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An elastic continuum mathematical model was implemented to study collective C8161 melanoma cell migration during a “scratch
wound” assay, in control and under the influence of the proinflammatory cytokine tumour necrosis factor-alpha (TNF-«). The
model has four constants: force that results from lamellipod formation (F), adhesion constant between cells and extracellular matrix
(ECM) (b), cell layer elasticity modulus (k), and growth rate (p). A nonlinear regression routine was used to obtain the parameters
of the model with data from an experiment made with C8161 melanoma cells, with and without TNF-«. Coefficient of determination
for both situations was R* = 0.89 and R* = 0.92, respectively. The parameters values obtained were similar to the ones found in
the literature. However, the adhesion constant value decreased with the introduction of TNF-«, which is not in accordance with
expected since the presence of TNF-« is associated with an increased expression of integrins that would promote an enhanced
adhesion among cells. The model was used in a study relating to the adhesion constant and cell migration, and the results suggested
that cell migration decreases with higher adhesion, which is also not in accordance with expected. These differences would not

occur if it was considered that TNF-« increases the elasticity modulus of the cell layer.

1. Introduction

Skin cancer can be divided in two groups: melanoma and
nonmelanoma. Melanoma initiates with an alteration in
melanocytes, skin cells that produce melanin [1]. According
to the World Health Organization data, there are worldwide
currently 2 to 3 million nonmelanoma cases and 132 thousand
melanoma cases. Although melanoma represents around 5%
of total occurrences, it is responsible for most deaths of this
type of cancer [2].

Melanoma has a radial growth phase that occurs in the
epidermis. Radial growth phase cells can progress to vertical
growth phase [3], in which cells grow beyond basal layer
into the dermis, a vascularized region. Melanomas in radial
growth phase can be surgically removed with high success

rates, unlike vertical growth phase melanomas, which can
become metastatic and have poor prognosis [4]. When mel-
anoma is detected within initial stages, survival rate is of
approximately 98%, decreasing to 16% in melanoma ad-
vanced stages [2].

Studies have shown a relationship between inflammatory
processes and the appearance and development of different
types of cancer, as well as lower incidence and mortality of
several types of cancer through treatment with nonsteroidal
anti-inflammatory agents [5-7]. During inflammatory pro-
cesses, cytokines are produced such as TNF-« that promotes
greater activation of adhesion molecule [8]. Cancer cell
migration depends on the formation of focal complexes
which promote adhesion between cell and ECM [9, 10].
Tumor cells can migrate in an individual or collective manner,



and the way they do it is determined by their relation with
the ECM. When compared to individual migration, collective
migration, as in melanomas, presents higher dependence on
cell-ECM adhesion [11]. In accordance with this statement,
studies have shown that the presence of TNF-« increased
melanoma cell migration [12-16].

When cutaneous melanoma is surgically removed, an
inflammatory environment arises, which can favor local
recurrences after surgery [15], and the exact area to be
extracted during surgery is still a controversial theme. The
area to be extracted is determined with classification, such
as the Clark’s levels, that establishes a relationship between
tumor invasion level and patient’s clinical prognosis, and the
Breslow thickness, that refined ClarKk’s levels by establishing
a relationship between tumor thickness and patient survival
prognosis [4]. According to the study developed by Kunishige
etal. [17], the currently accepted extraction margin, based on
a consensual opinion of 1992, is inadequate and might not be
enough to completely extract cancer cells, increasing chances
of recurrence, which should happen in up to 20% of cases.

Mathematical models can aid tumor growth and cell
migration research since they allow simulations that are not
easily obtained in in vitro or in vivo experiments. Mathemat-
ical models of tumor growth and cell migration have been
developed in order to help treatment and diagnosis of several
types of cancer [18-22]. Some of these models have a system
of nondimensionalised equations [18, 19, 22], which com-
plicates quantitative comparison with experimental work.
Other models, such as the one developed by Eikenberry et al.
[21], have dimensionalised equations; however, they do not
quantitatively compare their results with experimental work.
These facts lead to models that may indicate the way cell
migration and tumor invasion occur but are not necessarily
capable of describing experimentally obtained situation.

Most parts of current cancer cell migration models are
based on a diffusion process [18, 19, 21, 22]. These studies
present, generally, a principal variable: cancer cell concentra-
tion, which varies in time and space according to a diffusion
equation based on FicK’s law, with diffusion coefficient either
constant or variable.

