Results

1. Exploration of the regulation of epithelial formation using the
integrated model. Homeostasis is one of the main properties of the
epidermis so in virtuo experiments were first carried out to test
whether the intact in virtuo epidermis, which was created with the
agent and COPASI integrated model in the accompanying paper
had this property even when challenged by changing the initial
proportion of the cells that were proliferative. Firstly, the intact
virtual epidermis was simulated for 100 iterations under default
cell proliferation conditions (stem cell 1%, TA cell 2%). Cell
proliferation was found mainly in the stem and TA cell
compartments as expected (Fig. 1A) and the overall 3D structure
of the stratified squamous epithelium was maintained as the total
number of different types of NHKSs remained at a very stable level
(Fig. 1B).(This is explicable as terminally differentiated cells are lost
from the model). Then the cell proliferation rate was deliberately
increased to 10 times higher than the default level (stem cell 10%,
TA cell 20%), and yet very similar results were obtained as shown
in (Fig. 1C-D). This indicates the robustness of the model in terms
of its capability to simulate the basic structure of an intact
epidermis providing the inherent rules governing colony formation
(and hence differentiation) are not altered.

Then the differentiation rules in the model were relaxed and the
intact virtual epidermis was simulated for 100 iterations under
high cell proliferation (stem cell 10%, TA cell 20%) and default
cell proliferation (stem cell 1%, TA cell 2%) conditions. It was
found that under high cell proliferation conditions, some of the
stem cells stratified but did not differentiate into TA cells (Fig. 2B—
D), and similar results were observed in TA cells as the TA cell
layer became thicker and some TA cells existed in the committed
cell layer (Fig. 2C-D and Table 1) compared to the normal virtual
epidermis, which begins to simulate some of the features of
psoriasis. However, this was not obvious under default cell
proliferation conditions even when the differentiation rules in
the model were relaxed and the intact virtual epidermis was also
simulated for 100 iterations (Table 1), suggesting psoriasis might
be related to both cell proliferation and differentiation.

Figure 2. The influence of cell differentiation on homeostasis
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2. TGF-bl expression in the intact epidermis. In intact
epidermis, the expression of TGF-b1 is said to be limited to cells
with a certain level of differentiation [23,32]. As Fig. 3 and Table 2
demonstrate, the expression of TGF-bl in the intact virtual
epidermis was also limited to such stratified TA cells - the further
away from the BM, the higher the expression levels of TGF-bl in
these stratified TA cells, suggesting that this multi-scale model can
simulate the in vivo situation.

3. In virtuo investigation of epidermal wound healing. To create
a virtual epidermal wound, the in virtuo intact epidermal model was
deliberately ‘injured’ by removing all of the cells in the epidermis
down to the BM. The underlying damaged dermis surface was
then covered with provisional matrix ‘tiles’ to simulate the
provisional matrix in the wound bed as one of the emergent
events (Fig. 4A). To simulate the active TGF-bl released by
platelets and macrophages in the early stage of the wounding the
TGF-bl level at the wound surface was set to a high level.
Running the model using the ‘virtually injured’ epidermis
demonstrated that some basal and suprabasal cells (shown in
red) initially migrated from the wound margins onto the
provisional matrix while proliferation of these cells was not
observed (Fig. 4A). Model analysis clearly indicated that active
TGF-b1 (released by platelets and macrophages) [8,22,27,38,44]
played an important role at the early stage of epidermal wound
healing. In the presence of this active TGF-b1, the cells on the
dermal wound bed surface were more motile and less proliferative.
Thus the earliest stage of cell migration in this model was not
driven by the relatively slow up-regulation of cell proliferation as
reported [8-10,24,37,55,57]. Then as the epidermal cells on the
wound surface migrated into the wound bed, there was a burst of
keratinocyte proliferation at the wound margins, which provided
the extra source of NHK for the continuous epidermal migration.
As wound healing progressed, two distinguishable NHK popula-
tions appeared, proliferating keratinocytes mainly confined to the
wound margins and migrating keratinocytes mostly distributed on
the epithelial migration tongue moving toward the provisional
matrix (Fig. 4B). This emergent behaviour of the model simulates
results from several studies of TGF-b1 [8-10,58].

