Murphy Roths Large 
(MRL)   mice, this groups includes the MRL/MpJ, Murphy Roths Large/lymphopro-
liferative (lpr)  mouse               strain (MRL/MpJ- Fas   lpr  /J) MRL/MpJ- Fas   lpr  /J, and Large 
strains [ 35 ]. Like   Acomys    mice,  MRL   mice are able to heal ear hole punches and 
regenerate auricular cartilage (Table  4.1 ) [ 30 ]. In addition, MRL mice form a type 
of wound epidermis faster than other strains, and appear to form  blastema  -like accu-
mulations of mesenchymal cells in response to certain types of injuries. It is inter-
esting that neither   Acomys    mice nor MRL strains are able to regenerate limbs, tails, 
or digit tips as adults [ 36 ]. 

 While direct comparisons between  Acomys  mice and MRL strains have yet to be 
made, based on their similar abilities to form blastema-like structures and heal hole 
punch  injuries               it is possible that similar healing mechanisms are at work in both 
animals. Unfortunately, the exact underlying mechanisms responsible for the 
enhanced healing abilities of  MRL   mice have proven diffi cult to specify. The “ super 
healer  ” phenotype appears to depend most heavily on the inclusion of the Large 
strain identity, which includes autoimmune anomalies in addition to enhanced heal-
ing. For example, the MRL/MpJ- Fas   lpr  /J strain was established through selective 
 interbreeding      of the B6 (0.3 %), C3H (12.1 %), AKR (12.6 %), and Large (75 %) 
strains [ 35 ]. These mice are prone to autoimmune disorders, and these phenotypes 
were attributed to a mutant   Fas  gene  , which arose spontaneously at generation F12 
during selective breeding. However, the link between mutant  Fas  and healing is 
confounded by the fact that the  MRL  /MpJ  mice              , which have the wild type  Fas  gene 
and were maintained as a control strain for the  MRL  /MpJ- Fas   lpr  /J mice, also exhibit 
enhanced healing. Still, since all 3 MRL mouse strains exhibit autoimmune pheno-
types, it is natural to suppose a link between regenerative ability and immunity 
dysfunction. However, a multi-strain wound healing survey offers evidence that 
they are not genetically linked. It should be noted, however, that mutations in the 
cell cycle checkpoint gene p21 cause yet another autoimmune disorder similar to 
lupus, but also enhanced healing phenotypes [ 37 ]. Obviously, additional research is 
needed to work out the mechanisms behind the “ super healing  ”  phenotypes                     (see 
comprehensive review by Heydeman [ 35 ]).  
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4.5     Intrinsic Articular Cartilage Repair 

 While cartilage  regeneration         activities in response to appendage amputation and 
ear hole punch injuries are informative in assessing the healing limits of non-
human animals, they are admittedly not readily relatable to human cartilage inju-
ries, which predominantly affect the articular cartilage of limb joints. As previously 
mentioned, highly specialized  hyaline cartilage   lines the articular surfaces of long 
bones. Articular cartilage itself is divided into four zones based on  chondrocyte   
morphology, matrix composition and distribution: (1) superfi cial zone (tangential 
layer), consisting of two to three layers of small, fl attened chondrocytes arranged 
parallel to the surface; (2) middle or transitional zone, where the chondrocytes are 
spherical; (3) deep or radial zone, consisting of large chondrocytes that form col-
umns perpendicular to the surface; and (4) calcifi ed zone, where hypertrophic 
 chondrocytes   are embedded in the calcifi ed matrix, which is connected to the sub-
chondral bone (Fig.  4.3 ). Differences in the  ECM   are seen within the hierarchical 
 structure         of articular cartilage. In the surface zone,  chondrocytes   produce  proteo-
glycans   that reduce friction (i.e., lubricin), protect chondrocytes and cartilage sur-
faces, and inhibit synovial cell  overgrowth         [ 39 ,  40 ]. In the middle zone, the  ECM   
includes  Col2  ,  aggrecan  , and other proteins.  Collagen type X   and  alkaline phos-
phatase   are found in the deep zone and calcifi ed zone, indicating  chondrocyte   
hypotrophy and the calcifi ed matrix environment (Fig.  4.3 ).  Collagen fi brils   are 
oriented mostly parallel to the surface in the superfi cial  zone     , obliquely in the mid-
dle zone, and perpendicular to the joint surface in the deep zone, which is suited to 
load transmission (Fig.  4.3 ) [ 38 ].

