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ABSTRACT: The role of tumor—stromal interactions in progression is generally well accepted, but their role in initiation or
treatment is less well understood. It is now generally agreed that, rather than consisting solely of malignant cells, tumors consist
of a complex dynamic mixture of cancer cells, host fibroblasts, endothelial cells and immune cells that interact with each other
and microenvironmental factors to drive tumor progression. We are particularly interested in stromal cells (for example
fibroblasts) and stromal factors (for example fibronectin) as important players in tumor progression since they have also been
implicated in drug resistance. Here we develop an integrated approach to understand the role of such stromal cells and factors in
the growth and maintenance of tumors as well as their potential impact on treatment resistance, specifically in application to
melanoma. Using a suite of experimental assays we show that melanoma cells can stimulate the recruitment of fibroblasts and
activate them, resulting in melanoma cell growth by providing both structural (extracellular matrix proteins) and chemical
support (growth factors). Motivated by these experimental results we construct a compartment model and use it to investigate
the roles of both stromal activation and tumor aggressiveness in melanoma growth and progression. We utilize this model to
investigate the role fibroblasts might play in melanoma treatment resistance and the clinically observed flare phenomenon that is
seen when a patient, who appears resistant to a targeted drug, is removed from that treatment. Our model makes the unexpected
prediction that targeted therapies may actually hasten tumor progression once resistance has occurred. If confirmed
experimentally, this provocative prediction may bring important new insights into how drug resistance could be managed
clinically.

KEYWORDS: cancer, tumor, melanoma, microenvironment, ECM, fibroblast, model, mathematical model, compartment model,
therapy, treatment, targeted therapy, flare

H INTRODUCTION

subsequent deposition of extracellular matrix (ECM) proteins.’

Tumors are not composed entirely of cancer cells and instead
consist of a dynamic mix of malignant cells, endothelial cells,
fibroblasts and immune cells that all interact to drive tumor
progression.” Although the role of endothelial cells and the
immune system in cancer development are now well
established, considerably less is known about the putative
function of host fibroblasts in this process. A role for fibroblasts
in cancer progression has been long suspected based upon the

The phenotype of the fibroblasts found within tumors
(activated fibroblasts or cancer associated fibroblasts: CAFs)
is very different from that of normal skin fibroblasts and closely
resembles the phenotype of myofibroblasts. Myofibroblasts
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(a) 1 day

(b) 4 days

(c) 7 days

Figure 1. Melanoma cells recruit fibroblasts, which then infiltrate the tumor. We implanted melanoma spheroids into a 3D collagen gel containing
fibroblasts tagged with green fluorescent protein (green). After 4 days of culture, the fibroblasts are migrating toward the melanoma spheroid; by 7

days some fibroblasts start to infiltrate and grow into the spheroid.

(a) 1 day

(b) 3 days

(c) 4 days

Figure 2. GFP-tagged fibroblasts adhere to and infiltrate melanoma spheroids. 5000 fibroblasts were carefully pipetted on top of preformed
melanoma spheroids on top of agar. Images show immunofluorescence microscopy of whole spheroids showing the infiltration of the fibroblasts

(green).

have a large, spindle-like morphology, express contractile fibers
of a-smooth muscle actin and exhibit unique cell matrix
adhesion complexes (such as the fibronexus). Fibroblasts
mediate their physiological effects upon wound healing,
angiogenesis and tissue remodeling via the release of growth
factors and proteases (such as the matrix metalloproteinases)
and through the deposition of ECM proteins (such as laminin,
tenascin and fibronectin).**

Melanoma arises from the malignant transformation of skin
melanocytes and is the deadliest form of skin cancer. The
prognosis for disseminated melanoma is dismal and is
associated with median survival rates of 8.1 months, with
only 2% of patients surviving for § years.® Pathological
examination of melanoma specimens shows the tumors to be
infiltrated by fibroblasts, endothelial cells and inflammatory
cells.”” A role for fibroblasts in the pathogenesis of melanoma
is suggested by coculture experiments demonstrating that
fibroblasts (and fibroblast-derived factors) stimulate the growth
of melanoma cell lines.* In addition, melanoma progression is
associated with a switch in cell—cell communication so that the
emerging tumor cells downregulate their inhibitory interactions
with skin keratinocytes and instead adhere to and interact with
host fibroblasts.”

