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Abstract

Physiologic regulation of extracellular matrix (ECM) in articular cartilage tissue is controlled by
cellular and molecular mechanisms which are not fully understood. It has been observed that the
synthesis of the ECM structural molecules, glycosaminoglycan and collagen are promoted by
growth factors such as IGF-1 and TGF-p. Concomitant ECM degradation is promoted by a variety
of cytokines such as IL-1. The clinical need for reparative therapies of articular cartilage is linked
with its poor intrinsic healing capacity. The following modelling approach was applied to
engineered cartilage as a platform for exploring cartilage biology and to introduce a predictive tool
as a bioinformatic support system supporting regenerative therapies. Systems biology was adapted
through a mathematical framework producing a computational intelligence paradigm to explore a
controlled phasic regulatory influence of the inhibition and production of ECM biomolecules.
Model outcomes describe a steady synthesis of ECM as a dependence on a cyclic influence of the
catabolic action of proteases and anabolic action of growth factors. This relationship is shown
quantitatively in a governing harmonic equation representing the simplified biological
mechanisms of biomolecule homeostasis.
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1 Introduction

Mature articular cartilage contains approximately 5% of its volume as cells (chondrocytes),
and 95% as extracellular matrix (ECM). Out of this 95%, 70% is water. Within the ECM
itself, 60% is collagen, 25% is proteoglycans (PG) and 15% is a wide range of matrix
proteins. The role of sparsely distributed chondrocytes is to maintain the biologic integrity
of the entire tissue. The collagen network provides a mechanical framework for cartilage
and is considered a structural molecule; PG is a central protein core to which sulfated
glycosaminoglycans (GAG) composed of chondroitin sulfate, dermatan sulfate and keratan
sulfate, are covalently attached. Articular cartilage also contains aggregating PG. The third
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type of biomolecules in ECM includes a wide range of proteins such as different types of
growth factors, fibronectin and laminin (Roughley and Lee, 1994). The roles and
responsibilities of different molecules within the articular cartilage are often postulated
(Table 1).

The physiologic regulation of the cartilage biomolecules is maintained by chondrocytes even
though low in number and sparsely distributed (Caplan, 1984; Roughley and Lee, 1994;
Buckwalter and Mankin, 1997). One of the fundamental doctrines of cellular biology
addresses cell-cell and cell-ECM interactions and the subsequent communication. At issue
are the mechanisms by which distributed chondrocytes communicate with the different
biomolecules as well as with other chondrocytes. There are many types of identifiable
signalling molecules which are actively involved in this communication. Some of those are
used for short distance communication, some for long distance communications and some
for specific targets (Cooper and Hausman, 2009). Chondrocytes are responsible for the slow
ECM turnover while detecting and responding to extracellular signalling molecules, such as
growth factors and cytokines.

In normal and pathological conditions, articular cartilage matrix homeostasis is dependent
upon the autocrine and paracrine, anabolic and catabolic pathways controlled by the
chondrocytes (Chambers et al., 1997, Moos et al., 1999). The cells produce the structural
macromolecules in tissue formation, such as collagen and PG, but also a variety of
metalloproteinases, such as collagenase, gelatinase, stromelysin, and aggrecanase which are
responsible for tissue turnover (Figure 1). During healthy balanced regulation, growth
factors such as transforming growth factor-g (TGF-g), insulin-like growth factor-1 (IGF-1),
and osteogenic protein-1 (OP-1) stimulate the chondrocytes to synthesis the structural
macromolecules, while cytokines interleukin-1 (IL-1), interleukin-6 (1L-6) and tumour
necrosis factor-a (TNF-a), stimulate chondrocyte secretion of proteinases causing ECM
degradation.

Damage to the articular surface can occur during static or dynamic load applications of
normal and shear forces (Mow and Ratcliffe, 1997). It has a very limited capacity to self-
repair, therefore, any critically-sized defects to the articular surface can lead to tissue
thinning and eburnation resulting in increased joint pain and loss of joint movement. It can
also lead to osteoarthritis (OA), a slow degeneration of the cartilage matrix. OA is the most
common form of arthritis in the world affecting about 10% of the total population (http://
www.arthritis.org).