It is known that cell migration depends on the cell-to-
ECM interaction through creation of adhesion complexes [9,
11]. Besides, it is also known that melanoma is a type of cancer
that presents mostly collective migration [11], which implies
in adherent junctions that promote cell-to-cell adhesion
[23]. Diftusion processes by themselves do not account for
these connections. Therefore, some models propose different
manners of including parameters in the diffusion process that
can represent cell-to-cell and cell-to-ECM connections, as in
the model proposed by Chaplain [24].

Other models try to describe collective migration using
agent-based models [25]. A study shown by Mi et al. [26]
models a healing process using an elastic continuum model.
This model was based on collective migration principles:
during migration, cells do not separate from the edges, and
no wholes are created on the cell layer. Mi et al. [26] proposed
a mathematical model of enterocyte migration, during a heal-
ing process, in which cells undergo movement, deformation,
and proliferation.
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The aim of this work was to propose the use of a collective
cell migration mathematical model that could be quantita-
tively compared to experimental data and allowed for an
analysis on the influence of the pro-inflammatory cytokine
TNF-« on melanoma cell migration.

2. Methods

2.1. Mathematical Model. The model proposed by Mi et al.
[26] was a one-dimensional model that described migration
of a cell layer after the opening of a wound on the layer, as
in a “scratch wound” assay. The model followed some con-
siderations: (1) it was based on a monolayer of cells, (2)
there was connection between cells in the layer, (3) after the
scratch (from the “scratch wound” assay), an external force
was created as a result of lamellipod formation, (4) the cells in
the interior of the layer did not form lamellipodia and hence
were not directly actuating the motion, and (5) the cell layer
came under deformation, movement, and material growth.

The variable s was used to describe the position of a cell
on the original cell layer and the variable x(t, s) the position
at time instant ¢ of the cell originally located at s. Variable
5(t, s) represents the hypothetical position of cell located at
s on the original layer at time instant ¢ if all deformation
from the layer was instantaneously removed. According to
balance of momentum and neglecting its acceleration term,
Mi et al. [26] showed that a segment of cells, which are the
offsprings of cells between s and s + ds of the original layer
with ds assumed small, would have its motion described by
the following equation:

(x(t,s+ds) — x(t,5))

€))
* b ax;,s) = f(t,s+ds)- f(t,s),
where b is the adhesion constant between cells and the surface
and f the resultant force on a cross-section of the layer. In
limit ds — 0, (1) becomes
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The strain (deformation gradient) in the cell layer can be
described by the quantity
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'a_g_l’ (3)

&

with & > 0 corresponding to stretch and -1 < & < 0 corre-
sponding to compression.

For the constitutive relation describing the dependence of
f on g, Mi et al. [26] used the equation

f:k*ln(s+1):k[ln<g—f>—ln(§>], (4)

where k is the elasticity modulus of the cell layer.
Material growth from the layer was described using the
growth gradient g(t, s) = d5/0s on the formula

g(t,s) =exp(pt), (5)

where p is the growth rate.
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From (2), (4), and (5), the following resulting equation
was obtained:

ox ox k 0 0x
Zx === —(lnl=)- t). 6
3s ot b*as<“<as> p(s)> ©
Assuming that the location of the left boundary of the cell
layer (s = 0) is fixed, the right boundary is free to move, and
that the force applied at the right boundary is constant and

equal to F, Mi et al. [26] proposed the use of the following
initial and boundary conditions:

x(0,s)=0, for0<s<lL, (7a)

x(t,0) =0, fort=>0, (7b)

axg:;’l) =exp[<£>+pt], for t > 0. (7¢)

Considering the growth rate p is spatially independent,
(6) can be written as

ox k 0%x <ax)‘2
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(8)

From (3) and (5), the deformation gradient can be calcu-
lated with

€= g—j x exp (—pt) — 1. )

2.2. Calibration. A routine nonlinear minimization of the
least square error was used to estimate the parameters. The
constants k, b, and F appear on the problem only as the ratios
k = k/b and ¢ = F/k. Therefore, regression was performed
for the constants «, ¢, and p.

Experimental data used on calibration were based on
the work by Redpath et al. [15]. Data were obtained from a
study using C8161 human cutaneous melanoma, in control
media culture and under the influence of pro-inflammatory
cytokine TNF-a. The human C8161 melanoma line was estab-
lished from an abdominal wall metastasis, which indicated
that it was highly invasive.

