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ABSTRACT

Culture-expansion is a common step in the use of autologous chondrocytes
for cartilage tissue engineering. Chondrocytes dedifferentiate in
monolayer expansion culture, and conditions that are sufficient to induce
redifferentiation change as a function of cumulative growth. The objective
of this review was to characterize the relationship between expansion and
redifferentiation, from which requirements to induce redifferentiation
were identified for selected approaches to cartilage tissue engineering.
While chondrocytes dedifferentiate rapidly in expansion -culture,
transferring the cells to a three-dimensional scaffold is sufficient to induce
redifferentiation for wup to ~6 population doublings (PDs).
Redifferentiation is possible beyond 6 PDs, although exposure to
chondrogenic cytokines is needed. These data indicate that
dedifferentiation with expansion for treating focal defects (~6 PDs) can be
reversed with transfer to a scaffold, while joint resurfacing (~10 PDs) is
anticipated to require exposure to chondrogenic cytokines. During
expansion, growth factor supplementation can accelerate proliferation
and improve redifferentiation. However, redifferentiation may require
chondrogenic cytokines, and should be considered for approaches that
involve expansion beyond the limit for spontaneous redifferentiation.

KEYWORDS: chondrocyte; cartilage tissue engineering; dedifferentiation;
redifferentiation

INTRODUCTION

Culture-expansion is often necessary for tissue engineering therapies
as the number of cells needed to fill areas of damaged or diseased tissues
typically exceeds the availability of primary cells. Cartilage tissue
engineering has been enabled by the ability of articular chondrocytes to
readily proliferate in monolayer culture using standard cell culture
medium. However, chondrocyte expansion is associated with loss of the
native phenotype, which must be restored after expansion as implanted
chondrocytes are expected to secrete and assemble neo-cartilage.
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Chondrocyte dedifferentiation with expansion, and redifferentiation
after, has been the focus of many studies over approximately four decades.
These data have revealed that chondrocyte dedifferentiation progresses
with time in expansion culture. Likewise, the conditions that are needed
to induce redifferentiation change as a function of culture expansion.
Therefore, for tissue engineering strategies it is important to consider how
much chondrocytes must be expanded in order to ensure that an effective
redifferentiation strategy is in place.

For studies evaluating chondrocyte expansion and redifferentiation,
the extent to which chondrocytes have been expanded appears to be
largely arbitrary, with few studies targeting expansion needs for specific
tissue engineering therapies. Therefore, the primary objective of this
review is to characterize chondrocyte expansion for selected approaches
to cartilage tissue engineering so that the steps needed to induce
redifferentiation can be identified. Expansion for the use of autologous
chondrocytes to treat focal cartilage defects or joint resurfacing was
calculated in terms of cumulative population doublings (PDs), which is the
number of times a starting population of cells must double to reach a
target cell number. Across the studies referenced for this review there is a
moderate amount of variability in the methods used to promote expansion
and redifferentiation. Therefore, we identified techniques that are
particular effective in promoting expansion and/or redifferentiation.

CHONDROCYTE EXPANSION FOR AUTOLOGOUS APPROACHES TO
CARTILAGE TISSUE ENGINEERING

The process of expanded cells in monolayer culture involves seeding at
a subconfluent density and then detaching the cells from the monolayer
surface when the proliferating cells approach confluence. Detaching the
cells and reseeding monolayer surfaces at a subconfluent density is known
as passaging, and the extent to which a batch of cells has been expanded
is often described by the number of passages. However, the amount of cell
growth per passage is dependent on the initial seeding density, which for
the studies referenced here varied by up to 100-fold. To account for
difference in seeding density our analysis was based on cumulative PDs,
which were provided or estimated when sufficient information was
provided.

Currently, induction of endogenous repair using the microfracture
procedure is used to treat small defects up to approximately 3 cm? in area
[1], while larger defects are treated with a form of chondrocyte
implantation. For tissue engineering approaches using autologous
chondrocytes, documentation of the Autologous Chondrocyte
Implantation (ACI) technique provides quantitative values on defect size,
autologous tissue harvest and expected chondrocyte yield, and cell seeding
density in the defect from which the number of required PDs can be
calculated. For defect size, calculations were based on an area of 6.5 cm?,
which is the average size reported across more than 100 patients that were
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treated with ACI [2]. In the same study, chondrocytes were implanted at
1-2 x 108 per cm? of surface area, which is consistent with other techniques
for filling cartilage defects with cells [3]. Given that adult human knee
cartilage is approximately 2 mm thick [4], the density of the implanted
cells is approximately 7.5 x 106 cm™3, which is comparable to chondrocytes
in human cartilage [5]. Assuming cell seeding of 1.5 x 106 cm™?, the total
number of cells for a 6.5 cm? defect is 9 x 106. For ACI approximately
200-300 mg of cartilage is harvested [6], from which approximately
0.25 x 10° cells are obtained [6,7]. Therefore, it is assumed that autologous
chondrocytes must be expanded by 40-fold, or approximately 5.3 PDs. It
should be noted that deviation from the mean parameters is likely to
change the number of PDs by no more than 2. For example, from Neimeyer
et al., the standard deviation of the defect size ranged between 2.5 and
10.5 cm? [2]. For this range of defect sizes the number of PDs needed from
a standard cartilage biopsy is 3.9 and 6.5, respectively. Similarly, variation
in the number of cells obtained among patients is encompassed by
approximately a single PD. For example, in Brittberg et al., the yield of
primary chondrocytes ranged between 0.18 and 0.45 x 10° [8], which in
terms of chondrocyte growth is a difference of 1.3 PDs. Taken together, it
is assumed that use of autologous chondrocytes to treat focal cartilage
defects requires 4-7 PDs.

Osteoarthritis is associated with progressive loss of cartilage, and
patients that have experienced widespread cartilage erosion would
benefit from approaches to repair large areas or whole surfaces of joints
[9,10]. In young adults, the mean knee surface area was reported to be
approximately 100 cm? [11], which is approximately 15-fold larger than
the 6.5 cm? focal defect used to calculate model expansion of autologous
chondrocytes above. Assuming a cell yield of 0.25 x 106, and a seeding
density of 1.5 x 10° cm™, autologous chondrocytes would require
approximately 10 PDs for resurfacing large areas of cartilage.