In the early stage of arthritic destruction of cartilage, PG are degraded, whereas, in later
stages the collagen framework is compromised. Aggrecanases (ADAMTS4 and ADAMTS5)
are responsible for degrading the core protein of the proteoglycan aggrecan, resulting in its
diffusion from the cartilage matrix (Stanton et al., 2005; Glasson et al., 2005). Collagenases
such as matrix metalloproteinases (MMP-1 and MMP-13) are responsible for the destruction
of the ECM's collagen triple helix. In the case of degenerative OA, these enzymes are
released directly from chondrocytes, due to some negative influence on the cells. In the case
of rheumatoid arthritis (RA), a T-cell mediated autoimmune response may be the possible
reason for the synthesis of cartilage degradation enzymes. In infectious arthritis, bacterial
collagenases give rise to very rapid cartilage destruction (Murphy et al., 2002; d'Ortho et al.,
1997; Ohuchi et al., 1997; Vincenti and Brinckerhoff, 2001; Davidson et al., 2006).

It is now clear that growth, maintenance, and degradation of the cartilage matrix are
dependent on a balance between anabolic and catabolic activities. In the case of cartilage
matrix growth and repair, anabolic processes exceed the catabolic activities. On the other
hand, catabolic processes exceed anabolic activities when disease and degeneration occur.
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These relationships have been observed in controlled osteoarthritic culture models where
experimental results show that the combination of anabolic growth factors and protective
catabolic blockers may be a means for partial restoration of the cartilage matrix (Haupt et
al., 2005). Others have observed that excessive release of basic fibroblast growth factor
(bFGF) from the cartilage matrix during injury, with loading, or OA could contribute to
increased proliferation and reduced anabolic activities in articular cartilage (Loeser et al.,
2005; Im et al., 2007).

Recently gene therapy has been explored as a possible therapeutic approach for OA. The
process involves the transfer of genes to cells, resulting in extended ligand production.
Transducing synovial tissue in vitro with adenoviral IGF-1 produces extended IGF-1 ligand
production and up-regulation of connective tissue matrix molecules. Anti-catabolic agents,
such as the I1L-1 receptor antagonist protein (IL-1Ra), prevent the action of cytokines and
subsequent elaboration of matrix metalloproteinases. IL-1Ra binds to IL-1 receptor and that
blocks the binding of IL-1 to receptor cells (target cells), stoping the subsequent activities of
IL-1. It was also noticed during the early stages of OA that the chondrocytes responded with
a transient induction of matrix synthesis through the increases in the expression and/or
protein secretion of IGF-1 and bone morphogenetic protein-7 (BMP-7). This de novo ECM
synthesis could not overcome the concurrent catabolic process that involved the excess
production of matrix degrading enzymes, including MMPs, aggrecanases, and other
proteinases by chondrocytes (Middleton and Tyler, 1992; Keyszer et al., 1995).

Results from our previous predictions of articular cartilage matrix synthesis were based on a
systems biology approach and clearly indicate that anabolic actions of different growth
factors are essentially dose and time dependent (Saha et al., 2004, 2005). From reported
experimental data, regulatory mechanisms are obviously in place involving both anabolic
and catabolic processes which maintain matrix homeostasis. The objective of this study is to
characterise this complex dynamic process from a systems point of view by developing
mathematical models producing a computational intelligence paradigm that may explain the
combined feedback effects of anabolic and catabolic actions. An engineered tissue platform
is presented as a means to explore cartilage biology and articulate the controlled influence of
growth factors and cytokines on engineered cartilage maintenance (Figure 1).

2 Material and methods

2.1 Mathematical modelling approach

Based on previous work, we can justifiably argue that there exists a dynamic relationship
between anabolic and catabolic activities which regulates cartilage matrix homeostasis (Saha
and Kohles, 2010a, 2010b). As mentioned, the important anabolic proteins are the various
growth factors and the important catabolic proteins include cytokines. The following
mathematical model is constructed as a simplified relationship between the dynamic action
of growth factors and cytokines on a generalised chondrocyte and the resulting ECM
molecule abundance.