Chondrocyte 
distribution

Matrix
distribution

Superficial 
/Tangential 
Zone (STZ)
(10-20%)

Middle 
Zone(MZ)
(40-60%)

Deep 
Zone(DZ)

(30%)
TIDEMARK

Calcified Zone

Subchondral bone

Cancellous Bone

Mechanical
load distributiona b c

  Fig. 4.3    Schematic view of normal  articular cartilage   highlighting ( a ) cell distribution, ( b ) matrix 
distribution, and ( c ) collagen fi bril orientation. Figure modifi ed from [ 38 ]       
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   In terms of  tissue repair ability  , cartilage injury is classifi ed on the basis of the 
depth of defect (Fig.  4.4 ), and tissue remodeling response differs depending on 
the type and size of the defect.  Partial cartilage defects   are limited to the 
superfi cial-to- middle zones and do not involve damage to subchondral bone. 
Full thickness cartilage defects penetrate down to the bone, and are in fact more 
prone to heal than partial thickness defects if the osteochondral junction is also 
damaged. In these cases, where full thickness defects penetrate into the bone 
marrow, bone marrow stromal cells (BMSCs)          fl ow into the lesion site to form a 
stem-cell rich fi brin clot and stimulate intrinsic repair. While humans are unable 
to heal both partial and full thickness defects, some of the species discussed 
above do manage at least some level of articular cartilage healing.  MRL   mice are 
able to heal full thickness defects up to 0.5 mm 2  in depth, and the regenerated 
cartilage is robust hyaline  cartilage      (Table  4.1 ) [ 29 ]. However, even the “ super 
healing  ” mouse strains are unable to heal partial thickness defects (Table  4.1 ). 
Articular cartilage healing has yet to be studied in   Acomys    mice and p21 knock-
out mice, and such experiments would provide interesting context for the results 
involving  MRL   mice. Among non-mammalian animals,  lizards   are able to regen-
erate entire articular cartilage surfaces (Table  4.1 ) [ 27 ], but new cartilage tissue 
appears to undergo  hypertrophy   and is probably more similar to a fracture carti-
lage callus than true regenerated articular cartilage [ 41 ]. It is currently not known 
if lizards or other reptiles can heal partial or full thickness cartilage defects. 
 Salamanders   can regenerate full thickness cartilage  defects         that cover approxi-
mately 50 % of the joint [ 23 ], but it is not yet known if urodeles can regenerate 
partial thickness defects (Table  4.1 ). In any case, these experiments not only 
provide evidence that healing large articular cartilage defects  is  possible, but 
they also provide hope that articular cartilage healing may be achieved by 
humans with the correct  therapies              .

  Fig. 4.4    Three different classes of  cartilage injury   dependent on the depth of defect (rabbit knee 
joint cartilage as background)       
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4.6        Cell-Based Therapies for Human Articular Cartilage 
Repair 

 Unlike the cartilage of the special  species         discussed above, adult human cartilage has 
limited self-repair ability, and damage to articular cartilage leads directly to the pathogen-
esis of  osteoarthritis (OA)  . For example, progressive loss of articular cartilage leads to an 
increase in  subchondral bone formation  , as well as new bone formation at joint margins 
(osteophytes). Unfortunately for the patient, these tissue changes underlie clinical symp-
toms including joint pain and limited joint movement. Overall, these pathologies mani-
fest as degenerative joint diseases, such as OA, which severely affect the quality of life 
[ 42 ]. OA is one of the most common causes of mobility loss and represents the most 
prevalent form of musculoskeletal disease worldwide [ 43 ,  44 ]. For example, OA affects 
27 million Americans, about 60 % of men and 70 % of women above 65 years of age [ 45 , 
 46 ], and directly contributes to disabilities in 9–10 % of the U.S. population [ 47 ]. 