Chondrocyte Dedifferentiation in Expansion Culture

Cartilage differs from other connective tissues in that the collagen
content is almost entirely type II. Therefore, researchers have considered
loss of type II, and increases in type I collagen expression as indicators of
dedifferentiation (Table 1). In this section, the cited studies did not report
the number of PDs associated with changes in collagen expression, and in
all but one an estimate could not be performed due to lack of data. While
chondrocyte growth rates can vary greatly among studies it is likely that
proliferation in these studies was on the order of 2-3 PDs per week. In
1976, Mayne et al. considered collagen synthesis by chick embryo
chondrocytes in expansion culture [12]. Serial passaging of chick embryo
chondrocytes selected via colony-formation resulted in a transition in
collagen synthesis. While four passages were needed bhefore collagen
synthesis resembled that of control fibroblast cultures, the largest decline
in type II collagen synthesis occurred between the first and second
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passage. Similar trends reported for rabbit articular chondrocytes [13].
These data indicated that chondrocyte dedifferentiation is progressive
with expansion, but is initiated rapidly. This conclusion is supported by
subsequent studies evaluating type I and type II collagen gene expression.
For adult human chondrocytes, the ratio of type II to type I gene
expression decreased by more than 10-fold over the first two weeks in
expansion culture, with more graduate decreases over two subsequent
weeks [14]. Expansion of chondrocytes from adult human cartilage
biopsied from diseased joints led to an approximate 400-fold decrease in
the ratio of type Il/type I gene expression over three weeks [7]. In Barlic et
al,, collagen gene expression of adult human chondrocytes was evaluated
over the first 10 days of expansion culture [15]. Type II collagen gene
expression decreased ~5-fold, while type I gene expression increased
~300-fold. In Darling et al., young adult goat chondrocytes were evaluate
for collagen gene expression after 4 passages [16]. The cells were
subculture at a ratio of approximately 1:3 which translates to
approximately 1.6 PDs per passage. Compared to primary cells, type II
collagen gene expression decreased approximately 3-fold at the first
passage, and nearly 10-fold after 4 passages (approximately 6 cumulative
PDs). Type I collagen gene expression increased approximately 20-fold
across 4 passages. In Jakob et al, expansion of human chondrocytes
through 5-7 PDs decrease the ratio of type II/type I collagen gene
expression by more than 300-fold [17]. These data indicate that
dedifferentiation is well-established for the tissue engineering needs as
defined above.
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Table 1. Dedifferentiation of chondrocytes in expansion culture.

. Medium . Collagen . . L.
Reference Species Age Extent of expansion . Evidence of dedifferentiation
supplement expression
Mavne PDs not reported, cells seeded
[12]37 Chicken Embryo  10% FBS at 7.5k cm™2, expanded to Protein Rapid downregulation of type II collagen
confluence
Type II collagen—synthesis decreased between
Benya PDs not reported, seedin, . assages 1 and 4, not detectable at passage 5. Type I
y Rabbit 8 weeks  10% FBS . P 5 Protein P § . P 5 yp
[13] density not reported collagen—not detected until passage 3, synthesized
through passage 5
Diaz-Romero 32-89 ) Ratio of type II/type I collagen decreased ~10-fold
Human 10% FBS PDs per passage (estimated): 2 mRNA
[14] years after 2 passages
PDs not reported, cells seeded
Barlic 26-60 p Type II collagen decreased 5.3 fold, type I collagen
Human N/A at 3.0k cm™? and expanded for mRNA )
[15] years increase 293-fold
10 days
Type II collagen—3-fold decrease at first passage
Darling Goat 8 months N/A PDs per passage (estimated): mRNA (1.6 PDs), 10-fold decrea.se at fourth Passage (6 PDs);
[16] 1.6 Type I collagen—2-fold increase at first passage,
20-fold increase at fourth passage
Type Il/type I ratio decreased rapidly with
Jakob 2573  10% FBS, ype ltyp sed rapicy
Human 5-7 PDs mRNA expansion. Supplementation with FGF2/TGFf3
[17] years +/- growth factors

decreased type II collagen expression by ~25-fold
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Redifferentiation of Expanded Chondrocytes in Vitro

In 1982, Benya and Shaffer investigated the potential to induce
redifferentiation of expanded lapine chondrocytes by transferring the
cells from adherent monolayer to suspension culture, which was achieved
by encapsulating the cells in agarose hydrogel [18]. Chondrocytes were
subcultured at a ratio of 1:3, therefore it is assumed that at each passage
the cells proliferated through 1.6 PDs. Chondrocytes were transferred to
agarose at the fourth passage (6.4 PDs), a point at which dedifferentiation
was indicated by type I collagen synthesis, and suppressed proteoglycan
and collagen synthesis in monolayer. After suspension in agarose, rapid
redifferentiation was indicated by re-expression of type II collagen by day
2, and increasing proteoglycan and collagen synthesis that reached levels
comparable to primary cultures by day 10. Given that the same culture
medium was used for expansion and redifferentiation, the authors
concluded that three-dimensional culture was sufficient to induce
redifferentiation. These data indicate that despite robust dedifferentiation
in monolayer, three-dimensional culture was sufficient to restore the
native phenotype. Subsequently, redifferentiation of expanded
chondrocytes in vitro was demonstrated in various scaffolds such as
alginate hydrogel [19] or synthetic polymer [20]. Therefore, from a tissue
engineering perspective expanded chondrocytes can be expected to
spontaneously redifferentiate in that the fundamental step of seeding cells
in a scaffold can reverse dedifferentiation.

Limits in the Ability of Expanded Chondrocytes to Redifferentiate

In Benya and Shaffer, expansion between passage 4 (6.4 PDs) and 6 (9.6
PDs) resulted in a trend of decreasing collagen synthesis in agarose
culture, which the authors raised as a potential indicator of diminishing
redifferentiation with extensive expansion [18]. Subsequent in vivo
studies confirmed that the ability of chondrocytes to redifferentiate
strictly with transfer to a three-dimensional environment is lost as a
function of growth. In Passaretti et al., redifferentiation of porcine
chondrocytes as a function of passage number (estimated to be 4-5 PDs
per passage) was tested using a subcutaneous mouse model [21]. As
determined by histology, cartilage was produced by unexpanded
chondrocytes as well as chondrocytes expanded to passage 1, although
chondrocytes that were expanded beyond passage 1 did not synthesize
cartilage. In terms of PDs, chondrocytes that were expanded through ~4.5
PDs were capable of spontaneous redifferentiation, while chondrocytes
expanded through 9 and higher PDs were not. Similar results were
obtained for human chondrocytes that were evaluated for
redifferentiation after subcutaneous implantation as cartilage formation
was observed for expansion through 2 PDs but not 6 PDs [22]. In Dell’Accio
et al., redifferentiation of adult human chondrocytes was evaluated
following intramuscular injection in mice [23]. Unexpanded chondrocytes
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formed cartilage in vivo, while chondrocytes that were expanded through
4-6 PDs did not. Taken together, these data indicate that chondrocytes lose
the ability to redifferentiate after approximately 5-6 PDs.