Cells were seeded in culture plates in culture medium at
a concentration of 4 x 10* cells/mL per well and were incu-
bated for one day under standard culture conditions. On the
second day, the culture medium was removed and replaced
with an equal volume of fresh culture medium supplemented
with TNF-« at a concentration of 800 U/mL. On the third
day, a “scratch wound” for migration assay was made in each
well using a plastic pipette tip, creating a cell-free zone in each
well. The reduction of distance between the scratch edges at
different time points (0, 2, 4, 6, and 8 hours) represented the
migration of melanoma cells.

2.3. Simulation. A script was written in MATLAB to imple-
ment the model. Discretization both in time and space was
obtained with the finite differences method [26]. Time and
space steps were defined using the methodology proposed by
Smith and Weaver [27], considering an error minor than 2%
for the limits of this simulation. Time (dt) and space (ds) steps
used were 1/120 h and 0.0125 um, respectively.

TABLE 1: Parameter obtained from nonlinear regression. Values of
the constants «, ¢, and p obtained during model calibration, based
on experimental data from Redpath et al. [15].

Constants Control TNF-«
k =k/b(um*h™) 104.59 219.92
¢ = F/k (dimensionless) 0.096 0.13
p ™ 0.91 0.86

3. Results

The curves obtained with the mathematical model for the
C8161 cell migration on control and under the influence
of TNF-« after nonlinear regression showed determination
coefficient of R> = 0.89 and R* = 0.92, respectively. The
values of the constants obtained are shown in Table 1.

The values of the constants shown in Table 1 were used
to study the influence of proliferation and deformation on
control and TNF-« cell migration. The results are shown in
Figure 2.

Figure 3 shows the influence of the adhesion constant on
migration, considering a constant elasticity modulus.

A simulation was carried out to evaluate the influence of
proliferation and deformation on cell migration, by studying
the deformation gradient (Figure 4). Compression was con-
sidered to be related to proliferation due to the increase on the
number of cells on the layer, and extension was considered to
be related to deformation due to the tension applied by the
cells on the border.

4. Discussion

A collective cell migration model was used to simulate
melanoma cell migration during a “scratch wound” assay.
The model was calibrated with experimental data that was
obtained from a C8161 melanoma cell line, in control and
under the influence of TNF-a.

Cell migration models based on diffusion have been used
to model cancer cell migration [18, 19, 21, 22]. However, the
coefficient values demonstrated by some of these models,
such as by Eikenberry et al. [21] and Anderson et al. [18],
are small (0.0009 mm? dia™'~0.07 mm? dia™!) when com-
pared to diffusion coefficients experimentally obtained, for
instance, by Lyng et al. [28] (50~80 mm? dia™"). One possible
explanation for this difference is that these models do not
take the collective migration into account, as it is the case
for melanoma cells. The elastic continuum model, proposed
by Mi et al. [26], takes some collective migration aspects into
consideration, and it is, therefore, a valid option for modeling
“scratch wound” assays.

The values obtained during calibration are shown in
Table 1. Since the parameters of interest k, b and F are pre-
sented on the model only as the ratios ¥ = k/b, and ¢ = F/k,
nonlinear regression was performed for « and ¢. However,
if a reference value is set for one of the three parameters
of interest, it is possible to estimate the value of the other
two. Mi et al. [26] modeled enterocyte migration during
wound healing and showed a value of elasticity modulus k of



approximately 44 nN. Considering melanoma cells migrating
during the “scratch wound” assay demonstrate the same value
of elasticity modulus, the cell layer would have, in control
situation, force result from lamellipod formation F of approx-
imately 4.22nN and adhesion constant b of approximately
0.42hnN/ym2. Zhu et al. [12] showed that an increased
integrin expression is observed in melanoma cells in the
presence of TNF-a. When relating cell migration with inte-
grin concentration, Mi et al. [26] discussed that the elasticity
modulus of cell layer should be independent of integrin
concentration. Therefore, considering that melanoma cells
migrating in the assay under the influence of TNF-« show the
same elasticity modulus k of the melanoma cells migrating
in control situation, the cell layer would have force resulting
from lamellipod formation F of approximately 5.72 nN and
adhesion constant b of approximately 0.2 h nN/um?.