 As mentioned above, humans do not spontaneously heal partial or full thickness 
cartilage  defects        ,  OA   progresses until the entire affected joint needs to be either fused 
or replaced. However, there is evidence of incomplete healing in small and deep 
defects. Osteochondral defects do exhibit limited reparative capacity, and, in clinical 
practice, this intrinsic reparative property is exploited in the microfracture technique, 
which involves surgical drilling to the subchondral bone region to treat small size  car-
tilage defects      (usually 0.5–2 cm 2 ) [ 2 ]. However, the cartilage formed in response to 
subchondral microfracture consists mainly of fi brocartilage rather than the original 
hyaline cartilage, and the therapeutic benefi ts generally last only 2–5 years [ 48 – 50 ]. 
For larger defects that require more extensive healing, tissue transplantation such as 
osteochondral auto/allograft (mosaicplasty) has been used; however, tissue source and 
compatibility present potential complications. Most of the current approaches to treat 
articular cartilage injuries, therefore, have focused on stimulating intrinsic regeneration 
and/or replacing diseased or lost tissue. These therapeutic approaches are collectively 
known as  tissue engineering   and  regenerative medicine  , an area that has been develop-
ing rapidly since the 1970s. Termed the “next evolution of medical treatments” by the 
U.S. Department of Health and Human  Services     , regenerative medicine aims to replace 
or regenerate human  cells        , tissues and organs to restore or establish normal function 
[ 51 ]. The basic principle involves the application of cells, biomaterial scaffolds, and 
signaling molecules to promote endogenous regenerative capacity and/or the replace-
ment of whole tissues with engineered constructs in vitro [ 52 ]. Regenerative medicine 
approaches for healing articular cartilage injuries offer promise for preventing  OA  . 

4.6.1     Autologous  Chondrocyte  -Based Therapies for Cartilage 
Defects 

 The concept of autologous  implantations         to treat cartilage defects began with 
studies by O’Driscoll and co-workers, who used periosteal grafting to treat rabbit 
chondral defects [ 53 ]. Further refi nement by Grande and Peterson included the 
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use of cultured autologous chondrocytes [ 54 ,  55 ].  Autologous Chondrocyte 
Implantation/Transplantation (ACI/ACT)   was fi rst applied clinically to treat full-
thickness chondral defects in knees by Brittberg et al. [ 56 ]. Briefl y, small amounts 
of healthy  cartilage   were harvested from non-load bearing  areas         under  arthros-
copy  , and the isolated chondrocytes were expanded in vitro for up to 6  weeks        . The 
cultured cells were then injected into the cartilage defect and sealed with a sutured 
periosteal fl ap taken from the proximal medial tibia (Fig.  4.5 ). The overall 
0–5 year therapeutic  effi cacy      was generally 70–90 %, as evidenced by relief of 
 symptoms         and improvement of joint function [ 57 ]. In a 10–20 year (mean 
12.8 year) follow-up study, 74 % of the 224 patients that underwent  ACI   treatment 
reported their status as good or better than before surgery [ 58 ]. ACI/ACT have 
also been reported to be effective in treating larger cartilage defects [ 59 ], with 
therapeutic benefi ts lasting longer than those of  microfracture marrow-stimula-
tion techniques   [ 60 ]. Therefore, ACI provides the possibility of regenerating car-
tilage  tissues         and restoring normal joint function, criteria which meet the basic 
clinical defi nition for functional cartilage  repair  .