Induction of Redifferentiation Using Chondrogenic Growth Factors

In the laboratory studies cited above, redifferentiation of expanded
chondrocytes was evaluated in culture medium that was the same as or
closely resembled medium use for expansion. The use of similar media
was intended to rigorously test the ability of chondrocytes to
redifferentiate based on transfer from monolayer to three-dimensional
culture. However, subsequent studies reported that growth factors from
the transforming growth factor beta (TGFp) superfamily added during
three-dimensional culture strongly promote redifferentiation. In many
cases, redifferentiation was evaluated in a serum-free formulation
containing TGFp that induces robust chondrogenesis of MSCs [24], which
will be referred to as chondrogenic medium. Scaffold-free pellets of
expanded adult human chondrocytes that were salvaged from cell
preparations for ACI and cultured in chondrogenic medium showed
higher levels of redifferentiation compared to cultures maintained in
medium supplemented with 10% serum [25]. Similar results were
reported for adult human chondrocytes expanded through ~4 PDs [26].
Importantly, numerous studies have demonstrated redifferentiation of
extensively-expanded chondrocytes with growth factor supplementation.
For example, Yaeger et al evaluated adult human chondrocyte
redifferentiation after expansion through 12 PDs [27]. Expanded
chondrocytes that were cultured with TGFB1 re-expressed type II collagen,
whereas samples cultured in the absence of TGFB1 did not. In Bianchi et
al., chondrocytes from human osteoarthritic cartilage that were expanded
through approximately 9 PDs accumulated cartilage-like matrix in
chondrogenic medium, while control samples cultured in chondrogenic
medium in which TGFB3 was withheld accumulated only a small amount
of cartilage matrix [28]. These data are consistent with the concept that
spontaneous redifferentiation is lost after approximately 6 PDs. In Ono et
al,, adult human chondrocytes were evaluated for redifferentiation in
culture medium containing TGFB3 and bone morphogenetic protein 2 as a
function of passage number (~2.3 PDs/passage) [29]. Robust
redifferentiation was observed up to passage 4 (~9 PDs), with comparable
gene expression and matrix accumulation among the 4 passages.
Additional studies have demonstrated redifferentiation in chondrogenic
medium for adult human chondrocytes expanded through 8-9 PDs [30,31].
For non-human chondrocytes, similar patterns of redifferentiation with
chondrogenic medium have been reported for bovine [32], canine [33],
and lapine [34] chondrocytes. These data demonstrate redifferentiation of
chondrocytes expanded beyond 6 PDs is possible with exposure to
chondrogenic growth factors (Table 2).
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Table 2. Redifferentiation of expanded chondrocytes.

. . ] Redifferentiation . . . s
Reference Species Age In vitro/vivo Scaffold medium Extent of expansion Evidence of redifferentiation
. . . Re-expression of type II collagen,
Benya [18] Rabbit 8 weeks Invitro Agarose 10% FBS Up to 6.4 PDs (estimated) ) .
downregulation of type I collagen synthesis
PDs not reported, Re-expression of type II collagen,
Bonaventure 23,28 . . . . . .
[19] uman weeks In vitro Alginate 10% FBS seeding density 13.3k downregulation of type I collagen synthesis, gene
cm2, second passage expression
PDs not reported,
2-8 Polyglycolic seeding densit Expanded chondrocytes accumulated more
Freed [20]  Rabbit In vitro YEYCORC 1 006 FBS § censtty pal warocy
months acid 25-40k cm™?, third matrix than primary cells
passage
Passaretti . 3-6 Subcutaneous _.. . 4.5 PDs per passage Primary and first passage (4.5 PDs) chondrocytes
Pig Fibrin N/A . . .
[21] months  mouse (estimated) formed cartilage, second passage (9 PDs) did not
12-80,
) Subcutaneous _.. . Chondrocytes expanded through 2 PDs formed
Pelttari [22] Human mean ~63 Fibrin N/A 2 or 6 PDs ) .
mouse cartilage, 6 PDs did not
years
Dell’Accio 28-86 Intramuscular Primary chondrocytes formed cartilage,
Human No scaffold N/A 4-6 PDs .
[23] years mouse chondrocytes expanded through 4-6 PDs did not
Chondrogenic medium: Histological evidence of
Goldberg 18-49 ) No scaffold 10% FBS or Cells expanded for 4 ) g' , §
Human In vitro ) cartilage-like matrix; 10% FBS: type I collagen
[25] years pellet chondrogenic weeks )
accumulation
Expansion in defined medium: histological
. 16-40 . No scaffold 10% FBS or . . . ..
Malpeli [26] Human In vitro ) ~4 PDs evidence of cartilage matrix accumulation in
years pellet chondrogenic

chondrogenic or 10% FBS
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Table 2. Cont.

Redifferentiation
Reference Species Age In vitro/vivo Scaffold medium Extent of expansion Evidence of redifferentiation
Defined medium .
31-53 . . . Re-expression of type II collagen gene and
Yaeger [27] Human In vitro Alginate with TGFp, IGF1 or 12 PDs .
years . . protein
insulin
Matrix accumulation, histological evidence of
. . Mean— . No scaffold . . .
Bianchi [28] Human In vitro . Chondrogenic 9 PDs type II but not type I collagen. Minimal matrix
62 years suspension . .
accumulation without TGF O
56-86 No scaffold Re-expression of type II collagen gene and
Ono [29] Human In vitro Chondrogenic up to ~9 PDs p P gensg
years pellet protein
40-60 ) No scaffold ) GAG accumulation and histological evidence of
Grogan [30] Human In vitro Chondrogenic 8-9 PDs . . .
years pellet cartilage matrix accumulation.
) . Histological evidence of cartilage matrix
Giovannini 58-85 : No scaffold . . )
Human In vitro Chondrogenic up to ~8 PDs accumulation, modest decrease in GAG
[31] years pellet . o .
accumulation with increasing PDs
Polyglycolic 10% serum, insulin, Similar or higher levels of cartilage matrix
Martin [32] Cow 2-3 weeks In vitro 'yg y ° 10-11 PDs . § . _ §
acid BMP2 accumulation relative to primary chondrocytes
) ) ) ) Histological evidence of cartilage matrix
Capito [33] Dog 2-4 years Invitro Collagen  Chondrogenic ~8 PDs (estimated) )
accumulation
Expansion in medium containing FGF2: GAG
.. skeletally , No scaffold Defined medium xpans ,1 Hu ung
Mounts [34] Rabbit In vitro . up to ~30 PDs accumulation decreased modestly between ~6
mature pellet with BMP2

and 30 PDs
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EXPANSION AND REDIFFERENTIATION FOR DIFFERENT
APPROACHES TO CARTILAGE TISSUE ENGINEERING