Let G, Cand Erepresent the relative concentration levels (normalised by steady state
saturation and scaled for plotting) of growth factors (scaled down), cytokines (scaled down),
and ECM (scaled up), respectively, at any particular time 7. Based on the scheme of positive
and negative associations, the mathematical model is defined as follows:
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L= a,C(Q-G)-piC
L=, G(C-Q) -G ()
dB_ A6 _ 5p

dT ™ 1+C

where a1, ap and A are the Kinetic rates associated with increases in cytokine, growth factor,
and ECM concentration, and By, B and & are natural degradation rates characterising
decreases in cytokine, growth factor, and ECM concentration, respectively. The parameters
Q4 and Qj are the threshold concentrations of cytokine and growth factor, respectively. At
any time, £ cytokine production depends upon the difference in concentration between the
Qo and the level of growth factor, while growth factor production depends upon the
difference in concentration between the cytokine level and Q1. These two model components
are identified as pivotal parameters. As the functional activities of cytokines and growth
factors are in direct opposition to each other, their kinetics are complementary. The third
component of equation (1) describes the synthesis of ECM molecules where growth factors
enhance production and cytokines inhibit production through negative feedback.

2.2 Steady state condition: homeostasis

The steady state and/or equilibrium levels of the constituents (Cgs, G Es5) Within the
described system can be obtained from the following set of equations:

@1Css (Q — Ggg) — $1Css=0
@2G¢s (Css — Q1) — B2Gss=0 @

AGss _ —
Trce ~ 0Ess=0

Hence, the only non-trivial steady state scenario of the system described in equation (1) is:

B Bi A(QZ B ﬁ—:)

Co=Q1+22 Goe= — “L Ey= 3
ss as ss ai ss 6(1+Ql+'i—]1) 3)

The main biomolecular components of the ECM considered here are the structural proteins
and PG. Structural proteins mainly consist of type 1l collagen. PG are the core proteins to
which are attached long chains of repeating disaccharide units known as GAG. Therefore,

Es ~ Collagen +GAGg=

If we assume the synthesis of collagen and GAG molecules are independent, then we can
separate the ECM components and re-write the system described by equation (1) as:

%th(ﬂz -G)-piC

d

F=a2G (C — Q) — /G
d(EAG)_ 4G S (GAG) (5)

d(C 11dT )_/{‘t}(‘:
ollagen
d—ngl-zi—_C — 62 (Collagen)

The steady state of GAG and collagen components can then be defined as:
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(02— §) A2 (@ - )
GAGg= , Collagen, (6)
5(1+Ql+§—z) (1+Q1+§—§)

A phase-space diagram of this dynamic system indicates accumulation-dependent zones
delineated by an abscissa representing cytokine levels and an ordinate indicating growth
factor status, intersecting at a homeostatic origin (Css, Gss) (Figure 2).

2.3 Bioregulatory simulation

A challenge in this simulation approach is parameter estimation. Due to the limited
availability of data describing either engineered or native cartilage kinetics, a mathematical
association between growth factor/cytokine abundance and protein synthesis was drawn
from data characterising the development of sweat glands in human fetal skin (Li et al.,
2002). In this tissue system, the morphogenesis of the sweat glands indicated a close
relationship among epidermal growth factor (EGF), matrix metalloproteinase-2 (MMP-2),
and matrix metalloproteinase-7 (MMP-7) (Figure 3). Although physiologically unrelated to
cartilage, the data represent the synergistic effects of cytokines and growth factors over a
timeframe typical for recent engineered cartilage culture scenarios (Kohles et al., 2007), thus
enabling this biokinetic characterisation.