   To eliminate the need for secondary surgery sites and to reduce the complex-
ity of the ACI/ ACT   procedure, biomaterials have been adopted in the next gen-
erations of ACI/ACT. Standard procedure of ACI/ACT involves surgical 
 preparation      of the defect(s), periosteal harvesting, suturing of periosteum over 
defect(s), application of fi brin glue sealant, and implantation of  chondrocytes   
with the risks of possible cell leakage from the application sites as well as uneven 
cell distributions. Furthermore, the harvesting of periosteum increases the opera-
tion  time         and requires a larger surgical exposure fi eld [ 61 ]. To address these 
shortcomings, “second generation”  ACI   uses biomaterials (e.g., collagen type I/
type III membranes) instead of periosteum grafts, thereby reducing open injury 
 sites         and shortening operation time. More recently, third generation, or “all in 
one” grafts, have been developed that make use of combinations of cells and 
biomaterials, which are delivered directly to defects without either periosteal 
covers or suture fi xation. This technique is referred to as  matrix-associated 
autologous chondrocyte implantation (MACI)  . Currently, the most commonly 
used biomaterials in MACI involve natural  ECM   materials such as collagen and 
hyaluronan [ 62 ], and there is active, ongoing  research   to develop more optimal 
 biomaterials         [ 62 ,  63 ].  

  Fig. 4.5    Schematic of autologous  chondrocyte   implantation       
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4.6.2     Stem Cell-Based Therapies for Cartilage Regeneration 

 Despite the promise of  ACI            and  MACI        , limitations remain, and current  research         is 
aimed at improving therapeutic effectiveness and availability. For example, ACI 
and MACI are limited by the availability of harvested cell number and quality. In 
clinical application,  chondrocytes   directly derived from healthy hyaline cartilage 
are considered the most appropriate for transplantation [ 64 ]. Unfortunately, the 
numbers of chondrocytes suitable for harvest are very limited. For example, 
patients in need of  ACI   often have experienced extensive cartilage degeneration 
and  loss        ; in addition,  chondrocytes   exhibit only limited life span as differentiated 
cells during culture expansion before cell quality irreversibly suffers. To address 
the shortage of suitable cell populations, stem cells that may serve as  chondropro-
genitors   are under investigation as new candidate cell sources to replace native 
 chondrocytes   for cartilage  repair        . 

  Mesenchymal stem cells (MSCs)   are the most  promising         therapeutic cells for 
cartilage regeneration research, owing to their self-renewal ability, chondrogenic 
potential, and anti-infl ammatory activity [ 65 ]. Clinical application of bone marrow- 
derived MSCs has been reported by several groups [ 66 – 68 ], and a 2 year follow up 
cohort study showed comparable effi cacy of  MSCs      and native  chondrocytes   for use 
in  ACI   [ 69 ]. However, longer term studies are already needed. One of the most 
important and interesting aspects of using MSCs in ACI is the dependency of MSC 
chondrogenic potential on cell source since, ultimately, the clinical outcome 
depends on the ability of the stem cells to form cartilage. A summary of studies 
evaluating the use of  MSCs   from various tissue sources in treating ACI in animal 
studies is presented in Table  4.2 . This comparison indicates that bone marrow-
derived  MSCs         produce more hyaline-like cartilage matrix and promote higher 
functional recovery than MSCs isolated from periosteum, synovium, adipose tis-
sue, and muscle [ 70 ], which tend to undergo  fi brocartilage   differentiation [ 70 ,  95 ]. 
MSCs isolated from tissues other than bone marrow do offer certain advantages, 
however. For example, adipose-derived MSCs are easy to obtain, and adipose tis-
sue contains 100-times greater numbers of stem cells per volume than bone marrow 
aspirates [ 96 ]. Unfortunately the chondrogenic potential of adipose-derived  MSCs   
is lower compared to bone marrow MSCs [ 97 ], suggesting that more research  needs      
to be done to improve the chondrogenic differentiation of these  cells        .