When the basal keratinocytes had totally covered the denuded
area they then started to stratify and differentiate into TA cells,
which further stratified and differentiated into committed cells and
then corneocytes, and finally the virtual epidermal wound was
totally re-epithelialised (Fig. 4C-F). As re-epithelization pro-
gressed, a provisional matrix was gradually remodeled into a
secondary matrix and then into a mature BM by the keratinocytes
(Fig. 4B-D) [9-10,12,25,32,55]. During the re-epithelialisation
process, all the epidermal cells were observed to migrate as a
coherent sheet as reported [8], again showing that the model
simulated the normal epidermal wound healing process.

4. Cell proliferation vs migration during epidermal wound
healing. The comparative requirements for cell proliferation and
migration in epidermal wound healing are not easy to determine.
It has been suggested that re-epithelialisation does not appear to
depend on cell proliferation since molecules such as TGF-bl
promote the migration of epithelial cells in organ cultures while

of the virtual epidermis.  Under high proliferation rates (stem 10%, acting as a po_tent inhibitor of keratlno_cytg proliferation, [9,59].
TA cell 20%), the differentiation rule in the agent based model was Model analysis at the cellular level indicated that when the
relaxed then the intact virtual epidermal was simulated for (A) 0, (B) migration rule was completely blocked, wound healing failed as all
50,(C) 100 and (D) 100 interactions. However, the committed cells and the epithelial cells simply started to overlap on top of each other at
corneocytes are not shown in (D). In the integrated model different  the wound margin instead of migrating forward to cover the
colours were used to represent keratinocyte stem cells (blue), TA cells denuded area (Fig. 5A—C). When only the hyperproliferation rule
(light green), committed cells (dark green), corneocytes (brown), ) ) .
provisional matrix (dark red), secondary matrix (Green), BM tile agent was blocked, par_t of the wound healed at a relatively SIOW rate due
to the low proliferation rate on the wound edges (Fig. 5D-F).

(light purple). Cell agent diameter=10vm.
doi:10.1371/journal.pone.0008515.9002 However, when all the cell proliferation was inhibited, the wound
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Table 1. The influences of cell proliferation and differentiation on homeostasis of the virtual epidermis.

Default proliferation

Default proliferation condition

High proliferation High proliferation condition

Cell type condition Differentiation rules relaxed condition Differentiation rules relaxed
Stem cells 190 190 190 191

TA cells 330 335 348 361

Committed cells 202 200 202 190

Corneocytes 104 103 108 106

doi:10.1371/journal.pone.0008515.t001

healing process was completely deterred except for the small area
near the wound edge which was covered by the initial cell
migration of superbasal cells (data not shown). The influence of the
block on migration rule or hyperproliferation rule on epidermal
wound healing was also evaluated by measuring the migration
distance of epidermal cells and the percentage of the wound area
that was covered by cells as shown in Fig. 6A-B. Model analysis
demonstrated that, at the earliest stage of re-epithelialisation, cell
migration was not driven by cell proliferation as this was inhibited
by factors such as TGF-bl [10,55,57]. After all the dedifferen-
tiated basal and superbasal cells migrated onto the denuded area,
cell proliferation then became crucial for further progress of re-
epithelialisation. The model showed that for a large wound re-
epithelialisation is almost impossible without the presence of an
extra source of new keratinocytes. Therefore, our in virtuo
experimentation clearly demonstrated that both cell proliferation
and migration are crucially important for re-epithelialisation—
particularly for extensive wounds. One implication is that the

Figure 3. The different concentration levels of TGF- bl in the
virtual epidermis. In the virtual epidermis the stratified cells with
relatively high expression level of TGEt were labelled with yellow

The total number of different types of keratinocytes were counted after intact virtual epidermal was firstly simulated for 100 interactions unddadk (stem 1%, TA cell
2%) and high proliferation rates (stem 10%, TA cell 20%), then the differentiation rule in the agent based model was relaxed and the intact virtuabepal was
simulated for 100 interactions under default (stem 1%, TA cell 2%) and high proliferation rates (stem 10%, TA cell 20%).

failure to heal of chronic wounds may be caused by abnormal (or
blocked) cell migration or a failure in cell proliferation or both.

