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10Harnessing Growth Factor 
Interactions to Optimize Articular 
Cartilage Repair

Stephen B. Trippel

Abstract

The failure of cartilage healing is a major 
impediment to recovery from joint disease or 
trauma. Growth factors play a central role in 
cell function and have been proposed as poten-
tial therapeutic agents to promote cartilage 
repair. Decades of investigation have identi-
fied many growth factors that promote the for-
mation of cartilage in vitro and in vivo. 
However, very few of these have progressed to 
human trials. A growth factor that robustly 
augments articular cartilage healing remains 
elusive. This is not surprising. Articular carti-
lage repair involves multiple cellular pro-
cesses and it is unlikely that any single agent 
will be able to optimally regulate all of them. 
It is more likely that multiple regulatory mol-
ecules may be required to optimize the main-
tenance and restoration of articular cartilage. 

If this is the case, then interactions among 
growth factors may be expected to play a key 
role in determining their therapeutic value. 
This review explores the hypothesis that 
growth factor interactions could help optimize 
articular cartilage healing.
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10.1	� Introduction

Articular cartilage provides the gliding surface 
that enables pain-free joint motion. Articular car-
tilage damage due to disease or trauma is among 
the most disabling conditions affecting American 
adults [1]. This tissue has a particularly poor 
intrinsic repair capacity compared to most other 
tissues and damage tends to be progressive over 
time. There is currently no disease modifying 
agent that prevents, arrests or reverses cartilage 
damage.

Growth factors are essential regulators of cell 
behavior. Numerous growth factors have been 
shown to augment the repair capacity of articular 
chondrocytes in in vitro and in vivo models [2, 3]. 
Among these are insulin-like growth factor 1 
(IGF-1), [4, 5] Fibroblast growth factor 2 
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(FGF-2), [6–11] Fibroblast growth factor 18 
(FGF-18), [12–15] bone morphogenetic proteins 
2 and 7 (BMP-2, BMP-7), [16–20] and trans-
forming growth factor beta (TGF-β) [21, 22]. 
These growth factors regulate critical chondro-
cyte reparative functions by distinct and overlap-
ping signal transduction pathways.

The sheer number of chondrogenic growth 
factors poses the challenge of determining which 
among them is the best one to pursue in transla-
tional studies toward clinical application. To date, 
few growth factors have progressed through clin-
ical trials to test their potential as therapeutic 
agents. One of these is TGF-β1. A phase III study 
delivered non-transformed and retrovirally trans-
duced juvenile human chondrocytes carrying the 
TGF-β1 gene to subjects with moderate 
(Kellgren-Lawrence grade III) osteoarthritis of 
the knee. The effect on articular cartilage was a 
trend toward greater cartilage thickness at one 
year [23]. A second example is FGF-18. A phase 
II study delivered a series of recombinant FGF-
18 injections to knees of subjects with mild or 
moderate (Kellgren-Lawrence grade II-III) osteo-
arthritis. The results showed a statistically sig-
nificant increase of 0.05 mm in mean tibiofemoral 
cartilage thickness compared to placebo at two 
years that persisted to 5 years [24]. These studies 
reflect substantial progress in the search for 
disease-modifying growth factors. Although 
encouraging, these results also suggest that fur-
ther improvement could be achievable.

The regulation of the multiple, distinct chon-
drocyte functions that are involved in chondro-
genesis is sufficiently complex that a single 
regulatory factor is unlikely to optimally promote 
articular cartilage healing. Indeed, an extensive 
literature has shown that two or more growth fac-
tors can improve chondrocyte biosynthesis com-
pared to just one growth factor [7, 25–29]. These 
data suggest that, instead of attempting to iden-
tify the best growth factor for cartilage healing, 
perhaps it would be better to attempt to identify 
the best growth factor combination for cartilage 
healing. Central to such an approach is under-
standing how growth factors interact with each 
other in regulating articular chondrocyte repara-
tive functions.

10.2	� Multiple Growth Factors

To test the hypothesis that growth factors interact 
in chondrocyte regulation, a study delivered the 
genes encoding IGF-1, FGF-2, BMP-2, BMP-7 
and TGF-β by transfection using an adeno-
associated virus-based vector individually, or in 
combination, to primary adult bovine articular 
chondrocytes in culture, and measured their 
effect on chondrocyte aggrecan, type II collagen 
and type I collagen gene expression. The results 
showed that the growth factor transgenes differ-
entially regulated the magnitude and time course 
of expression of all three chondrocyte matrix pro-
tein genes. The data further demonstrated inter-
actions among the growth factors that ranged 
from inhibitory to synergistic. Maximum stimu-
lation of type II collagen gene expression (35 
fold) and also of aggrecan gene expression (16-
fold) was by the combination of IGF-1, BMP-2 
and BMP-7 transgenes. Interestingly, the FGF-2 
transgene, individually and in combination with 
other growth factor transgenes, tended to stimu-
late aggrecan gene expression, but nearly abol-
ished the expression of both type I and type II 
collagen gene expression [30].