Based on the literature, values of protrusive force have
measures that vary from 0.5nN to 85nN, depending on the
method used for measuring and the place of the cell where the
force was measured on [29-31]. Furthermore, the increased
force observed from the control to the TNF-« situation is
also in accordance with expected. It is known that the force
with which the cell propels itself depends on the connections
between the cell and the surface over which it moves and
these connections are made by adhesion molecules, such as
integrins [9, 29].

The values of the adhesion constant found in both situ-
ations are of the same magnitude of the ones demonstrated
by Mi et al. [26] (approximately O.llhnN/ymz). However,
unlike what we expected, a decrease on the adhesion constant
was observed with the introduction of TNF-«. The cytokine
TNF-« is associated with an increased expression of integrins,
which enhances cell adhesion [12]. Therefore, it would be
expected that the value of the adhesion constant would
increase with the addition of TNF-«, which did not happen.
One hypothesis to explain this divergence would be that
the elasticity modulus was not independent of the TNF-«
concentration. It was considered that the elasticity modulus
would remain the same with the introduction of TNF-«,
based on the assumptions made by Mi et al. [26] in their work.
However, in case the elasticity modulus increases with TNF-«
introduction, the adhesion constant would increase as well.

A study was performed to analyze the influence of the
adhesion constant on cell migration. For this study, cell
migration was simulated for different values of the constant k.
The results can be seen in Figure 3. Considering the elasticity
modulus on the layer is the same for all simulations, a
decrease on the constant ¥ would mean an increase on the
adhesion cell-to-ECM. The results show that an increase
on the adhesion of the cells to ECM implies in a decrease
in migration. However, Zhu et al. [12] have shown that
an increase on adhesion would lead to increased migration,
which is not in accordance with these results. Once again,
one hypothesis to explain this divergence would be that
the elasticity modulus was not independent of the TNF-
« concentration. On the other hand, these results may be
in accordance with another mathematical model proposed
by DiMilla et al. [32], which showed a bell-shaped curve
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to describe the relationship between migration speed and
adhesion; that is, an increase on adhesion would lead to an
increase on migration speed until a certain value, after which
speed would stabilize and afterwards begin to decrease with
an increase on adhesion. Thus, the values shown in Figure 3
could be located on the section of the graph in which the
increase in adhesion implies decrease on migration speed.

Since the constants k, b, and F appear in the problem
only as the ratios k = k/b, and ¢ = F/k, the regression for
parameter estimation was performed for the constants «, ¢,
and p. Thus, the analysis of the constants k, b, and F requires
that one of these values has to be fixed so the other two
can be inferred. The previous discussion about the adhesion
constant considers that the elasticity modulus is not altered
when the integrin concentration increases, as suggested by Mi
et al. [26], and this assumption can mathematically alter the
results found about the adhesion constant. If the mathemati-
cal model allowed regression for the actual constants k, b, and
F, this assumption would not need to be made and the role of
TNF-« on adhesion and adhesion on migration according to
the proposed model could be more precisely discussed.

Considering, for example, that the elasticity modulus
would change with the introduction of TNF-«, there is the
possibility that the adhesion constant would increase with
the TNF-a, as expected. If the elasticity modulus increases
with TNF-a, by a factor of at least 2.1, the adhesion constant
would increase as well. In Figure 5, one can see the values of
adhesion constant for different values of elasticity modulus,
considering their ratio x = 219.92um>h™" obtained with
the nonlinear regression and shown in Table 1, for TNF-a.
For values of elasticity modulus k greater than 92.37nN,
the adhesion constant b has values greater than the control
situation, 0.42h nN yum™>. The adhesion constant is, on this
model, related to the adhesion between the cells and the
surface. It does not consider, however, the adhesion between
cells observed on collective cell migration [23]. The elasticity
modulus, on the other hand, could be related to the adhesion
between cells on the layer, since it relates the force that is being
applied and the deformation on the layer, as it is established
on (4). If the TNF-« affects the adhesion between cells, as well
as the adhesion between the cells and the surface, this could
mean that the elasticity modulus would change with TNF-q«,
when compared to the control situation.