The assumed intrinsic ECM kinetic rates associated with growth factor and cytokine
influence are equal to one over the characteristic time constant z as defined in previous
mechanistic (Wilson et al., 2002), deterministic, and stochastic (Saha et al., 2004, 2005)
models. As such, the cytokine and growth factor rates (subscripts 1 and 2, respectively) are:

The relative concentration intensity of EGF proteins y at different gestational time stages X
from 11 week to 31 weeks during sweat gland development can be defined by the
relationship (line of best fit with /2 = 0.9638):

y=—0.2193x2+9.9973x — 85.195 (8)

The difference between the roots of the solution for this EGF-time relationship was
considered as the characteristic time defining an EGF protein rate constant. The two roots
are thus x; = 11.345 weeks and x, =34.242 weeks. Hence, t, = 22.897 weeks. Now from
equation (7):

1
@ — Bo=— =~ 0.044 (9)
72

The steady state value of the modelled growth factor was estimated as the average
production of growth factor over the root time interval as defined by z,. Therefore,

34.242
Gu=— [ (-0.2193x*+9.9973x — 85.195)dx=19.16] (10)
72117345
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Similarly, the concentration of MMP-7 yat different gestational time stages X from 11

weeks to 31 weeks during sweat gland development was defined by the relationship (again
the line of best fit with /£2 = 0.8969) and given by:

y=—0.2308x°+10.405x — 92.537 (11)
The characteristic time for the cytokines production z; was considered as the difference

between the root solutions of this relationship (x; = 12.189 weeks and x, = 32.893 weeks, so
71 = 20.704 weeks). Hence,

1
) —Bi=— =~ 0.048 (12
LB

The steady state value of the modelled cytokine level was similarly obtained as the average
production of MMP-7 over the root time interval z;. Therefore:

32.893
Co=— [ (-0.2308x*+10.405x - 92.537) dx=16.489 (13)
T1127189

Now, from equation (12) and the steady state value of growth factor G4 defined in equation
(10), the following decay rate can be defined:

1 Qs — Gy Q, —19.161
] 22 s L gugli2”
A TI{GSS+1—£22} {20,161—92 (14

Provided that the threshold definition is maintained:

Gs<<Ggs+1  (15)

which represents the range of possible values for the pivotal parameter Q,. Once the pivotal
parameter value is fixed, the degradation rate of growth factor can be defined:

@1=0.048+5; (16)

Similarly, from equation (8) and the steady value of cytokine Cgin equation (13), the
following is defined:

1 ( Co-Q 16.489 — Q,
LD Do B QY VPP i
% 72{91—055—1} {91—15.489 an

Again, provided that the threshold definition is maintained:

Css — 1<Q1<Css  (18)

This in turn leads to:

Int J Comput Healthc. Author manuscript; available in PMC 2013 June 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Saha and Kohles

3 Results

Page 7

@2=0.0444B, (19)

Values of 14, A, and &, & were determined previously through a deterministic approach
where kinetic rate ratios of synthesis per decay contribute to steady state levels of ECM
accumulation (Saha et al., 2005). The parameter estimations are summarised in Table 2.
Based on the selected and calculated parameter values, a numerical solution demonstrating
growth factor and cytokine dynamics and ECM synthesis is presented. The research
described herein was carried out in accordance with universal ethical principles (Emanuel et
al., 2000).

The cyclic relationship of the modelled growth factor and cytokine interaction was
characterised in a hypothetical engineered cartilage culture design as a platform for
exploring cartilage biology (Figure 4). The phase-limited scenario progresses toward a
steady state condition. The absolute production of the total ECM based on the modelled
collagen and GAG molecule accumulation was also defined over time as influenced by the
anabolic and catabolic contributions of growth factor and cytokine, respectively (Figure 5).

The periodic phase-shifted anabolic and catabolic content decreases in magnitude based on
the progressive accumulation of ECM. This scenario reflects the mathematical feedback
loops between:

1. growth factors and cytokines
2. growth factors/cytokines and ECM.