A subsequent study sought to determine 
whether these growth factors interact to modulate 
articular chondrocyte proliferation and the pro-
duction of cartilage matrix. As in the prior study, 
the genes encoding IGF-1, FGF-2, TGF-β1, 
BMP-2 and BMP-7, individually and in various 
combinations, were delivered to primary adult 
bovine articular chondrocytes in culture. 
Dependent variables included changes in DNA 
content, an index of chondrocyte proliferation, 
and changes in glycosaminoglycan (GAG) and 
collagen content, indices of cartilage matrix syn-
thesis. Glycosaminoglycan that was released into 
the culture medium or retained in the cell layer 
were measured separately [31]. This distinction 
is important because retained matrix molecules 
contribute to the formation of new cartilage, 
while released molecules do not provide struc-
tural benefit.

The results showed that, in concert, the growth 
factors interacted to generate widely divergent 
effects on both chondrocyte proliferation and 
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matrix synthesis. As was seen for the regulation 
of gene expression, these interactions ranged 
from inhibitory to synergistic. The IGF-1 trans-
gene synergistically stimulated proliferation 
when combined with any of the other growth fac-
tor transgenes, and synergistic stimulation by the 
combination of IGF-1 and FGF-2 transgenes 
maximized cell proliferation (8.5 fold). 
Synergistic stimulation by the combination of the 
IGF-1, BMP-2 and BMP-7 transgenes maxi-
mized matrix production (14.9 fold), and also 
maximized the proportion of GAG retained in the 
cell layer. Similar results were obtained for col-
lagen, the other major component of articular 
cartilage matrix. In contrast to the other growth 
factor transgenes, the FGF-2 transgene, when 
combined with any of the other transgenes, 
increased the proportion of collagen that was lost 
into the medium such that the majority of the 
newly synthesized collagen did not contribute to 
matrix formation. Further, when added to the 
combination of the IGF-1 transgene and either of 
the BMP transgenes, the FGF-2 transgene abol-
ished their synergistic stimulation of both cell-
associated GAG and collagen [31].

These and other studies reveal imitations to 
the use of growth factor combinations for articu-
lar cartilage repair. First, some growth factor 
combinations inhibited chondrocyte biosynthesis 
[32, 33]. Second, the optimal combination for 
proliferation was poor at augmenting matrix pro-
duction (IGF-I plus FGF-2), and the optimal 
combination for matrix production was only a 
mediocre mitogen (IGF-I plus BMP-2 plus BMP-
7). Thus, no combination of growth factors was 
found that optimized both of these key chondro-
cyte reparative functions.

10.3	� Multiple Combinations 
of Growth Factors

Taken together, the foregoing results suggest that 
instead of attempting to identify the best growth 
factor combination for cartilage healing, perhaps 

it would be better to attempt to identify the best 
combination of growth factor combinations for 
cartilage healing. Using data from the above 
studies, one example would be to select the com-
bination of IGF-1 and FGF-2 to increase the 
number of chondrocytes and use the combination 
of IGF-1, BMP-2 and BMP-7 to increase matrix 
production.

This approach fits the conceptual framework 
of chondrogenesis as a four-dimensional process. 
During cartilage development and repair, cell 
functions change over time. These changes are 
effected, in part, by changes in the signaling fac-
tors that regulate those functions. As a result, 
interventions that deliver different agents in 
sequence may be superior to those that deliver 
different agents simultaneously, or to the same 
agent delivered repeatedly. However, treatments 
that deliver combinations of growth factors 
simultaneously take advantage of their synergis-
tic interactions, a benefit that would likely be lost 
when multiple growth factors are delivered 
sequentially. These are not mutually exclusive 
options. Multiple combinations of sequentially 
delivered growth factor combinations offer the 
dual advantages of both synergistically activating 
distinct sets of signal transduction pathways to 
optimize cellular responses, and of doing so at 
times appropriate to distinct phases of cartilage 
repair.

In its simplest form, this approach would 
involve a combination of just two distinct combi-
nations of regulatory factors. If the first combina-
tion of growth factors optimized cell proliferation 
and the second combination optimized matrix 
production, the combination of two combinations 
of factors would first increase the number of cells 
and then stimulate that enlarged population of 
cells to generate matrix. In such cases, the order 
of delivery of the combinations would be impor-
tant (Fig. 10.1). To address more than two cell-
regulatory phases during repair or regeneration, 
the model would require additional combinations 
and sequences of delivery over the course of 
treatment.