Tissue engineering strategies can be designed around ex vivo
manipulation beyond expansion to generate matrix-rich cell-seeded grafts
for implantation. However, it is much more common to obtain cells,
combine with a scaffold, and then implant with the expectation that the
body provides supportive cues for tissue regeneration as is performed for
ACIL While chondrocyte dedifferentiation occurs almost immediately after
seeding into expansion culture, transferring to a carrier scaffold can
induce redifferentiation for up to approximately 6 PDs. Therefore,
isolating chondrocytes from ~300 mg of autologous cartilage for focal
defects is within, but likely approaching the limit for spontaneous
redifferentiation. Expansion of autologous chondrocytes for larger areas
of cartilage is expected to exceed the limit for spontaneous
redifferentiation. Instead, providing chondrogenic cues appears necessary
to induce redifferentiation of extensively-expanded chondrocytes. In this
manner extensively-expanded chondrocytes resemble progenitor cells
that do not undergo spontaneous chondrogenesis in vitro [24], and have
been paired with strategies to induce differentiation before implantation
[35,36]. To date, in experimental animal models the effectiveness of ex
vivo, growth factor-induced redifferentiation on cartilage matrix
accumulation in vivo has been mixed. Prior to subcutaneous implantation,
adult human chondrocytes expanded through 8-10 PDs that were cultured
in chondrogenic medium acquired significantly more cartilage matrix
compared to cells cultured in expansion medium [37]. In experimental
focal cartilage defects, modest to no benefit was reported for pre-
implantation chondrogenic culture relative to acellular controls in a goat
model [38], and chondrocytes cultured in the absence of TGFp in a rabbit
model [39]. More favorable results were reported for expanded adult
canine chondrocytes as cell-seeded grafts that were cultured in
chondrogenic medium for approximately 4 weeks remained cartilage-like
12 weeks after implantation [40].

Culture Conditions that Are Favorable for Chondrocyte Expansion
and Redifferentiation

Laboratory studies have studied the biology of chondrocytes in a wide
range of culture conditions. In this section we consider factors that appear
to be particularly supportive of chondrocyte expansion and
redifferentiation.

Expansion culture medium—basal medium

From the studies cited in this review, basal media used for culture
expansion was Dulbecco’s modified Eagle’s medium (DMEM), Ham’s F12
(F12), or a mixture of DMEM and F12. In most cases it was not stated
whether the glucose concentration in DMEM was high (4.5 g/L) or low
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(1 g/L). Among the studies it was not clear that the choice of basal medium
influenced the rate of proliferation (most commonly a population
doubling every 2-3 days) or subsequent redifferentiation. However, from
Jiang et al., low glucose medium may be favorable for maximizing the
growth rate of chondrocytes [41].

Growth factor supplementation

In the cited studies the most common medium supplement was fetal
bovine serum alone. However, additional supplementation with growth
factor can significantly enhance the rate of proliferation. Fibroblast
growth factor 2 (FGF2) has been identified as a particular effective
mitogen. The stimulatory effect of FGF on rabbit auricular chondrocyte
proliferation was reported by Gospodarowicz and Mescher in 1977 [42].
For adult rabbit articular chondrocytes FGF supported rapid and nearly
linear growth as a function of time in culture up to 20 PDs, while
proliferation in control medium without FGF plateaued at fewer than 10
PDs [34]. Similarly FGF2 reduced the population doubling time by
approximately 50% for sheep and human auricular chondrocytes [43], and
modestly for immature bovine chondrocytes [44]. Importantly, expansion
with FGF2 can improve the propensity for chondrocyte redifferentiation.
Adult human chondrocytes expanded through 8-9 PDs resulted in greater
histologic evidence of redifferentiation in chondrogenic medium when
expanded in FGF2 [45]. Immature bovine chondrocytes expanded through
~11 PDs in FGF2 redifferentiated in expansion medium to a similar extent
as primary cells, while redifferentiation was much less robust for
chondrocytes expanded without FGF2 [44]. For expanded adult rabbit
chondrocytes in chondrogenic medium, matrix accumulation for cells
expanded with FGF2 was higher than cells cultured in the absence of FGF2
for the same number of PDs [34]. FGF2 has been used in combination with
TGFp [17], TGFP and platelet-derived growth factor [33,46], and TGF and
epidermal growth factor in serum-free medium [26,31]. In each case,
medium containing growth factors supported a higher growth rate and/or
increased propensity for redifferentiation in chondrogenic medium
compared to chondrocytes expanded in medium supplemented with
serum only. It is important to note that rapid growth and dedifferentiation
may compromise the ability of chondrocytes to spontaneously
redifferentiate. For example, in Jakob et al., increases in the rate of
proliferation with exposure to FGF2 and TGFB coincided with a severe
suppression of type II collagen expression in expansion culture, and
subsequently poor redifferentiation in the absence of chondrogenic
factors [17].