In epithelial tumors, activated fibroblasts are known to play
multiple roles in tumor progression. In prostate cancer,
fibroblasts have been shown to potentially have a dual role,
inhibiting progression at the PIN stage and promoting
progression after breakout. This may in part be mediated by
the growth promoting/inhibiting aspects of transforming
growth factor f (TGEf), a factor that fibroblasts are known
to secrete.'”'! Recent studies have shown that fibroblasts are
essential for the invasion of carcinoma cells with coculture
experiments showing that fibroblasts localize to the leading
edge of the invasive front and generate tracks for the invading
carcinoma cells to follow.'>'* Studies from our group have also
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shown an important role for fibroblasts in the angiogenic
response of carcinoma cells."* In this instance the activated
fibroblasts were shown to secrete vascular endothelial growth
factor (VEGF) that directly mediated the recruitment and
differentiation of endothelial cells.'*

Although the role of fibroblasts in tumor progression is
becoming better understood, their potential impact on drug
resistance remains unclear. However, there is good evidence
that the adhesion of cancer cells to ECM proteins contributes
to therapeutic escape. This is reasonably well documented for
multiple myeloma, where resistance is mediated by tumor cell
adhesion to fibronectin and is termed cell adhesion mediated
drug resistance (CAMDR).">*® This form of resistance has also
been described for lung cancer, where the adhesion of lung
cancer cell lines onto fibronectin, laminin and collagen IV
directly mediates resistance to the chemotherapy drugs
cisplatin, adriamycin and etoposide through the downregulation
of apoptosis.'” Similar findings have also been reported for
uveal melanoma cell lines adhering to laminin, collagen IV and
fibronectin.'® For cutaneous melanoma it is known that plating
cells onto fibronectin prevents anoikis and that knockdown of
tenascin-C can sensitize melanoma cells to doxorubicin
treatment." >

Our working hypothesis is that, since fibroblasts secrete
ECM proteins as well as growth factors, they directly contribute
to both tumor growth and drug resistance. In this paper we use
an integrated mathematical and experimental approach to
investigate our hypothesis for melanoma. Initially, we present
experimental evidence that melanoma cells actively recruit and
activate primary human skin fibroblasts and stimulate them to
deposit ECM proteins that are known to be prosurvival for
melanoma cells. We then use this evidence as motivation to
construct a mathematical model in order to better understand
the interactions between tumor cells and fibroblasts. By
simulating the model for a range of parameters we are able
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Figure 3. Conditioned medium from melanoma cells increases the motility of fibroblasts. Human skin fibroblasts (FF2441) were grown to
confluence before being subjected to a scratch wound in the presence of either serum free medium or serum free medium conditioned for 48 h by
1205Lu melanoma cells. Representative images show the extent of wound closure at 8 h.
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(a) fibronectin

(b) laminin

Figure 4. Melanoma cells (blue) activate fibroblasts (green), leading to increased ECM deposition (red). 2D monolayer cultures of WM793
melanoma cells (shown by blue 4',6-diamidino-2-phenylindole (DAPI) staining) and GFP-tagged fibroblasts (green) after 48 h of coculture. Slides

are stained red for (a) fibronectin or (b) laminin.

to generate a spectrum of possible biological outcomes. The
implications of these outcomes are then investigated in the
context of cytotoxic chemotherapies. We present some
experimental results that directly examine the impact of
fibroblasts on treatment. Together these studies provide the
beginnings of an integrated framework for improved combina-
tion therapy through the targeting of both the host and tumor
cells.

B FIBROBLAST INTERACTION WITH CANCER CELLS

Melanoma Cells Recruit Primary Skin Fibroblasts. We
began by evaluating whether melanoma cells would attract
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fibroblasts in a 3D coculture model in which preformed
melanoma spheroids were implanted into a collagen gel
containing GFP-tagged fibroblasts. It was noted that, after 4
days of culture, the fibroblasts started to migrate toward the
melanoma spheroid, and by 7 days some fibroblasts had started
to infiltrate and grow into the spheroid (Figure 1).

For our next experiment, we added GFP-fibroblasts on top of
nonimplanted melanoma spheroids and tracked the infiltration
of the fibroblasts into the spheroid structure. After 24 h of
addition, the GFP-fibroblasts were found to adhere to the
melanoma spheroid surface in a focal manner; as time
progressed, the fibroblasts grew into the spheroid and were
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(a) spheroid: melanoma and fibroblasts

(c) spheroid: fibroblasts alone

(b) fibronectin, detail of Figure 5(a)

fibronectin
monolayer: spheroid: spheroid:
melanoma  fibroblasts ~ melanoma
and
fibroblasts

(d) fibronectin and actin deposited by mixed
culture compared to controls

Figure 5. Melanoma cells can induce matrix production in fibroblasts. Mixing melanoma cells with fibroblasts increases the deposition and
organization of fibronectin when compared to growing fibroblasts on their own. The melanoma line is WM1366; fibroblasts are FF2441. Red
staining is fibronectin; blue is DAPL (a) Fibronectin produced by a fibroblast and melanoma cell spheroid. (b) Detail of fibronectin in the mixed
spheroid (confocal). (c) Fibronectin produced by a fibroblast spheroid. (d) Levels of fibronectin and actin in 2D adherent cultures of melanoma cells
alone, 3D cultures of melanoma alone and melanoma and fibroblast cocultures. Melanoma cells alone produce no fibronectin.

found to be equally distributed throughout the spheroid by 96
h (Figure 2).