10  Harnessing Growth Factor Interactions to Optimize Articular Cartilage Repair
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Fig. 10.1  Delivery sequences of two combinations of 
growth factor combinations. Delivery of a two-growth 
factor combination that increases the number of chondro-
cytes, which are then stimulated to produce matrix by a 
three-growth factor combination (upper sequence) would 

likely generate more robust neocartilage than the delivery 
of the same two growth factor combinations in the 
reverse (lower) sequence. The reverse sequence would be 
expected to produce a comparatively matrix-deficient 
tissue

10.4	� Multifunctional Growth 
Factors

The application of growth factors to cartilage 
repair will also require a more complete under-
standing of their actions on chondrocytes. Many 
growth factors are pleiotropic and regulate mul-
tiple chondrocyte functions. As illustrated by 
FGF-2, some of these functions may mitigate 
against chondrogenesis. Although FGF-2 is an 
asset as a potent mitogen for articular chondro-
cytes, and has been shown to promote chondro-
genesis, it is also a potential liability as a potent 
stimulus of cartilage matrix catabolism, [34–37] 
an effect that is mediated, at least in part, by 
MMP-13 [38].

A recent study tested the catabolic effect of 
IGF-1, FGF-2, BMP-2, BMP-7 and TGF-β by 
transferring individual or combinations of the 
genes encoding these factors to primary bovine 
articular chondrocytes, and measuring the expres-
sion of A disintegrin and metalloproteinase with 
thrombospondin motifs-4 (ADAMTS)-4, 
ADAMTS-5, matrix metalloproteinase-3 (MMP)-
3, MMP-13, and interleukin 6 (IL-6). Unexpectedly, 
the growth factor transgenes generally increased 

the expression of these catabolic genes. Further, 
interactions among these growth factors trans-
genes produced a wide range of synergistic and 
inhibitory effects on these genes. The regulation of 
IL-6 and MMP-13 are illustrative. Individually, 
IGF-1 and FGF-2 increased IL-6 gene expression 
to 3.0-fold and 10.8-fold respectively. In combina-
tion, they synergistically increased IL-6 expres-
sion to 40-fold. In the case of MMP-13, IGF-1 
initially reduced MMP-13 expression and then 
increased it to 2.3-fold, while FGF-2 progressively 
increased MMP-13 expression to 71-fold. In con-
cert, the addition of IGF-1 to FGF-2 brought the 
stimulation by FGF-2 down to 5.4-fold. Thus, the 
interaction between IGF-1 and FGF-2 was oppo-
site for the two catabolic genes: synergistic for 
IL-6 and inhibitory for MMP-13. Conversely, the 
different growth factor transgenes all tended to 
produce similar effects on ADAMTS-4 and 
ADAMTS-5 gene expression, but in opposite 
directions. They upregulated ADAMTS-4 and 
down-regulated ADAMTS-5 [39].

Taken together, available evidence indicates 
that growth factor interactions are remarkably 
diverse with respect the direction, magnitude, 
time course and specific genes that they regulate, 
including degradative functions. This diversity 
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extends beyond the previously noted inhibitory-
to-synergistic range of interactive effects on 
reparative functions. The competing actions of 
growth factors on reparative and degradative 
chondrocyte behaviors add an additional level of 
complexity to the development of these regula-
tory molecules as therapeutic agents for restoring 
articular cartilage homeostasis or promoting 
repair. The diversity of these actions could also 
offer a potential benefit. It provides the opportu-
nity to select specific growth factor combina-
tions, and specific phases of cartilage repair that 
can be tailored to produce specific outcomes.

10.5	� Opportunities for Progress

A major obstacle to identifying growth factor 
combinations for translational studies is the cur-
rent lack of ability to predict the actions of a com-
bination of growth factors based on their 
individual actions. This problem reflects a defi-
cient understanding of the mechanisms underly-
ing growth factor interactions. While the 
mechanisms of action of individual growth fac-
tors have been fairly well established, the mecha-
nisms of interaction among the networks formed 
by these pathways are only beginning to be eluci-
dated. One approach to this problem is to identify 
the sites of cross-talk in the growth factor signal 
transduction networks that mediate their interac-
tions. An omics approach to understanding of the 
specific determinants of growth factor interaction 
will be enhanced by the application of advanced 
machine learning, high-throughput combinato-
rial experimental methods, and bioinformatic 
analytics. For example, characterization of the 
articular chondrocyte interactome could facilitate 
the development of therapeutic agents designed 
to elicit specific chondrocyte behaviors.