Effect of insulin on redifferentiation

Insulin is a component of a commonly-used medium supplement
(insulin-transferrin-selenium (ITS)) that was developed to support cells in
low serum or serum-free medium. ITS is often used in medium to
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redifferentiate chondrocytes with TGFp, but is typically not controlled for
as a chondrogenic factor. However, several studies have indicated an
important role of insulin in chondrocyte redifferentiation. For example, in
Yaeger et al., redifferentiation of human chondrocytes expanded through
~12 PDs was evaluated as a function of insulin and TGFp exposure [27].
Type II collagen gene expression was induced by medium containing
insulin and TGFp. Conversely, gene expression of type II collagen was
absent for cultures maintained in medium supplemented with TGFp alone.
In Ahmed et al, redifferentiation of immature bovine chondrocytes
expanded through 7-8 PDs was evaluated as a function of medium
components of a serum-free formulation that did not contain TGFp.
Insulin was found to be a critical factor for generating histological
evidence of redifferentiation [47]. Similar results have been reported for
bone marrow MSCs as withholding insulin or ITS from chondrogenic
medium greatly suppressed chondrogenesis [48,49]. As demonstrated for
immature bovine chondrocytes, cartilage matrix synthesis by primary
chondrocytes can be stimulated by insulin [50]. These data suggest that
insulin exposure should be considered an important aspect of chondrocyte
redifferentiation for extensively-expanded cells, and possibly as a
supporting factor for maximizing matrix production.

Effect of dedifferentiation on cartilage matrix synthesis by redifferentiated
chondrocytes

Culture expansion can potentiate cartilage matrix synthesis when
redifferentiation is induced using growth factors. For example, expanded
chondrocyte have been shown to secrete more cartilage matrix than
primary cells in expansion [20] or chondrogenic [28,40,51] medium. Two
studies indicated that improved cartilage matrix synthesis with expansion
is associated with enhanced dedifferentiation. In Jakob et al., expanding
chondrocytes in the presence of FGF2 and TGFp resulted in a rapid and
large (~25-fold) decrease in type II collagen gene expression relative to
control cultures expanded without growth factors [17]. Compared to
controls, chondrocytes expanded through 5-7 PDs with FGF2/TGFp
expressed higher levels of type II collagen in chondrogenic medium.
Similar results were reported by Barbero et al. as decreased type II
collagen gene expression with 5-8 PDs was associated with greater
cartilage matrix accumulation and type II collagen gene expression in
chondrogenic redifferentiation culture [46]. Therefore, enhancing
dedifferentiation during expansion should be considered for tissue
engineering strategies that include exposure to chondrogenic cues after
expansion.

In addition to downregulation of type II collagen expression, a strong
propensity for redifferentiation may be indicated by properties associated
with progenitor cells. Expanded chondrocytes have been described as
progenitor cells based on an ability to undergo multilineage
differentiation [41,46,52-54] and expression of cluster of differentiation
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(CD) antigens associated with human MSCs [14,41,52,53,55]. From these
studies, expanded chondrocytes demonstrated a strong propensity for
cartilage regeneration as indicated by equivalent or superior matrix
accumulation in chondrogenic medium relative to bone marrow MSCs
[41,53,55]. While certain progenitor-like CD markers are expressed soon
after primary chondrocytes are seeded into monolayer [53,56], a subset
that are expressed over time in a manner consistent with loss of type II
expression [41,56] may be particularly robust indicators of progression of
dedifferentiation.

Effect of Donor Age on Chondrocyte Redifferentiation

Data for this review were compiled from studies in which donor ages
ranged from juvenile to elderly. Given that cartilage tissue engineering is
predominantly used for young to middle-aged adults [2], it is important to
consider whether young or old chondrocytes reflect this target population.
The possibility that aging may negatively affect chondrocyte
redifferentiation is indicated by primary chondrocytes, which have shown
a moderate to severe decline in matrix synthesis with aging [57-59].
However, it is not clear that a similar trend occurs for expanded
chondrocytes. When comparing juvenile and adult chondrocytes,
redifferentiation following limited expansion has been reported to be
comparable for culture in medium supplemented with 10% FBS or
chondrogenic medium [60-62]. In one study, matrix synthesis by
unexpanded chondrocytes was much higher for juvenile cells [62], which
further indicates that the behavior of primary chondrocytes is not
necessarily representative of expanded and redifferentiated -cells.
Conversely, with extensive expansion juvenile chondrocytes retained a
greater capacity for redifferentiation compared to adult cells [61,62].
Additional studies are needed to better define expansion limits within
which redifferentiation of juvenile chondrocytes is consistent with adult
cells. For the adult population, Barbero et al. evaluated redifferentiation
in chondrogenic medium as a function of decade of life [63]. Chondrocytes
expanded in medium supplemented with 10% FBS through ~4.5 PDs did
not show a statistically significant effect of aging, with only modest
differences in mean proteoglycan accumulation from the 20s to 70 and
older. For serum-free medium supplemented with growth factors (~8 PDs),
mean proteoglycan accumulation decreased by more than 50% between
the youngest and oldest age group, although differences among ages were
not statistically significant due to high variability among donors. Taken
together these data suggest that studies that are based strictly on elderly
donors may report redifferentiation that is moderately lower than would
be expected for young to middle-aged adult chondrocytes.

SUMMARY

Chondrocyte dedifferentiation is an unavoidable consequence of
culture-expansion. Dedifferentiation can be reversed even with extensive
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expansion, although the amount of expansion dictates whether
chondrocytes can spontaneously redifferentiate in three-dimensional
culture or if additional chondrogenic factors are needed. Autologous
chondrocytes for focal cartilage defects can be assumed to redifferentiate
with implantation, while resurfacing of large areas of cartilage with
autologous cells chondrocytes are expected to require additional
chondrogenic cues. For these conclusions there are several limitations to
consider. Differences in the behaviors of chondrocytes among species
should be considered as demonstrated in Tseng et al. where sheep
chondrocytes were not necessarily consistent with human [43]. The effect
of extensive expansion should be evaluated in greater detail as in vitro
aging may significantly diminish the ability of redifferentiated
chondrocytes to secrete neo-cartilage [34]. The studies cited in this review
used a wide range of subconfluent seeding densities for expansion
cultures, which may impact dedifferentiation as relatively high density
slows dedifferentiation, and low density promotes dedifferentiation
[41,64]. Trends in chondrocyte expansion and redifferentiation identified
in the laboratory may not strictly translate to cartilage regeneration in
vivo as indicated by long-term follow up on ACI procedures, which has
shown that repair tissue often contains a mix of hyaline and fibrocartilage
[65]. For ACI, implanted chondrocytes have been shown to persist over a
period of weeks in animal studies, with defects filled with both implanted
and endogenous cells [66,67]. Therefore, interactions between
chondrocytes and endogenous cells may influence whether repair hyaline
or fibrocartilage tissue. While differences in the choice of materials and
techniques are likely to persist among laboratories, designing studies
around anticipated expansion needs for tissue engineering therapies can
help address variability in the propensity of chondrocytes to
redifferentiate with expansion. Further, reporting expansion in terms of
PDs is recommended to facilitate comparisons among studies.