   Furthermore, given their expanded levels of differentiation potencies, both 
 embryonic stem cells (ESCs)   and  induced pluripotent stem cells (iPSCs)   have the 
potential for chondrogenesis [ 94 ,  98 ] with the additional options of founding 
patient-specifi c  cell         lines with high self-renewal potential, these cells may be the 
ideal candidates for cartilage regenerative medicine. Indeed, animal studies have 
already been conducted [ 91 – 93 ,  99 ] (Table  4.2 ). However, several complications 
have yet to be overcome. For example, not all of the transplanted cells contribute 
to hyaline cartilage regeneration [ 93 ], and not all cell lines differentiate into the 
target tissue safely [ 99 ]. Thus, before ESC and  iPSC      cells are used in a clinical 
setting, the topics of differentiation effi ciency and tumor  formation         must be solved.  
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4.6.3     Future Studies to Enhance Stem Cell-Based Cartilage 
Regeneration 

 Both the  ACI   and  MACI   techniques for cartilage repair are well-established exam-
ples of  tissue      engineering/regenerative medicine and represent the current best  solu-
tions         for cartilage injury. However, neither ACI nor  MACI   can completely regenerate 
hyaline cartilage for large defects, and there is signifi cant  need      for further improve-
ments. An important area of current research involves the optimization of differen-
tiation signals and environments for producing robust hyaline cartilage. Clues from 
embryonic cartilage developmental processes, as well as from cartilage regenera-
tion in non-human  animals     , could shed light on such studies. 

    Table 4.2    Human stem cells for cartilage  regeneration           

 Cell sources  Animal model  General outcome 

 MSCs  Bone marrow  Rabbit 
[ 70 – 77 ] 
 Pig [ 78 ] 
 Goat [ 79 ] 
 Rat [ 80 ,  81 ] 

 • Increased tissue formation and reduction in 
degenerated cartilage [ 71 ,  72 ] 

 • Histological score improvement [ 71 ,  76 ] 
 • Repaired cartilage was hyaline-like [ 70 ,  73 ,  75 , 

 77 ,  80 ] 
 • Restoration of mechanical properties [ 78 ] 
 • Cartilage specifi c markers expression and 

cartilage formation, forming hyaline 
cartilaginous tissue [ 80 ] 

 Adipose  Rat [ 82 ] 
 Rabbit [ 70 , 
 71 ,  83 ] 

 • Cells differentiated into functional 
chondrocytes that secreted cartilaginous matrix 
[ 70 ,  71 ,  82 ,  83 ] 

 • Less repair than bone marrow- derived MSC [ 70 ] 
 Synovium  Rabbit [ 71 , 

 84 – 87 ] 
 Minipig [ 88 ] 

 • High histological score improvement [ 71 , 
 84 – 86 ] 

 • Enhanced cartilage matrix production [ 87 ,  88 ] 
 • Integrated with surrounding native cartilage [ 87 ] 

 Periosteum  Rabbit [ 70 ]  • Increased histological grading [ 70 ] 
 Muscle  Rat [ 89 ,  90 ] 

 Rabbit [ 70 , 
 71 ] 

 • Enhanced histological scores and ECM 
deposition [ 89 ,  90 ] 

 • Less repair than BMSCs [ 70 ,  71 ] 
 Umbilical cord  Rabbit [ 75 ]  • Enhanced histological score than no-cell 

control but lower than BMSC [ 75 ] 
 ESCs  Embryo  Rat [ 91 ,  92 ] 

 Sheep [ 93 ] 
 • Produce cartilage, resulting in repair of defects 

without forming any teratomas [ 91 ] 
 • Formed neocartilage layer with good surface 

regularity and complete integration [ 92 ] 
 • Promoted better organization and tissue bulk, 

but no effect on histological evaluation [ 93 ] 
 iPSCs  Cells by 

reprogramming 
 Nude  mice         
[ 94 ] 