The relative nature of these levels of abundance (e.g., GAG content is an order of magnitude
less than collagen) is purely dependent on the various sources of the input parameters (Table
2). However, the mathematical framework is now in place to explore other types of iterative
engineered or native cartilage dynamics via input parameter selection producing a
computational intelligence platform.

4 Discussion

It is clear that matrix homeostasis is dependent upon the balance between anabolic and
catabolic action of growth factors and cytokines. It has been observed that aberrant
expression of cytokines and growth factors were linked to the destruction of cartilage tissue
(\Van den Berg, 1999). IL-1 has a prominent oppressive effect on chondrocyte proteoglycan
synthesis, including stimulating chondryocytes to release destructive proteases, which then
arbitrate cartilage breakdown. Hence, the net effect of IL-1 on articular cartilage results in a
fast depletion of matrix PG eventually affecting collagen.

TNFa, leukemia inhibitory factor (LIF) and IL-17 have similar properties. A second group
of cytokines, IL-4, IL-10 and IL-13, can inhibit the production of destructive cytokines. A
third group of cytokines, known as IL-6, has been shown to inhibit the cytokine-driven
breakdown of cartilage /n7 vitro (Van den Berg, 1999). IGF-1 is the main anabolic growth
factor in articular cartilage. A range of other growth factors, such as, TGF-B, fibroblast
growth factor (FGF) and platelet derived growth factor (PDGF) can also stimulate anabolic
activity in articular cartilage.

Others have reported that growth factors modulate cellular behaviour through ECM
remodelling, and that ECM remodelling leads to the release of growth factors which may
change the cellular phenotype, as demonstrated in fetal mouse submandibular glands

Int J Comput Healthc. Author manuscript; available in PMC 2013 June 19.
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(Kashimata et al., 2000). It was also reported that MMPs can affect cellular function through
influencing the capacity of growth factors while not directly interfering with the interaction
between the cells and the ECM (Li et al., 2002). It was concluded there that the development
and maturation of sweat glands could be regulated by the combined synergistic effects of
cytokines, ECM and growth factors. Additionally, an experiment on the drained wound fluid
from ten female patients undergoing hernia repair evaluated the production of several
cytokines and growth factors postoperatively (Di Vita et al., 2006). Wound fluid was
collected on four consecutive postoperative days from which multiple growth factor and
cytokine levels were evaluated. A similar inverse relationship was evident when plotted for
comparison with this study (Figure 6). This mathematical relationship may provide further
evidence toward the explored feedback mechanism. Although the roles or influence of the
different cytokines and growth factors were not identified, it can be speculated that secretion
of growth factors and cytokines in a postoperative scenario maintains a synergistic
relationship between anabolic and catabolic activities during healing. Ongoing validation of
this approach has indicated a similarity in the transient response of the biomolecules over
time as described by others (Nikolaev et al., 2009).

With regards to the phase-space hypothetical kinetic relationships, it has been observed in
fibrillated human osteoarthritic cartilage that the IGF-1 gene level increased in proportion to
the severity of the lesion (Middleton and Tyler, 1992). This is a strong indication that the
increased synthesis of IGF-1 is an attempt to bring the system in homeostasis by enhancing
the anabolic activity over competing catabolic processes. This particular aspect could be
considered as the scenario characterised in Zone-/ (Figure 2). Additional experimental work
was focused on the anabolic activity through suppression of the catabolic process (Haupt et
al., 2005). That study involved gene induced synoviocyte expression of a combination of
insulin-like growth factor-1 (AdIGF-1) and an interleukin-1 receptor antagonist protein
(AdIL-1Ra). In our phase-space distinction, that experimental work can be described by
Zone-11. For a Zone-1/1 situation, both anabolic and catabolic activities are decreasing which
could indicate that the chondrocytes are apoptotic or incapable of influencing any anabolic
or carbolic activities. Zone-/V/ represents a condition which is opposite to Zone-//in that a
catabolic influence dominates an anabolic influence. Overall, in order to create a true
homeostasis within a cartilage matrix, a biological regulatory mechanism needs to be
identified and manipulated which creates a synergetic relationship between the
mathematically defined phase-space mechanisms associated with Zone-//and Zone-1V.