To determine whether the melanoma cells used soluble
factors to recruit the fibroblasts we next performed a scratch
experiment where fibroblasts were treated with either serum
free medium or serum free medium conditioned for 48 h by
1205Lu melanoma cells. It was found that the melanoma
conditioned medium increased rate of wound closure of the
fibroblasts (a 38% increase in wound closure and 3.4-fold more
fibroblasts growing into the scratch in conditioned medium
treated cultures compared to controls) demonstrating the
presence of melanoma derived motility factors (Figure 3).

Melanoma Cells Increase Fibroblast Activation and
Matrix Deposition. We next asked whether melanoma
derived factors would activate the fibroblasts and whether this
would in turn cause the fibroblasts to produce a prosurvival
ECM. Coculture of melanoma cells (WM1366 and WM793)
with primary human skin fibroblasts led to an increase in
expression of fibronectin, tenascin, laminin and collagen IV in
the fibroblasts (Figure 4 and not shown). Similar results were
also observed when melanoma cells and fibroblasts were
cocultured as spheroids (Figure S). Interestingly, it was noted
that the presence of the melanoma cells significantly
upregulated the levels of ECM production in the fibroblasts,
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compared to spheroids composed of fibroblasts alone, and that
little ECM deposition was observed in spheroids of melanoma
cells alone (Figure 6). The role of fibroblast derived stroma in
providing structural support for the spheroid was supported by
the observation that melanoma/fibroblast coculture spheroids
were much smaller, more compact and more organized than the
spheroid structures formed when melanoma cells alone were
included.

In summary, from our experiments we have shown that
melanoma cells can stimulate the recruitment of fibroblasts and
activate them. In turn, these activated fibroblasts contribute to
melanoma progression by providing both structural (ECM
proteins) and chemical support (growth factors). Using the
results obtained from our suite of experiments above we will
construct our mathematical model and investigate the range of
potential behaviors that it can produce and what implications
this has for melanoma progression.

A Model of Tumor Growth Dynamics. We choose a
compartment model to describe the tumor. The two basic cell
types in our model are cancer cells and fibroblasts. However,
just two compartments is too coarse to show dynamic
progression. We know that fibroblasts are drawn to cancer
cells and become activated. For simplicity we assume that all of
the fibroblasts shown explicitly are already activated; this gives a
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(a) melanoma and fibroblasts (tenascin staining)

(b) melanoma alone (tenascin staining)

(c) melanoma and fibroblasts (collagen IV staining)

(d) melanoma alone (collagen IV staining)

Figure 6. Fibroblasts organize and give structure to tumors. The presence of fibroblasts increases the organization and ECM deposition of sphere
cultures compared to melanoma cell monoculture spheroids. Spheres were allowed to grow for 72 h before being fixed and stained for tenascin and

collagen IV (also laminin, not shown).

single fibroblast compartment. We divide the cancer cell
population into three different compartments: free, fixed and
blocked.

Free cancer cells are at the leading edge of the tumor mass
and are the newest. They require stability, so they produce a
signal to activate the fibroblasts. The fibroblasts produce matrix
proteins which stabilize the cancer cells so they become fixed
cancer cells. Fixed cancer cells can divide; their offspring are
free cancer cells. As the fixed cancer cells divide, they become
constrained in space. They have no room to divide, and so they
transition into the blocked cancer cell population. These
blocked cancer cells are nonproliferative, in a state equivalent to
quiescence. They could be necrotic, but we do not remove any
of this population. We show a schematic representation of this
compartment model in Figure 7. We show stroma in the
schema; it is an implicit component of the model. The stroma
represents matrix proteins and other stabilizing components
secreted by the fibroblasts. The fixed and blocked cells are
stabilized by the stroma while the free cells lack this stability.

The compartment diagram shown in Figure 7 converts
readily into a system of differential equations. We introduce
variable names for each of the populations: free cancer cells, ¢;
fixed cancer cells, s (indicating stabilized); blocked cancer cells,
b; and fibroblasts, f. Each interaction has a corresponding rate
parameter: cancer cell division, ; fibroblast division, ¢; cancer
cell stabilization, o; cancer cell self-blocking, f; fibroblast
inactivation, 6. These parameters modify population interaction
terms, producing our equation system:
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Figure 7. Cancer cells and fibroblasts stimulate each other; the tumor
progresses and grows. A compartment model describes the cell states
and the interactions between them. Free cancer cells are new and
unsupported by matrix. To obtain matrix, they attract fibroblasts, or
stimulate them to divide. The fibroblasts produce matrix, which
stabilizes the free cancer cells: they become fixed. Fixed cancer cells
can divide, but by doing so they block themselves in physically,
becoming blocked cancer cells. Stroma is implicit in the model; we
show in the diagram that it is associated with the fixed and blocked
cancer cells, but not with the free cancer cells. We allow fibroblasts to
exit, which means they become inactive, or leave the tumor.