Table 1 shows there was a reduction in the growth rate
when TNF-« was introduced. The role of TNF-« on cancer
cell proliferation is still paradoxal [33]. In the present work,
proliferation rate of melanoma cells decreased with the
introduction of TNF-a. Kuninaka et al. [34] showed that
TNF-« inhibited the growth of tumor cells and Marques
[8] observed a reduction in C8161 cell viability in TNF-a-
treated cells. In this proposed model, the proliferation rate
accounts for both increase and decrease in the population
cell number. Therefore, the results are in accordance with
the results shown by Kuninaka et al. [34] and Marques [8],
since both growth inhibition and cell viability reduction
would lead to a decrease on the proliferation rate. Even
though proliferation observed on the cells treated with TNF-
« was smaller than the proliferation observed on the control
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FIGURE 1: Mathematical model and experimental data after nonlinear regression. Curve obtained with the simulation of the mathematical
model after nonlinear regression using experimental data from C8161 cell line on control situation (a), with R? = 0.89, and with TNF-« (b),
with R* = 0.92. Experimental data are represented as mean + standard deviation, n = 7.
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FIGURE 2: Migration due to deformation. Simulation of the model
obtained for the hypothetical situation in which migration would
occur exclusively due to deformation. The values of k¥ and ¢ used
are the ones from Table 1. p = 0h™" for both situations: control and
TNF-a.

situation, the final migration was greater for these cells due to
the greater deformation observed in Figure 2.

As observed in Figure 4, migration is, at the beginning,
more dependent on deformation, becoming more dependent
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FIGURE 3: Influence of the adhesion constant on cell migration.
Cell migration for different values of k. ¢ = 0.1 and p = 0.9h™".
Considering a constant elasticity modulus, cell migration decreases
wit}21 ar} increase on adhesion. All values of x are expressed in
pym-h™.

on proliferation after a while. At the same time, constant pro-
liferation rate gives the migration an exponential character-
istic. On “scratch wound” assays of cell migration, this is
not always the case. In some of these assays, the migration
curve has a saturation shape [8, 35, 36], which is not in
accordance with the exponential shape observed in Figure 1.
Studies suggest that the proliferation rate in “scratch wound”
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FIGURE 4: Deformation gradient of cell as a function of their position on the original layer in different time instants. Thick and thin lines
indicate cells in compression and extension, respectively, except on t = 0h, when the cells are in rest. On the beginning (left column),
movement is dominated by deformation, causing extension on the cells near the border. After some time (right column), movement is
dominated by proliferation, increasing compression on the layer as a whole. For this simulation, ¢ = 0.1, x = 440 yum*h™", and p = 0.1h™".

assays can vary, depending on time and on the location on
the cell layer [26]. More studies could be made to determine
if the constant proliferation rate is indeed to be adequate for
this kind of assay. A nonconstant proliferation rate could also
alter the adhesion constant values, with and without TNF-
a, found with regression. This could be another hypothesis
for the differences between model and experimental results
discussed previously.

Although the numerical method used to solve the model
is the one proposed by Mi et al. [26] and the results are
mostly in accordance with experimental values found in
the literature, as discussed previously, it is important to
analyze the influence of discretization on the obtained results.
The analysis was performed according to the methodology
proposed by Smith and Weaver [27], and, for the limits of this

simulation, the greater error found was of less than 2% on the
migration curve.

5. Conclusion

A collective cell migration model was used to simulate mel-
anoma cell migration in a “scratch wound” assay. The model
takes into consideration aspects of collective cell migration,
such as the adhesion between cells on the cell layer, which is
not the case for the most part of current tumor growth mod-
els, based on simple diffusion process. With some exceptions,
great part of tumor growth models is nondimensionalised,
which does not allow quantitative analysis. In this work,
a dimensionalised model was implemented and calibrated
based on the experimental data, resulting in parameters that
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FIGURE 5: Adhesion constant for different values of elasticity mod-
ulus, considering their ratio x = 219.92 um®h™' obtained with the
nonlinear regression and showed in Table 1, for TNF-«. The thick
line shows values of adhesion constant that are greater than the value
of the control adhesion constant (0.42 h nN pm2). This happens for
values of elasticity modulus greater than 92.37 nN.

have values comparable to experimental work, in most cases.
The main differences found, involving the adhesion constant
and migration with the introduction of TNF-a, could be
related to the mathematical model itself or the proliferation
rate used. These differences would not happen in case the
TNF-a would affect and increase the elasticity modulus of the
layer. Further analysis on the proliferation rate and a model
that allowed for regression directly of the adhesion constant
and the elasticity modulus could provide more insights on the
differences found.
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