The model was then used to investigate the re-epithelialisation
process in a relatively large wound. The model predicted that even
when cells have normal proliferation and migration rates, large
wounds still cannot be healed no matter how long the model
simulation is executed (Fig. 7E-H) compared with smaller wound
beds (Fig. 7A-D). The healing process of a large wound using the
integrated model is also illustrated in the attached Movie S1.
Model analysis showed that this is because keratinocytes in this
model are still regulated by the auto-regulation colony forming
mechanism. Thus before the cells can migrate sufficiently to cover
the large denuded area, they differentiate into committed cells and
or corneocytes. Therefore, in such large wounds it will be
necessary either to introduce a new source of keratinocytes not yet
terminally differentiated (in clinical practice this would be
achieved using skin grafts or tissue engineered skin) or to override
the differentiation rules of these cells. The model as configured
would achieve reepithelialisation of wounds of up a certain size
(i.e. the size of stem and TA cell colony)-wounds greater than this
would be predicted not to heal spontaneously.

In this research relatively small areas of epithelium were
modelled simply to save simulation time, however, in clinical
practice any full thickness burn wound of greater then 4 cm
diameter would be considered to require skin grafting for healing.
To make the in virtuo model dimensions closer to normal
physiology this maximum size of a full thickness wound that can
heal in practice could be introduced into the model to investigate
parameters such as the colony sizes of stem and TA cells during
wound healing, which are difficult to obtain in reality.

5. In virtuo investigation of TGF-b1 signaling during epidermal
wound healing. In the agent and COPASI based multi-scale
model, both the cellular level behaviour and sub-cellular TGF-
blmechanisms were simulated and monitored. This allows us to
now select a range of cells of interest during wound healing for
detailed investigation at both the cellular and sub-cellular levels.
Fig. 8A (insert) and Table 3 show the sub-cellular parameters and
the exact positions of the 6 cells selected at an early stage of the
wounding, while Fig. 8B (insert) and Table 4 show the sub-cellular
parameters and the exact positions of these cells during wound
healing. The influence of TGF-b1 on epidermal wound healing

colour (A), In the integrated model different colors were used to Was then investigated at the sub-cellular level.

represent keratinocyte stem cells (blue), TA cells (light green),  As shown in Fig. 8A, at the initial stage of wound healing, the
committed cells (dark green), corneocytes (brown), provisional matrix active TGF-b1 released by platelets and macrophages at the site of
(dark red), secondary matrix (Green), BM tile agent (light purple). Some jnjyry initiated the outgrowth of epidermal cells by facilitating
of the cells with relative low expression level TG were also keratinocyte migration [60]. The cells regulated by TGF-bl
illustrated using a simple thermal (B). Cell agent diameter = hin. As became | roliferati nd re induced t ress TGE-bl
an example, the sub-cellular parameters and the exact positions of the (Fiza 8;) eséo%s%éjeitll\)l/e :‘h ) i{‘:‘;iri Iindllj.l((::id icr)liteiglp neilsisgration- o

selected 9 cells in the epidermal wound were listed in Table 2.
doi:10.1371/journal.pone.0008515.g003 basal and superbasal cells [8-10,24,37] was not driven by the
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In this research the integrated modelling approach was used to
investigate the functions of TGF-bl at both sub-cellular and
cellular levels. Model analysis demonstrated that a temporal-
spatial concept of TGF-bl expression/signaling was crucial to
understanding its roles in epidermal wound healing. As the model

Table 4. The positions and the sub-cellular parameters and of
the randomly selected 6 cells in the epidermal wound as
shown in Fig. 8B.

Note: LRE level is the TG#: ligand-receptor complex level on the membrane
of endosome.
doi:10.1371/journal.pone.0008515.t004

[8,49,65]. For example, the traditional 2D in vitro wound healing
models in tissue culture plates not only lack complete differenti-
ation of the cultured epithelium [58], but also induce TGF-bl
synthesis due to the absence of any BM [23]. Although
organotypic models have fully differentiated keratinocytes, they
also have limitations as wound healing is affected both by tissue
architecture and the participating cell types [53]. In vivo
approaches, including transgenic mouse models, are able to
embrace globally what happens during skin wound healing but the
complexity provided by the coexistence of many cell types and
many sub-cellular pathways makes it difficult to identify and
address specific questions about TGF-b1 [11,44,48,66].