de/dt = 0s —of ¢

ds/dt = ch — Ps

db/dt = PBs

df/dt dcf — of (1)
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Where two populations interact, a spatial constraint reduces the
interaction rate. This dilutes the effect of a large population: a
cell is stimulated by the proportions of cell types in its
environment, not by the magnitude of them. For example, if
there is one fibroblast surrounded by a million cancer cells, it
produces much the same amount of fibronectin as if it were
surrounded by a hundred cancer cells. So we scale the
interaction terms by the total population size: n =c+s+ b + f.
We write the scaled population term with a bar over the
symbol, so f = f/n, T = ¢/n. This scaled variable is a proportion
of the whole population, a percentage, so takes values between
0 and 1. This means it acts as a modifier to the base rate of the
action, only reducing it. In our example, this says a fibroblast
has a maximum fibronectin production rate, and if the
population of stimulating cells is diluted by other cell types,
then the fibroblast will produce fibronectin more slowly.

Many of the interactions consist of transitions between
states; in this case the total cancer population is conserved. This
is reflected in the algebraic form: if we add all the cancer cell
equations, only the cell division term remains: d(c + s + b)/dt =
Os. The fibroblast population is not conserved, since there is a
death term (labeled exit in Figure 7). This term models
fibroblasts becoming inactive, or leaving the tumor.

Tumor Growth Is Affected by Fibroblasts. To explain
the model construction, we consider the model interactions as a
sequence of steps. At the start, there are only free cancer cells
and a few fibroblasts. The cancer cells stimulate the fibroblasts,
so they increase in number. Due to stimulation, the fibroblasts
also produce stroma. In the fourth step, the free cancer cells
migrate onto the stroma and stabilize. These fixed cancer cells
divide and produce new free cancer cells. As a result of division,
the fixed cells block themselves in spatially, and so move to the
blocked compartment. We show this sequence in Figure 8.

Having constructed our tumor growth model we can
investigate tumor growth dynamics. We solve the system of
equations, eq 1, numerically, using the Matlab solver odelSs. A
typical solution is given in Figure 9a. The simulation produces
growth in all populations with the strongest growth occurring
in the blocked cancer cell population. In the long term, all the
populations grow exponentially at the same rate.

After some time, the tumor approximates a layered sphere,
with a quiescent or blocked core. Surrounding this core is a layer
of cancer cells which are fixed: stabilized by stroma produced
by the fibroblasts. On the outside is a shell of new cancer cells,
free of any secreted stromal support. Both the fixed and blocked
cancer populations are mixtures of cancer cells, fibroblasts and
secreted stroma. Figure 9b is a cross section of this structure.

Tumors have a spectrum of malignancy in terms of both
proliferative and invasive ability; we believe that different cancer
cell lines also have different capacities for recruiting and
stimulating fibroblasts. Specifically, we expect that more
aggressive cancers stimulate fibroblasts more than less
aggressive cancers. In our model, the parameter ¢ is the
amount the cancer cells stimulate the fibroblasts. We set ¢ in
our model (eq 1) to 0.7 to simulate a less aggressive cancer, less
able to recruit fibroblasts. To model a more aggressive cancer,
we set ¢ = 1. Fibroblasts can also vary in the rate they produce
stroma. Stroma is the supportive tissue of epithelial organ or
tumor, consisting of connective tissues and blood vessels. In the
model this is quantified as the parameter . For normal
fibroblasts, o is low at 0.2, whereas activated fibroblasts produce
much more stroma: ¢ = 1.
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Figure 8. Each interaction is a step in tumor growth. Here we show
the first few steps of the dynamic model. This discrete breakdown is
artificial, but demonstrates the assumptions at work. The population of
each compartment grows. The initial conditions are simple: a pool of
inactive fibroblasts, and a few free cancer cells. Time progresses
vertically with the initial state of the system at the bottom of the figure.
At the start, there are only free cancer cells (yellow) and a few
fibroblasts (dark blue). The cancer cells stimulate the fibroblasts to
increase in number. Then the fibroblasts produce stroma (light blue).
In the fourth step, the free cancer cells migrate onto the stroma and
stabilize (orange). These fixed cancer cells divide and produce new
free cancer cells. In the process of division, the fixed cells block
themselves in, and so become blocked (green).

15
fibroblasts

5 10
time (days)

(a) simulated tumour growth (b) cross-section

Figure 9. (a) The simulation yields tumor growth. Most of the
population is blocked cancer cells. We see a smaller number of the
other populations: fibroblasts, free cancer cells, fixed cancer cells. In
the long term, all the populations increase exponentially at the same
rate. (b) The simulation represents a layered tumor with a quiescent
core. Here we show a cross section.