Another approach to identifying these mecha-
nisms is to better understand the interactions 
between growth factors and the subcellular ana-
tomic structures that contribute to their function. 
A recent study employed a novel approach to elu-
cidating structure-function relationships among 
intracellular proteins and their environment [40]. 
The authors combined imaging and biophysical 

data on the intracellular location of several hun-
dred proteins. They employed neural networks to 
relate the proteins to each other and to subcellular 
structures. The study identified multiple previ-
ously unknown subcellular functional systems, 
including cross talk between them [40]. Such 
information obtained for growth factor networks 
might lend insight into the mechanisms underly-
ing the interactions in their regulation of 
chondrocytes.

10.6	� Biochemical and Biophysical 
Factor Combinations

Growth factor actions are not determined just by 
interactions with each other. They are also deter-
mined by interactions with a variety of other cell-
regulatory stimuli. Prominent among these are 
mechanical forces. Bonassar et  al. tested the 
hypothesis that the mechanical regulator, static 
compression, and the biochemical regulator, 
IGF-1, modulate each other’s effects on articular 
chondrocyte biosynthesis. Bovine articular carti-
lage explants were treated with IGF-1 (0–300 ng/
ml), static compression (0–50%), or the combi-
nation of both, and the incorporation of 
[35S]sulfate and [3H]proline into the cartilage 
matrix was measured. As expected, [41] IGF-1 
increased, and static compression decreased, 
both [35S]sulfate and [3H]proline incorporation 
in a dose-dependent fashion. When delivered 
together, static compression progressively inhib-
ited the stimulatory effect of IGF-1 and 50% 
compression nearly eliminated the effect of IGF-
1. The time course of action of the two stimuli 
differed; IGF-1 stimulation plateaued at 24 hours 
while static compression reached a steady state 
by 4 hours. Static compression also reduced the 
concentration of IGF-I in the tissue at equilib-
rium [42].

Expanding on the study of static compression, 
Bonassar et al. tested the hypothesis that dynamic 
compression and IGF-1 modulate each other’s 
actions on articular chondrocyte biosynthesis. 
Bovine articular cartilage explants were treated 
with IGF-1 (0–300 ng/ml), dynamic compression 
(2% strain, 0.1 Hz), or both, and [35S]sulfate and 
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[3H]proline incorporation were measured. IGF-1 
and dynamic compression each increased both 
[35S]sulfate and [3H]proline incorporation. 
When given together, the stimulation was greater 
than the maximum stimulation by either IGF-1 or 
dynamic compression alone. Further, the time 
constant of stimulation for IGF-1 and dynamic 
compression was 12.2  hours and 2.9  hours 
respectively, and 5.6 hours for the combination. 
Dynamic compression also increased the rate of 
diffusion of IGF-1 into the cartilage matrix [43].

To extend these studies from static and 
dynamic compression to shear deformation, Jin 
et  al. employed a similar model as above but 
applied shear strains (0–6.0%) rather than com-
pression. IGF-1 and dynamic shear each increased 
both [35S]sulfate and [3H]proline incorporation. 
When given together, the stimulation was greater 
than the maximum stimulation by either IGF-1 or 
dynamic shear alone. Unlike static compression, 
shear did not change the concentration of 
IGF-1 in the cartilage tissue and unlike dynamic 
compression, it did not change the transport of 
IGF-1 into the tissue [44].

Taken together, the results of all three of the 
above studies indicate that IGF-1 and mechanical 
stimuli regulate the same articular chondrocyte 
reparative functions and that these two classes of 
stimuli act through distinct signal transduction 
pathways.

A recent illustration of growth factor interac-
tion with mechanosensors is the observation by 
Trompeter et al. that IGF-1 regulates the mecha-
nosensitivity of chondrocyte-like ATDC5 cells 
by modulating TRPV4 (transient receptor poten-
tial vanilloid 4) ion channel. TRPV4 is central to 
chondrocyte mechanotransduction and may play 
a role in osteoarthritis. This study demonstrated 
that IGF-1 suppressed hypotonic-induced TRPV4 
currents and intracellular calcium flux by increas-
ing apparent cell stiffness associated with actin 
stress fiber formation. IGF-1 also abrogated the 
release of ATP that is mediated by TRPV4  in 
response to mechanical stimulation [45]. This 
study demonstrates a direct connection between a 
growth factor and a mechanotransduction path-
way in chondrocyte-like cells. A second illustra-

tion of interaction between growth factor and 
mechanotransduction pathways is provided by 
the chondrocyte primary cilium, an organelle that 
serves, in part, as an interface between extracel-
lular forces and intracellular growth factor sig-
naling [46].