CONFLICT OF INTEREST

JDK owns shares of Advanced Regenerative Therapies and
Regenerative Sciences.

REFERENCES

1. Goyal D, Keyhani S, Lee EH, Hui JH. Evidence-based status of microfracture
technique: a systematic review of level I and II studies. Arthroscopy.
2013;29(9):1579-88.

2. Niemeyer P, Porichis S, Steinwachs M, Erggelet C, Kreuz PC, Schmal H, et al.
Long-term outcomes after first-generation autologous chondrocyte
implantation for cartilage defects of the knee. Am ] Sports Med.
2014;42(1):150-7.

3. Foldager CB, Gomoll AH, Lind M, Spector M. Cell Seeding Densities in
Autologous Chondrocyte Implantation Techniques for Cartilage Repair.
Cartilage. 2012;3(2):108-17.

Regen Med Front. 2020;2(1):e200002. https://doi.org/10.20900/rmf20200002



https://doi.org/10.20900/rmf20200002

Regenerative Medicine Frontiers

15 0f 19

10.

11.

12.

13.

14.

15.

16.

17.

Shepherd DE, Seedhom BB. Thickness of human articular cartilage in joints of
the lower limb. Ann Rheum Dis. 1999;58(1):27-34.

Hunziker EB, Quinn TM, Hauselmann H]J. Quantitative structural
organization of normal adult human articular cartilage. Osteoarthritis
Cartilage. 2002;10(7):564-72.

Brittberg M. Autologous chondrocyte implantation--technique and long-term
follow-up. Injury. 2008;39(Suppl 1):5S40-9.

Aurich M, Hofmann GO, Best N, Rolauffs B. Induced Redifferentiation of
Human Chondrocytes from Articular Cartilage Lesion in Alginate Bead
Culture After Monolayer Dedifferentiation: An Alternative Cell Source for
Cell-Based Therapies? Tissue Eng Part A. 2018;24(3-4):275-86.

Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L.
Treatment of deep cartilage defects in the knee with autologous chondrocyte
transplantation. N Engl ] Med. 1994;331(14):889-95.

Moutos FT, Glass KA, Compton SA, Ross AK, Gersbach CA, Guilak F, et al.
Anatomically shaped tissue-engineered cartilage with tunable and inducible
anticytokine delivery for biological joint resurfacing. Proc Natl Acad Sci U S
A.2016;113(31):E4513-22.

Woodfield TB, Guggenheim M, von Rechenberg B, Riesle ], van Blitterswijk CA,
Wedler V. Rapid prototyping of anatomically shaped, tissue-engineered
implants for restoring congruent articulating surfaces in small joints. Cell
Prolif. 2009;42(4):485-97.

Hohe ], Ateshian G, Reiser M, Englmeier KH, Eckstein F. Surface size,
curvature analysis, and assessment of knee joint incongruity with MRI in
vivo. Magn Reson Med. 2002;47(3):554-61.

Mayne R, Vail MS, Mayne PM, Miller E]J. Changes in type of collagen
synthesized as clones of chick chondrocytes grow and eventually lose division
capacity. Proc Natl Acad Sci U S A. 1976;73(5):1674-8.

Benya PD, Padilla SR, Nimni ME. Independent regulation of collagen types by
chondrocytes during the loss of differentiated function in culture. Cell.
1978;15(4):1313-21.

Diaz-Romero J, Gaillard JP, Grogan SP, Nesic D, Trub T, Mainil-Varlet P.
Immunophenotypic analysis of human articular chondrocytes: changes in
surface markers associated with cell expansion in monolayer culture. J Cell
Physiol. 2005;202(3):731-42.

Barlic A, Drobnic M, Malicev E, Kregar-Velikonja N. Quantitative analysis of
gene expression in human articular chondrocytes assigned for autologous
implantation. ] Orthop Res. 2008;26(6):847-53.

Darling EM, Athanasiou KA. Rapid phenotypic changes in passaged articular
chondrocyte subpopulations. ] Orthop Res. 2005;23(2):425-32.

Jakob M, Demarteau O, Schafer D, Hintermann B, Dick W, Heberer M, et al.
Specific growth factors during the expansion and redifferentiation of adult
human articular chondrocytes enhance chondrogenesis and cartilaginous
tissue formation in vitro. J Cell Biochem. 2001;81(2):368-77.

Regen Med Front. 2020;2(1):e200002. https://doi.org/10.20900/rmf20200002



https://doi.org/10.20900/rmf20200002

Regenerative Medicine Frontiers

16 of 19

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Benya PD, Shaffer JD. Dedifferentiated chondrocytes reexpress the
differentiated collagen phenotype when cultured in agarose gels. Cell.
1982;30(1):215-24.

Bonaventure J, Kadhom N, Cohen-Solal L, Ng KH, Bourguignon J, Lasselin C,
et al. Reexpression of cartilage-specific genes by dedifferentiated human
articular chondrocytes cultured in alginate beads. Exp Cell Res.
1994;212(1):97-104.

Freed LE, Grande DA, Lingbin Z, Emmanual J, Marquis JC, Langer R. Joint
resurfacing using allograft chondrocytes and synthetic biodegradable
polymer scaffolds. ] Biomed Mater Res. 1994;28(8):891-9.

Passaretti D, Silverman RP, Huang W, Kirchhoff CH, Ashiku S, Randolph MA,
et al. Cultured chondrocytes produce injectable tissue-engineered cartilage in
hydrogel polymer. Tissue Eng. 2001;7(6):805-15.

Pelttari K, Winter A, Steck E, Goetzke K, Hennig T, Ochs BG, et al. Premature
induction of hypertrophy during in vitro chondrogenesis of human
mesenchymal stem cells correlates with calcification and vascular invasion
after ectopic transplantation in SCID mice. Arthritis Rheum. 2006;54(10):3254-
66.

Dell’Accio F, De Bari C, Luyten FP. Molecular markers predictive of the
capacity of expanded human articular chondrocytes to form stable cartilage
in vivo. Arthritis Rheum. 2001;44(7):1608-19.

Johnstone B, Hering TM, Caplan Al, Goldberg VM, Yoo JU. In vitro
chondrogenesis of bone marrow-derived mesenchymal progenitor cells. Exp
Cell Res. 1998;238(1):265-72.