We simulate the four possible scenarios produced by the
permutations of cancer aggression and fibroblast senescence. In
the first scenario, less aggressive cancer cells together with
normal fibroblasts grow very slowly. The tumor is so small,
even after two years, that it is too small to be detected by a
clinician. In the second scenario, less aggressive cancer cells do
not stimulate fibroblast division, so there are relatively few
fibroblasts present. However, these fibroblasts are activated and
so produce stroma rapidly. A substantial tumor grows, in
comparison to the first scenario. In the third scenario,
aggressive cancer cells stimulate fibroblast production, so the
tumor has a high proportion of fibroblasts. However, these
normal fibroblasts produce less stroma; cancer cells stabilize
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slowly, so the tumor grows fairly slowly too. In this case, the
aggressive cancer has produced a smaller tumor than the
previous scenario of a less aggressive cancer paired with
activated fibroblasts. The fourth scenario is aggressive cancers
cells paired with activated fibroblasts: the tumor grows rapidly.
We show these results in Figure 10.

more aggressive
cancer

500

(&)
(=]

(9]

tumour diameter (mm)

activated normal activated
fibroblast condition

Figure 10. Fibroblast condition is as important as cancer type. In each
column we show the results of a single simulation of two years of
tumor growth. The height of each column shows the total tumor
diameter. The width of the vertical blue band shows the proportion of
fibroblasts within each tumor. We vary the aggressiveness of the cancer
cells, and the condition of the fibroblasts. In the first column, less
aggressive cancer cells together with normal fibroblasts grow very
slowly. The tumor is so small, even after two years, that it is too small
to be detected by a clinician. In the second column, less aggressive
cancer cells do not stimulate fibroblast division, so there are relatively
few fibroblasts present. However, these fibroblasts are activated and so
produce stroma rapidly. A substantial tumor grows, in comparison to
the first scenario. In the third column, aggressive cancer cells stimulate
fibroblast production, so the tumor has a high proportion of
fibroblasts. However, these normal fibroblasts produce less stroma;
cancer cells stabilize slowly, so the tumor grows fairly slowly too. In
this case, the aggressive cancer has produced a smaller tumor than the
previous scenario of a less aggressive cancer paired with activated
fibroblasts. The fourth column is aggressive cancers cells paired with
activated fibroblasts: the tumor grows rapidly.

normal

Discussion. To date, the role of fibroblasts in tumor
initiation and progression has been best studied in epithelial
tumors (prostate, breast, esophagus, squamous cell and colon
carcinoma).*'*~'* Here, the epithelial tumor cells recruit and
activate fibroblasts and the fibroblasts in turn fulfill important
biological functions that are often lacking in the cancer cells,
such as growth factor secretion and matrix remodeling,'*~"*
Relatively little is known about the interaction of melanoma
cells with fibroblasts and is mostly limited to the observation
that melanoma cells bind to fibroblasts via N-cadherin and that
melanoma cells activate fibroblasts leading to the secretion of
growth factors.”"** In an initial series of motivating biological
studies, we show that melanoma cells actively recruit fibroblasts
and stimulate them to secrete matrix. In addition, we observe
that the fibroblasts infiltrate into the growing melanoma
spheroids, and that this increases the level of structural support.
These observations recapitulate those made by pathologists
showing that melanoma specimens often show signs of
fibroplasia, and may possess desmoplastic characteristics (the
presence of fibroblasts, fibrocytes and clearly visible fibers of
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extracellular matrix).> It is likely that melanoma cells stimulate
the fibroblasts through soluble factors such as transforming
growth factor-f and through direct cell—cell interaction. Our
experiments support this hypothesis and demonstrate that both
coculture of melanoma cells with fibroblasts and the addition of
conditioned media from melanoma cells can increase matrix
production in fibroblasts and stimulate their motility.

Using these experimental results as primary motivation for a
mathematical model of cancer growth that includes fibroblasts
as a key player, we developed a compartmental model
consisting of four differential equations. The four equations
describe the temporal dynamics of four variables, three of which
are classified as subsets of cancer and the fourth is the
fibroblasts themselves. The subcompartmentalization of cancer
into free, fixed and blocked is one of the novel aspects of this
model and is in part motivated by the dual roles, of growth
promotion and stabilization, that fibroblasts play in cancer
development.

The blocked population represents tumor cells that are
effectively trapped in the inner core of the tumor, bound
together by stromal components that serve to stabilize them.
This quiescent population may be the most difficult to reach
therapeutically, for reasons we will discuss in the following
section. The fixed population is one that has just transitioned
from being free as a result of direct interactions with the
fibroblasts, which provided stroma for structural stabilization.
The free population consists of the cancer cells which have not
yet been supplied with stroma by the fibroblasts.