10.7	� Growth Factor – Matrix 
Interaction: Role in Growth 
Factor Delivery

The clinical application of growth factors requires 
an effective delivery system. Methods will be 
needed to deliver the desired growth factor com-
binations in the desired sequence over the desired 
time periods to the desired locations. They must 
be retained at the desired site of action long 
enough to produce their effect and focal enough 
to avoid off-target effects. This will involve 
another class of growth factor interactions: those 
between the growth factor(s), the delivery vehicle 
and the site of cartilage damage to be treated. 
Free growth factors generally have a relatively 
short residence time (t½ = hours to ±1 day) when 
delivered by intra-articular injection [47, 48] and, 
for better or for worse, have at least as good 
access to synovial cells as to articular chondro-
cytes. Articular chondrocytes reside in a dense, 
highly anionic matrix. For growth factors such as 
FGF-18 that have a high isoelectric point (pI~10), 
this can facilitate binding to the negatively 
charged proteoglycan sulfate groups in cartilage 
matrix, a property that may account for the artic-
ular cartilage localization of intra-articular FGF-
18 when delivered to rat knees [48].

To augment the delivery of growth factors to 
articular chondrocytes embedded in an anionic 
matrix, Geiger et  al. engineered a charged 
PEGylated dendrimer and conjugated it to IGF-1 
[49]. The authors demonstrated that this pene-
trated the full thickness of 1  mm thick bovine 
articular cartilage explants. Further, when injected 
into rat knees, the dendrimer-IGF-1 prolonged the 
residence time in the joint from a half-life of 
0.41 days for unconjugated IGF-1 to 4.21 days. In 
a rat model of surgically induced knee osteoar-
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thritis, the dendrimer-IGF-1 decreased the area of 
medial tibial degeneration to 8.4% from the 
19.7% observed with unconjugated IGF-1 [49].

An alternative method to improve the delivery 
of growth factors to sites of articular cartilage 
damage is to create a fusion protein composed of 
a growth factor and a specific binding domain, 
and deliver it in a hydrogel functionalized with 
the binding domain target sequence. Zanotto 
et al. used a heparin-binding IGF-1 and delivered 
it in a self-assembling KLD hydrogel to articular 
cartilage defects treated by microfracture in 
equine femoropatellar joints [50]. The treatment 
also included preparation of the site with trypsin 
and delivery of platelet derived growth factor 
with the heparin-binding IGF-1. The results 
showed improvement in multiple histological 
parameters and overall quality of the repair tissue 
compared to microfracture alone [50].

10.8	� Conclusions

Available evidence suggests that growth factor 
interactions have the potential to promote articu-
lar cartilage healing. Harnessing these interac-
tions to help create effective therapies for 
damaged cartilage will require new research and 
development technologies that are able to eluci-
date and then take advantage of the complex 
mechanisms underlying those interactions. This 
enterprise will, in turn, require new interactions 
among representatives of various, currently 
under-connected disciplines.

In the meantime, sufficient information exists 
to suggest certain growth factor combinations for 
further study. One example is FGF-18 and IGF-1, 
with or without a member of the TGF-β family. A 
review of growth factors not referenced in this 
limited review is likely to suggest additional 
options.

This enterprise, if pursued, would not be with-
out challenges. One is a prolonged time frame. 
Articular cartilage damage usually progresses 
slowly and clinical trials may require many years 
to generate useful results. Another is the regula-
tory challenge of gaining approval for multiple 
simultaneously and sequentially delivered agents, 

particularly if combined with other tissue engi-
neered constructs.

It is important to put the field of biologic 
approaches to cartilage repair in context. There 
exists the possibility that progress in the fields of 
skeletal reconstruction, joint replacement, or 
other interventions will outpace those of biolog-
ics. Although such alternative solutions to pre-
venting and/or treating articular cartilage damage 
would potentially reduce the need for biologic 
agents, growth factor-based interventions may 
well augment the benefits of the other forms of 
treatment. Further, different approaches would 
likely prove to be most useful for different condi-
tions, or different stages of disease. Ideally, the 
elucidation of the causes of cartilage-damaging 
joint disease would enable the prevention of at 
least some of the conditions altogether. None of 
these options are mutually exclusive and all of 
them hold promise.

The field of cartilage repair, including the role 
of growth factors, owes an enormous debt of 
gratitude to Professor Alan Grodzinsky for his 
decades of innovative research, education of new 
researchers and collaboration with fellow 
investigators.
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