Goldberg AJ], Lee DA, Bader DL, Bentley G. Autologous chondrocyte
implantation. Culture in a TGF-beta-containing medium enhances the re-
expression of a chondrocytic phenotype in passaged human chondrocytes in
pellet culture. ] Bone Joint Surg Br. 2005;87(1):128-34.

Malpeli M, Randazzo N, Cancedda R, Dozin B. Serum-free growth medium
sustains commitment of human articular chondrocyte through maintenance
of Sox9 expression. Tissue Eng. 2004;10(1-2):145-55.

Yaeger PC, Masi TL, de Ortiz JL, Binette F, Tubo R, McPherson JM. Synergistic
action of transforming growth factor-beta and insulin-like growth factor-I
induces expression of type II collagen and aggrecan genes in adult human
articular chondrocytes. Exp Cell Res. 1997;237(2):318-25.

Bianchi V], Weber JF, Waldman SD, Backstein D, Kandel RA. Formation of
Hyaline Cartilage Tissue by Passaged Human Osteoarthritic Chondrocytes.
Tissue Eng Part A. 2017;23(3-4):156-65.

Ono Y, Sakai T, Hiraiwa H, Hamada T, Omachi T, Nakashima M, et al.
Chondrogenic capacity and alterations in hyaluronan synthesis of cultured
human osteoarthritic chondrocytes. Biochem Biophys Res Commun.
2013;435(4):733-9.

Grogan SP, Barbero A, Diaz-Romero J, Cleton-Jansen AM, Soeder S, Whiteside
R, et al. Identification of markers to characterize and sort human articular
chondrocytes with enhanced in vitro chondrogenic capacity. Arthritis Rheum.
2007;56(2):586-95.

Regen Med Front. 2020;2(1):e200002. https://doi.org/10.20900/rmf20200002



https://doi.org/10.20900/rmf20200002

Regenerative Medicine Frontiers

17 of 19

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Giannoni P, Pagano A, Maggi E, Arbico R, Randazzo N, Grandizio M, et al.
Autologous chondrocyte implantation (ACI) for aged patients: development of
the proper cell expansion conditions for possible therapeutic applications.
Osteoarthr Cartil. 2005;13(7):589-600.

Martin I, Suetterlin R, Baschong W, Heberer M, Vunjak-Novakovic G, Freed
LE. Enhanced cartilage tissue engineering by sequential exposure of
chondrocytes to FGF-2 during 2D expansion and BMP-2 during 3D cultivation.
J Cell Biochem. 2001;83(1):121-8.

Capito RM, Spector M. Effect of expansion medium on ex vivo gene transfer
and chondrogenesis in type II collagen-glycosaminoglycan scaffolds in vitro.
Osteoarthr Cartil. 2006;14(12):1203-13.

Mounts T, Ginley N, Schluchter M, Dennis JE. Optimization of the Expansion
and Differentiation of Rabbit Chondrocytes in vitro. Cartilage. 2012;3(2):181-
7.

Han SH, Kim YH, Park MS, Kim IA, Shin JW, Yangs WI, et al. Histological and
biomechanical properties of regenerated articular cartilage using
chondrogenic bone marrow stromal cells with a PLGA scaffold in vivo. |
Biomed Mater Res Part A. 2008;87A(4):850-61.

Marquass B, Schulz R, Hepp P, Zscharnack M, Aigner T, Schmidt S, et al.
Matrix-associated implantation of predifferentiated mesenchymal stem cells
versus articular chondrocytes: in vivo results of cartilage repair after 1 year.
Am ] Sports Med. 2011;39(7):1401-12.

Moretti M, Wendt D, Dickinson SC, Sims TJ, Hollander AP, Kelly D], et al.
Effects of in vitro preculture on in vivo development of human engineered
cartilage in an ectopic model. Tissue Eng. 2005;11(9-10):1421-8.

Miot S, Brehm W, Dickinson S, Sims T, Wixmerten A, Longinotti C, et al.
Influence of in vitro maturation of engineered cartilage on the outcome of
osteochondral repair in a goat model. Eur Cell Mater. 2012;23:222-36.
Bianchi V], Lee A, Anderson |, Parreno J, Theodoropoulos J, Backstein D, et al.
Redifferentiated Chondrocytes in Fibrin Gel for the Repair of Articular
Cartilage Lesions. Am J Sports Med. 2019;47(10):2348-59.

Ng KW, Lima EG, Bian L, O’Conor CJ, Jayabalan PS, Stoker AM, et al. Passaged
adult chondrocytes can form engineered cartilage with functional
mechanical properties: a canine model. Tissue Eng Part A. 2010;16(3):1041-51.
Jiang Y, Cai Y, Zhang W, Yin Z, Hu C, Tong T, et al. Human Cartilage-Derived
Progenitor Cells From Committed Chondrocytes for Efficient Cartilage Repair
and Regeneration. Stem Cells Transl Med. 2016;5(6):733-44.

Gospodarowicz D, Mescher AL. A comparison of the responses of cultured
myoblasts and chondrocytes to fibroblast and epidermal growth factors. J Cell
Physiol. 1977;93(1):117-27.

Tseng A, Pomerantseva I, Cronce M], Kimura AM, Neville CM, Randolph MA,
et al. Extensively Expanded Auricular Chondrocytes Form Neocartilage in
vivo. Cartilage. 2014;5(4):241-51.

Martin I, Vunjak-Novakovic G, Yang ], Langer R, Freed LE. Mammalian
chondrocytes expanded in the presence of fibroblast growth factor 2

Regen Med Front. 2020;2(1):e200002. https://doi.org/10.20900/rmf20200002



https://doi.org/10.20900/rmf20200002

Regenerative Medicine Frontiers

18 of 19

45.

46.

47.

48.

49.

50.

51.

52.

33.

54.

55.

56.

57.

maintain the ability to differentiate and regenerate three-dimensional
cartilaginous tissue. Exp Cell Res. 1999;253(2):681-8.

Yang KG, Saris DB, Geuze RE, Helm Y], Rijen MH, Verbout A], et al. Impact of
expansion and redifferentiation conditions on chondrogenic capacity of
cultured chondrocytes. Tissue Eng. 2006;12(9):2435-47.

Barbero A, Ploegert S, Heberer M, Martin I. Plasticity of clonal populations of
dedifferentiated adult human articular chondrocytes. Arthritis Rheum.
2003;48(5):1315-25.