The model makes three important predictions:

1. Fibroblast recruitment and division plays an important
role in tumor growth and organization, providing both
growth promoting and structural support.

Fibroblast activation has an even more significant impact
on tumor growth as it leads to rapidly growing tumors
that consist of a large blocked cancer population.

In reality, predictions 1 and 2 often occur in
combination, leading to fatal scale cancers in a very
short time frame.

Perhaps most importantly, these tumors consist of large
populations of blocked, quiescent tumor cells, since this
blocked population will be the most difficult to reach
therapeutically. In the next section we investigate this issue
by considering the role of tumor-fibroblast interactions in
treatment resistance.

B FIBROBLASTS AID RESISTANCE TO TREATMENT

The role of fibroblasts in tumor progression is becoming better
understood; however, their potential impact on drug resistance
remains unclear. Fibroblasts have been shown to enhance drug
resistance in multiple myeloma via cell adhesion to
fibronectin.">'® Similar findings have also been reported for
uveal melanoma cell lines adhering to laminin, collagen IV and
fibronectin.'® For cutaneous melanoma it is known that plating
cells onto fibronectin prevents anoikis and that knockdown of
tenascin-C can sensitize melanoma cells to doxorubicin
treatment.'”*° Although we have not considered it in the
present study, it is also likely that other host cell types may also
protect the cancer cells from drug-induced apoptosis. Recent
work has shown that plating either lung or breast carcinoma
cells onto monolayers of astrocytes conveys protection from
chemotherapy-induced apoptosis through the upregulation of
GSTAS, BCL2L1 and TWIST1.** Here we present new results
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that directly validate the role of fibroblasts in melanoma drug
resistance and use these results to motivate a theoretical
investigation of different treatment strategies.

Activated Fibroblasts Prevents Apoptosis in Melano-
ma Cell Lines Following Cisplatin Treatment. To
experimentally test the role of fibroblasts in melanoma drug
resistance, GFP-tagged 1205Lu melanoma cells were grown
either on regular tissue culture plastic or on top of an activated
fibroblast monolayer and then treated with cisplatin for 72 h
(20 uM). It was noted that treating the melanoma cells grown
on top of cell culture plastic reduced the melanoma cell number
to 30.8% of that of vehicle (0) treated cultures (Figure 11). In

(a) with fibroblasts; treated

(c) alone; treated (d) alone; no treatment

o0
=]

[}
S

20

cells (% of control)
Y
o

alore with fibroblasts

(e) melanoma cell survival

Figure 11. Activated fibroblasts increase the survival of melanoma cells
under therapeutic drug treatment. (a—d) Representative microscope
pictures showing GFP-tagged 120SLu melanoma cells plated on either
a fibroblast monolayer or normal tissue culture plastic and treated with
either vehicle (0) or cisplatin (20 M, 4 h). Assessment is made 72 h
after the addition of cisplatin. (e) Melanoma survival as a percentage of
the vehicle treated control, with the mean bounded by standard
deviation. Data is from 3 independent experiments.

contrast, melanoma cells grown on top of the fibroblast
monolayer had a significant (*P > 0.05) survival advantage,
with cisplatin treatment found to reduce the number of cells to
65.3% of control values (Figure 11).

These experimental results clearly show that plating
melanoma cells onto a fibroblast monolayer reduces the level
of cell death observed following treatment with cisplatin.
Although these results do not specify the underlying biological
mechanism, we believe there are likely to be multiple
mechanisms through which this fibroblast induced drug
resistance can be mediated, for example, ECM—integrin
engagement, paracrine growth factor secretion and direct
homotypic cell—cell adhesion between melanoma cells and
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fibroblasts. Regardless of the precise mechanism, it is clear that
fibroblasts contribute to melanoma drug resistance; these
results and those of the previous section support our hypothesis
that fibroblasts secrete ECM proteins as well as growth factors
that directly contribute to both tumor growth and drug
resistance.

Flare Response to Treatment Is Caused by Fibroblast
Pool. The treatment of disseminated melanoma has been
revolutionized by the discovery that x50% of all melanomas
harbor activating mutations in the serine/threonine kinase
BRAF.>7> A recent phase III clinical trial of the BRAF
inhibitor vemurafenib (formerly PLX4032), showed significant
responses in &50% of patients whose melanomas harbored an
activating BRAF mutation (progression free survival: 7
months). On the basis of the phase II findings and the
expectation of an increased rate of overall survival, vemurafenib
was recently FDA-approved for the treatment of unresectable
BRAF V600E mutant melanoma.’®*® However, even these
approaches suffer from the emergence of drug resistance and
patients relapse within approximately seven months. As relapse
occurs patients are removed from the targeted therapy and
often a rapid regrowth of the tumor occurs,*® a so-called “flare”
response, that reflects both the rapidly growing tumor’s
enhanced metabolism and an increase in the time to
progression or death following cessation of drug.*' Thus far,
the flare response has been best characterized in non-small cell
lung cancer patients on EGFR inhibitor therapy, where it is
likely to have important implications for future clinical trial
design.>' Using the model we developed in the previous section
we now investigate the impact of targeted treatments and what
implications they might have for the “flare” response.