 • Some cell lines formed tumors, others induced 
cell lines generated cartilage- like tissue, but 
others formed tumors [ 94 ] 
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 For example, to improve stem cell differentiation effi cacy and maintain  chondro-
cyte   phenotype, signaling factors such as TGF- βs   are required. However, a growing 
amount of evidence has indicated that treatment with single signaling factors is 
insuffi cient for initiating maximal stem cell  chondrogenesis         and phenotype mainte-
nance. Thus, knowledge gained on embryonic skeletal system development/nonhu-
man cartilage regeneration should be used a guide. 

  Embryonic chondrogenesis   begins with mesenchymal cell recruitment, prolifera-
tion and condensation. Cell  condensations         are initiated by several growth factors, 
including TGF- β  , FGF, Wnt, and BMPs, acting in concert [ 3 ,  100 ,  101 ]. Afterwards, 
several matrix molecules, including  fi bronectin  ,  hyaluronan   and  collagens        , interact 
with the cell surface receptors to initiate the transition from chondroprogenitor to  chon-
drocytes   [ 100 ,  102 ,  103 ] and regulation of the chondrogenesis-specifi c transcription 
factor  Sox-9   [ 104 ]. In an example of recreating multi-step differentiation schemes 
in vitro, ESCs/ iPSCs      were treated with two-step differentiation  strategies     . First, ESCs/
iPSCs were differentiated into multipotent states (ESC-MSC or iPSC- MSC), which 
were then differentiated towards the chondrogenic linage [ 105 ]. These strategies offer 
promise for creating signifi cant  amounts         of healthy cartilage, but additional work is 
required to fi ne-tune the differentiation signals. For human  MSCs  , TGF β2   and TGFβ3 
were shown to be more active than TGFβ1 in promoting chondrogenesis [ 106 ]. 
Interestingly, the effect of TGFβ3 stimulation is enhanced if the growth factor is applied 
during the initial  phase         of the culture period and then withdrawn [ 107 ,  108 ]. Adding to 
the complexity, the effects of growth factor treatments varies with  MSC   tissue source. 
For example, BMP6 in addition to TGFβs is required by adipose-derived stem cells for 
effi cient stimulation of chondrogenesis [ 109 ,  110 ]. Again broadening our discussion to 
non-human animals, TGF βs   and  Indian hedgehog (Ihh)   regulate cartilage  formation      
and maturation during  lizard   tail regeneration [ 24 ]. TGFβ1 and TGFβ3 induce cartilage 
formation in lizard CT perichondral  cells     , which express the  MSC   markers CD90 and 
CD66, and the CT perichondrium calcifi es in response to Ihh. Inhibiting hedgehog 
signaling in the regenerating  lizard   tail suppresses cartilage maturation, which may 
provide  clues         for preventing similar maturation in cartilage derived from progenitor 
cells in other species, including human  MSCs  . Indeed, considering the complex mix-
ture of factors involved in  embryonic skeletogenesis   and  appendage regeneration   
in vivo, we may surmise that a similarly complex, multifactorial biochemical environ-
ment will be required for effective long-term cartilage  engineering                    .   

4.7     Conclusion 

 Cartilage is a tissue that most animals, including humans, are unable to repair. In 
this chapter we have summarized the cartilage healing abilities of the few species 
which are able to regenerate cartilage. We have also described the current approaches 
in therapeutic enhancement of cartilage repair in humans. It is noteworthy that car-
tilage therapies may be adapted to mimic the pattern and sequence of biological 
events seen in naturally regenerative tissues. For example, the use of autologous 
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stem cells to augment the resident progenitor cell population represents a strategy 
that echoes the role of the  blastema   in appendage regeneration. As future research 
works out the intricacies of cell differentiation and signaling, similar advancements 
will help in closing gaps in wound healing  capabilities     .     
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