The objective of this paper was to explore a cyclic regulatory nature of anabolic and
catabolic activities during tissue growth, maintenance, and degradation. A mathematical
framework is established to manipulate inhibition and activation biokinetics through the
varying presence of cytokines and growth factors. This bioinformatic foundation provides a
modelling methodology with which to incorporate additional regulatory influences such as
mechanical loading (Ramage et al., 2009; Saha and Kohles, 2010b). The
phenomenologically developed mathematical model offers new insight in this complex
network by establishing hypothetical synergistic relationships in the maintenance of ECM
homeostasis.
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Figure 1. Simplified interaction between the critical influencing elements associated with ECM
synthesis (+ influence) and degradation (- influence)
Note: The modelling approach here characterises the dynamic influence of growth factors

and cytokines through a direct mathematical link with chondrocyte behaviour.
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Figure 2. GAG and collagen accumulation rate activity zones as defined by cytokine and growth

factor levels
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Figure 3. Model input relationships between EGF (representative growth factor), MMP-7
(representative cytokine), and culture time as measured from relative protein concentrations
derived during a skin sweat gland development study

Source: Li et al. (2002)
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Figure 4. The cyclic phase-limit relationship solution for the steady state dynamics of the
modelled growth factor and cytokine

Note: As development time progresses to 1,000 dimensionless time units, the relative
relationship loops clockwise as well as from the outward toward the central steady state

condition.
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Figure 5. Absolute production of the total ECM based on the modelled collagen and GAG
molecule accumulation as influenced by the cyclic, phase-shifted anabolic and catabolic

contributions of growth factor and cytokine, respectively

Note: The influence and production are shown during early (A) and late (B) dimensionless
time periods, where the distinct amounts of collagen and GAG are indicated during the later

time.
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Figure 6. For comparison with this study, the relative influence of cytokine and growth hormone
levels as measured during a recent human hernia healing study are shown

Notes: Values represent daily means (four days total) of each of the seven cytokine and two
growth factor types measured. As culture time passes, an inverse relationship is described
moving from the upper left data (100% of the initial levels) to the lower right data. By fixing
the trendline to the initial-state data points, the fitted curve can be defined relating cytokines
(y) to growth factors (x) as y = 10826e~0-0468x

Source: Di Vitta et al. (2006)
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Table 1
The roles and responsibilities of the primary biomolecules within articular cartilage

Chondrocytes and extracellular matrix

Collagen Structural protein  Proteoglycans Core protein ~ Growth factors Other proteins

Overall mechanical integrity Swelling tendency Regulate cellular behaviour
Stiffness influence Compression resistance
Tensile resistance Lubrication

Shear resistance
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Table 2
Nomenclature and parametric input values of the presented mathematical model as
derived here and extracted from the literature

Parameter Description Relation or value

a; Synthesis rate (cytokine) a; =0.048 + B,

a, Synthesis rate (growth factor) a;=0.048 + B,

B Decay rate (cytokine) 1 Qs — Go
ﬁl:; {G()+1 — Qz}

B Decay rate (growth factor) 1 Q- Gy
ﬁl:; {G0+1 — Qz}

A1 Synthesis rate (GAG) 5474 x 1073 [4]

Az Synthesis rate (collagen) 5.400 x 1072 [4]

& Decay rate (GAG) 1.264 x 1074 [4]

& Decay rate (collagen) 1.108 x 1073 [4]

Q Threshold value (growth factor) G-1<Q1<G

Q Threshold value (cytokine) G <QH<G+1

7 Characteristic time (cytokine) 20.704 weeks [7]

7] Characteristic time (growth factor) 22.897 weeks [7]

Page 19

Note: Concentration values are in relative units (normalised by steady state saturation and scaled for plotting) and kinetic rates (synthesis or decay)
are per time (in weeks).

Source:

aFrom Saha et al. (2005), as derived from Wilson et al. (2002);

bFrom Li et al. (2002)
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