A targeted therapy will kill only the tumor population, not
the fibroblasts. The blocked cells are therapeutically the most
difficult to treat, being quiescent, surrounded by other cells and
bound up with matrix proteins. Therefore, we assume that all of
the free and fixed populations and a large proportion of the
blocked population are killed by the therapy. However, once
the free and fixed populations are removed, the remaining
blocked cells are no longer blocked, becoming fixed, and so able
to divide again.

We simulate therapy with our model. We grow a mixed
tumor of cancer cells and fibroblasts and then apply treatment
for a short period: just 1 week. The cancer cell population
regrows rapidly after the targeted treatment. This accelerated
growth is caused by the large fibroblast population that remains
posttreatment. Its production of stroma is taken up by the new,
free cancer cells. These cells become fixed and start dividing.
We see a return to the standard growth rate once the cancer cell
population stabilizes to the original ratio it had with the
fibroblast population (Figure 12). The rapid regrowth of the
cancer cells represents a flare response, driven by the large pool
of fibroblasts that are untouched by the targeted treatment.

Multiple Treatments Reduce Flare. The flare response is
driven by the pool of fibroblasts. This pool declines naturally in
the absence of cancer stimulation, but over a longer time scale.
We wish to allow the fibroblast pool to decline further, and so
we apply further treatments. In our model, it is simple to repeat
treatment at the ideal time, when the cancer cells start
stimulating a regrowth in the fibroblast pool. We repeat this
strategy and eventually the fibroblast population returns to
normal levels. With a small fibroblast pool, the tumor regrows
slowly and flare is avoided (Figure 13). Our result depends on
the fibroblast homeostasis assumption in the model. This
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Figure 12. After treatment (gray), the large fibroblast population
(blue) causes the cancer cell population (red) to regrow rapidly. We
simulate a mixed tumor of cancer cells and fibroblasts. Targeted
therapy reduces the cancer cell population but not the fibroblasts.

After treatment, the large pool of fibroblasts means that the cancer
population regrows much more rapidly than before.
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Figure 13. Repeating treatment (gray) controls the cancer population
(red) while the fibroblast population (blue) gradually reduces. We
simulate a mixed tumor of cancer cells and fibroblasts. Targeted
therapy reduces the cancer cell population but not the fibroblasts.
However, without stimulation, the fibroblast population declines
naturally. Repeating treatment controls the cancer cell population,
allowing the fibroblast population to revert to normal levels. After
several treatments, the tumor regrows slowly, without flare.

ensures the fibroblast population returns to normal levels in the
absence of cancer cell stimulation. These results suggests a
novel approach to dealing with the flare response.
Discussion. Aside from providing direct structural support
for the growing tumor, we expect the fibroblast-derived
extracellular matrix to have direct effects upon the behavior
of the tumor cells. Experimental studies have shown that plating
cancer cells onto purified ECM, such as laminin, collagen IV,
fibronectin and tenascin, directly regulates tumor survival
through the engagement of antiapoptotic signaling loops
mediated through integrins.'” Integrins are the primary
means by which cells sense their local environment and
integrin activation triggers signaling through a number of
prosurvival pathways including focal adhesion kinase (FAK),
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integrin-linked kinase (ILK), MAPK/ERK and PI3K/AKT/
mTOR. Of these, the MAPK/ERK and PI3K/AKT/mTOR-
signaling pathways are known to be critical in transducing
prosurvival effects following chemotherapeutic insult.>* Our
experimental studies clearly show that the plating of melanoma
cells onto a fibroblast monolayer reduces the level of cell death
observed following treatment with cisplatin.

The theoretical model clearly implicates the cancer cell
interactions with the fibroblasts as a key driver of therapeutic
escape, although it remains neutral about the biological
mechanism underlying these effects, since there are likely to
be multiple mechanisms through which this effect can be
mediated, including ECM—integrin engagement, paracrine
growth factor secretion and direct homotypic cell—cell
adhesion between melanoma cells and fibroblasts. Previous
work from our group has shown that melanoma cells adhere
strongly to fibroblasts through N-cadherin.*"**> This homotypic
cell—cell adhesion contributes to melanoma survival by
incre;ilsing levels of prosurvival AKT signaling in melanoma
cells.