Figure 9. In virtuo investigation of the functions of TGF- bl
during epidermal wound healing. TGFb1l was assumed to be

Cell Promoter mRNA TGF- illustrated, only the NHKs close to the migration front were

No. level level  Betal LRElevel Cell position simulated to express TGF-b1l due to their interactions with the

5 y 2 provisional matrix. It was this migratory keratinocyte population

that was regulated by TGF-b1, while the proliferative keratinocyte

! 1.49 2240 31409 1983 136.71 72.62  0.48 population was not influenced by TGF-bl. Therefore, the

2 105 15.68  198.00 15.38 131.73 9410 091 pjological roles of TGF-b1l on wound healing were not conflicting
3 1.32 19.86  270.24 18.15 139.72 3419 0.96 in the context of healing a wound in a 3D epithelial tissue.

4 0 0 10 0 40.72 59.78 27.40 Our model supports TGF-b1l playing an important role in

5 0 0 10 0 3102 2060 1822 Keeping the balange between migration and_ proliferation for

5 0 0 10 o EET—— normal wound healing. Model analysis further indicated that any

disruption of TGF-b1 expression or signalling could influence the
healing process leading to chronic wounds or hypertrophic
wounds as indicated by biological research [66].

Simulation of the sub-cellular mechanisms in the epidermal
wound healing suggested that such biological information, such as
to what extent TGF-bl can influence cell migration and
proliferation, is crucially important for us to calibrate the model
before it can be used by biologists to explain or investigate more
complex biological questions in the laboratory. The experience of
developing this integrated model also clearly demonstrated the
advantages and disadvantages of the simple biological rules in the
agent based model and the mechanisms in the COPASI model. A
balance between simple biological rules and complex sub-cellular
mechanisms is crucially important to develop a multi-scale model
based on current biological knowledge.

It is obvious that there are still many limitations in this multi-
scale model. It does not go into details on which attachment
factors or mitogens are produced during the wound healing
process, or how cells respond to factors other than TGF-bl.
However despite these limitations the current study demonstrates
the potential of such models to become a powerful tool for
understanding complex biological systems at a system level and
guiding our research.

In summary, in this study we describe a novel computational
model of epidermal wound healing, based on previously
published experimental work both at the cellular and sub-
cellular levels, enabling hypotheses to be readily generated and
tested. This synergy between different modeling approaches has
the potential to become a powerful tool for understanding how
cells organize into tissues. An immediate ‘‘deliverable” to
biologists is an easy to follow 3D in virtuo model which explains
how TGF-bl acts in wound healing in a highly coordinated
manner to inhibit cell proliferation and stimulate cell migration.
Further the model can now be used to investigate hypotheses
behind chronic wound healing and scarring or to predict the
number of keratinocytes with colony forming ability required to
heal extensive skin wounds. At the sub-cellular level, the model
can be employed for example to improve our understanding of
how to deliver TGF-b1 to achieve better wound healing. The
model can also be modified to explore questions about the

responsible for 60% of cell migration and inhibit 60% of cell N h . :
hyperproliferation. Its migration function was blocked and the virtual ~ application of other growth factors which biologists currently try
epidermal wound was simulated for (A) 0, (B) 200, (C) 400 interactions. to answer at an empirical level.

In another in virtuo experiment, its hyperproliferation inhibition

function was blocked, and the virtual epidermal wound was simulated . .

for (D) 0, (E) 200, (F) 400 interactions. In the integrated model different Supporting Information

c_olours were used to represent keratinocyte stem cells (blue), TA cells Movie S1 The integrated model is used to illustrate the healing
(light green), committed cells (dark green), corneocytes (brown),
process of a large wound.

provisional matrix (dark red), secondary matrix (Green), BM tile agent : .
(light purple). Cell agent diameter=1Grm. Found at: doi:10.1371/journal.pone.0008515.5001 (7.38 MB
WMV)

doi:10.1371/journal.pone.0008515.g009
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Figure 10. In virtuo investigation of the functions of TGF-

bl during epidermal wound healing.
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TGFb1 was assumed to be responsible for

60% of cell migration and inhibit 60% of cell hyperproliferation. Its migration function and proliferation inhibition function at subcellular Idweere

blocked respectively in two in-virtuo experiments and the virtual epidermal wound was then simulated 400 interactions. (A) Migration distance and
(B) percentage of the wound area that covered by epidermal cells were used to evaluated the influences of the block of two functions on epidermal

wound healing.
doi:10.1371/journal.pone.0008515.9g010
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