Ahmed N, Iu J, Brown CE, Taylor DW, Kandel RA. Serum- and growth-factor-
free three-dimensional culture system supports cartilage tissue formation by
promoting collagen synthesis via Sox9-Col2al interaction. Tissue Eng Part A.
2014;20(15-16):2224-33.

Mueller MB, Blunk T, Appel B, Maschke A, Goepferich A, Zellner ], et al. Insulin
is essential for in vitro chondrogenesis of mesenchymal progenitor cells and
influences chondrogenesis in a dose-dependent manner. Int Orthop.
2013;37(1):153-8.

Tangtrongsup S, Kisiday JD. Modulating the oxidative environment during
mesenchymal stem cells chondrogenesis with serum increases collagen
accumulation in agarose culture. J Orthop Res. 2018;36(1):506-14.

Cigan AD, Nims R]J, Albro MB, Esau JD, Dreyer MP, Vunjak-Novakovic G, et al.
Insulin, ascorbate, and glucose have a much greater influence than
transferrin and selenous acid on the in vitro growth of engineered cartilage
in chondrogenic media. Tissue Eng Part A. 2013;19(17-18):1941-8.

Huey DJ, Hu JC, Athanasiou KA. Chondrogenically tuned expansion enhances
the cartilaginous matrix-forming capabilities of primary, adult, leporine
chondrocytes. Cell Transplant. 2013;22(2):331-40.

de la Fuente R, Abad JL, Garcia-Castro ], Fernandez-Miguel G, Petriz J, Rubio
D, et al. Dedifferentiated adult articular chondrocytes: a population of human
multipotent primitive cells. Exp Cell Res. 2004;297(2):313-28.

Oda T, Sakai T, Hiraiwa H, Hamada T, Ono Y, Nakashima M, et al
Osteoarthritis-derived chondrocytes are a potential source of multipotent
progenitor cells for cartilage tissue engineering. Biochem Biophys Res
Commun. 2016;479(3):469-75.

Yu Y, Zheng H, Buckwalter JA, Martin JA. Single cell sorting identifies
progenitor cell population from full thickness bovine articular cartilage.
Osteoarthr Cartil. 2014;22(9):1318-26.

Fickert S, Fiedler ], Brenner RE. Identification of subpopulations with
characteristics of mesenchymal progenitor cells from human osteoarthritic
cartilage using triple staining for cell surface markers. Arthritis Res Ther.
2004;6(5):R422-32.

Diaz-Romero ], Nesic D, Grogan SP, Heini P, Mainil-Varlet P.
Immunophenotypic changes of human articular chondrocytes during
monolayer culture reflect bona fide dedifferentiation rather than
amplification of progenitor cells. J Cell Physiol. 2008;214(1):75-83.
Verbruggen G, Cornelissen M, Almqvist KF, Wang L, Elewaut D, Broddelez C,
et al. Influence of aging on the synthesis and morphology of the aggrecans

Regen Med Front. 2020;2(1):e200002. https://doi.org/10.20900/rmf20200002



https://doi.org/10.20900/rmf20200002

Regenerative Medicine Frontiers

19 0of 19

38.

59.

60.

61.

62.

63.

64.

65.

66.

67.

synthesized by differentiated human articular chondrocytes. Osteoarthr
Cartil. 2000;8(3):170-9.

Tran-Khanh N, Hoemann CD, McKee MD, Henderson JE, Buschmann MD.
Aged bovine chondrocytes display a diminished capacity to produce a
collagen-rich, mechanically functional cartilage extracellular matrix. J
Orthop Res. 2005;23(6):1354-62.

Kopesky PW, Lee HY, Vanderploeg EJ, Kisiday JD, Frisbie DD, Plaas AH, et al.
Adult equine bone marrow stromal cells produce a cartilage-like ECM
mechanically superior to animal-matched adult chondrocytes. Matrix Biol.
2010;29(5):427-38.

Smeriglio P, Lai JH, Dhulipala L, Behn AW, Goodman SB, Smith RL, et al.
Comparative potential of juvenile and adult human articular chondrocytes
for cartilage tissue formation in three-dimensional biomimetic hydrogels.
Tissue Eng Part A. 2015;21(1-2):147-55.

Cavalli E, Levinson C, Hertl M, Broguiere N, Bruck O, Mustjoki S, et al.
Characterization of polydactyly chondrocytes and their use in cartilage
engineering. Sci Rep. 2019;9(1):4275.

Adkisson HDt, Martin JA, Amendola RL, Milliman C, Mauch KA, Katwal AB, et
al. The potential of human allogeneic juvenile chondrocytes for restoration of
articular cartilage. Am J Sports Med. 2010;38(7):1324-33.

Barbero A, Grogan S, Schafer D, Heberer M, Mainil-Varlet P, Martin 1. Age
related changes in human articular chondrocyte yield, proliferation and post-
expansion chondrogenic capacity. Osteoarthr Cartil. 2004;12(6):476-84.

Watt FM. Effect of seeding density on stability of the differentiated phenotype
of pig articular chondrocytes in culture. J Cell Sci. 1988;89(Pt 3):373-8.
Roberts S, McCall IW, Darby AJ, Menage ], Evans H, Harrison PE, et al.
Autologous chondrocyte implantation for cartilage repair: monitoring its
success by magnetic resonance imaging and histology. Arthritis Res Ther.
2003;5(1):R60-73.

Grande DA, Pitman MI, Peterson L, Menche D, Klein M. The repair of
experimentally produced defects in rabbit articular cartilage by autologous
chondrocyte transplantation. J Orthop Res. 1989;7(2):208-18.

Dell’Accio F, Vanlauwe ], Bellemans J, Neys ], De Bari C, Luyten FP. Expanded
phenotypically stable chondrocytes persist in the repair tissue and contribute
to cartilage matrix formation and structural integration in a goat model of
autologous chondrocyte implantation. ] Orthop Res. 2003;21(1):123-31.

How to cite this article:

https://doi.org/10.20900/rmf20200002

Kisiday JD. Expansion of Chondrocytes for Cartilage Tissue Engineering: A Review of Chondrocyte Dedifferentiation
and Redifferentiation as a Function of Growth in Expansion Culture. Regen Med Front. 2020;2(1):e200002.

Regen Med Front. 2020;2(1):e200002. https://doi.org/10.20900/rmf20200002



https://doi.org/10.20900/rmf20200002
https://doi.org/10.20900/rmf20200002