While the experimental results focused on the fibroblasts
mediated resistance in response to a standard chemo-
therapeutic, the theoretical model investigated the potential
impact on a targeted therapeutic, with the key assumption that
the targeted treatment would not affect the fibroblast
population. This led to the surprising conclusion that the
fibroblast population may be facilitating the clinically observed
flare response. Another novel hypothesis that the model makes
concerns the timing of multiple targeted treatments: by
ensuring that each treatment coincides with the observed
growth in the fibroblast population, we were able to
significantly reduce the flare response. However, we must be
cautious about drawing conclusions from these model driven
hypotheses as so far none of them have been tested
experimentally.

B CONCLUSIONS

In this paper we investigated the role that fibroblasts play in
tumor growth, organization and treatment resistance. Using a
combined experimental and theoretical approach, we converged
upon several key predictions:

1. Fibroblast recruitment and division plays an important
role in tumor growth and organization, providing both
growth promoting and structural support.

2. Fibroblast activation has an even more significant impact
on tumor growth as it leads to rapidly growing tumors
that consist of a large blocked cancer population.

3. Fibroblast recruitment and activation often occur in
combination, leading to fatal scale cancers in a very short
time frame.

4. Fibroblasts contribute to melanoma drug resistance.

S. Fibroblasts may facilitate the clinically observed flare
response.

6. Targeted therapies may actually hasten tumor pro-
gression, if stopped, once resistance has occurred.

7. Multiple treatments strategically spaced may reduce the

flare response.

It is important to recognize that many of these predictions
come from a theoretical model that represents a generic tumor
that has not been parametrized from a specific experiment.
However, if specific parameters were to be obtained, the
dynamics of the model would remain the same but be less or
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more exaggerated. Ultimately, the model depends on the
synergistic relationship between tumor and stroma which may
be stronger in some cancers than others, but we believe this
relationship can fundamentally affect both tumor growth and
treatment and should be an important focus for cancer
research.

B MATERIALS AND METHODS

Cell Culture. The melanoma cells lines WM793, 1205Lu
and WM1366 are grown as described in ref 34. Primary human
skin fibroblasts are grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum; these
are infected with a lentiviral vector for GFP and undergo
fluorescence-activated cell sorting (FACS) to ensure that 100%
of the cells are GFP expressing.

Spheroid Formation. Collagen implanted spheroids are
prepared using the liquid overlay method described in ref 35
from 5000 cells in total. Coculture spheroids are prepared from
a 50:50 mix of melanoma cells (WM1366 or 1205Lu) and
primary human skin fibroblasts (FF2441). Fibroblast infiltra-
tion experiments are performed by adding 2500 GFP-tagged
FF2441 cells onto WM1366 spheroids cultured on agar.
Spheres are harvested after 24, 48, 72 and 96 h, fixed, made
permeable and stained with 4',6-diamidino-2-phenylindole
(DAPI) and then examined under an upright inverted
microscope.

Immunofluorescence Staining. For the adherent cul-
tures, a 50:50 mix of melanoma cells and fibroblasts are plated
onto coverslips and grown for 72 h before being fixed and made
permeable as described in ref 36. Then they are imaged with a
Leica confocal microscope at 40 times magnification. In other
studies, coculture spheroids consisting of melanoma cells and
fibroblasts are fixed with formaldehyde for 1 h, made permeable
with 0.2% v/v Triton X-100 and stained using the antibodies
listed below for 1 h at 37 °C. The primary antibody for
fibronectin is from BD Pharmingen, the antibody for tenascin is
from Research Diagnostics, the antibody for laminin was from
Oncogene and the antibody to collagen IV is from Oncogene.
Anti-mouse and anti-rabbit secondary antibodies are from
Invitrogen.

Scratch Wound Assay. FF2441 fibroblasts are grown to
100% confluence on 6-well plates in the presence of either
serum free DMEM or DMEM conditioned for 48 h by 1205Lu
melanoma cells. Cultures are then scratched with a p200 pipet
tip at time zero, and representative pictures are taken after 8 h
to show motility.

Western Blotting. Proteins are extracted and blotted as
described in ref 36. Approximately 100 spheroids are harvested
for each protein extraction. The antibody to fibronectin is from
BD Pharmingen, and the antibody to actin is from Sigma.

Fibroblast Mediated Melanoma Cell Survival. Human
fibroblasts are grown to confluence on 24-well plates and
treated with transforming growth factor f for 48 h (10 mg/
mL). 50,000 GFP-tagged human melanoma cells (1205Lu) are
added to the fibroblast cultures and allowed to adhere
overnight before being treated with either vehicle or cisplatin
(4 h; 20 uM) (Sigma). Cocultures are then allowed to grow for
a further 72 h before being fixed and the GFP-tagged cells
counted. Four high powered fields, at 40 times magnification,
are counted for each treatment. In control experiments, GFP-
tagged melanoma cells are plated directly onto 24-well cell
culture plates that are not coated with fibroblasts. These are
treated with either vehicle or cisplatin.
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