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Abstract

Although fibroblasts play an essential part during the wound healing response, the mechanisms

by which they mediate tissue remodelling and contraction are still unclear. Using live cell and
matrix imaging within 3D free-floating fibroblast-populated collagen lattices as a model for tissue
contraction, we compared the behaviour of a range of fibroblasts with low and high contraction
abilities and analysed the effect of the broad spectrum MMP-inhibitor GM6001 on cell behaviour
and matrix contraction. We identified two mechanisms underlying matrix contraction, one via
direct cell-mediated contractile activity, the second through matrix degradation. These appear

to be linked to cell morphology and regulated by the collagen concentration within the matrix.
Cells with a rounded morphology proliferated in the matrix but did not remodel it efficiently,
resulting in a poor ability to contract matrices. Cells with an elongated morphology showed higher
levels of protrusive activity, leading to efficient matrix remodelling and contraction. GM6001
inhibited week-long matrix contraction to various extents with the different cell lines. However,
quantitative analysis of the cell protrusive activity showed that GM6001 consistently decreased
cell dynamics in 3D by about 20%, and this was correlated with a significant reduction in

early matrix contraction. Overall our results suggest that although fibroblast-mediated matrix
contraction depends on both cell dynamics and MMP-mediated matrix degradation, the efficiency
of GM6001 treatment in preventing contraction might be linked to a direct effect on cell dynamics.
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Introduction

Tissue contraction is a fundamental part of a number of important biological processes, such
as tissue morphogenesis and wound healing, and a wide range of debilitating pathologies are
associated with abnormal contraction and scarring, from a reduction in visual function and
blindness following ocular surgery to painful contractures in Dupuytren’s disease or burn
injuries. However, although resident cells such as fibroblasts are believed to play in key role
in controlling this process, the mechanisms by which they remodel their environment remain
unclear. Identifying such mechanisms would be of immense value to predict and modulate
tissue contraction and scarring in clinical settings.

During the wound healing response, fibroblasts are activated and recruited to the wound
site to repair the tissue damage by remodelling the matrix (Grinnell, 1994). The free-
floating fibroblast—populated collagen matrix is a well-known /7 vitro model to study

tissue contraction (Bell et al., 1979; Grinnell, 2003). Within such a pseudo-physiological
3D environment, stimulated cells start to remodel the collagen network as they spread
within the matrix. They attach to neighbouring collagen fibres through cycles of extension
and retraction, applying force to the matrix through the contacts and promoting structural
reorganization of the collagen architecture (Tomasek et al., 2002). We have shown that
during early contraction, this dynamic cellular activity generates a net contraction force,

or intrinsic cellular force, that is an important parameter underlying the cells’ ability to
contract collagen matrices (Dahlmann-Noor et al., 2007). However, during the different
stages of tissue remodelling, fibroblasts also express multiple soluble or membrane bound
components such as collagen receptors, growth factors, extracellular matrix (ECM) proteins
and more particularly proteases, such as matrix metalloproteinases (MMPSs) (Finlay et al.,
2000; Ignotz and Massague, 1986; Ravanti and Kahari, 2000). MMPs are a family of

25 endopeptidases, largely targeting ECM components. They have been shown to play
important roles in the wound healing response (Ravanti and Kahari, 2000; Sternlicht and
Werb, 2001; Wong et al., 2002), with a frequent association between impaired MMP activity
and reduced wound healing and matrix remodelling (Bullard et al., 1999; Page-McCaw et
al., 2007; Romer et al., 1996). Consequently, a number of studies have focused on utilizing
MMP inhibitors in order to modulate the effects of post-operative scarring (Daniels et

al., 2003; Wong et al., 2005). However, the exact mechanisms by which broad-spectrum
MMP inhibitors deliver a decrease in contraction are not clear. Although MMP inhibition
does not affect the contractile force generated by fibroblasts (Phillips et al., 2003), it

has been shown to affect cell phenotype and dynamics (Sabeh et al., 2004; Wolf et al.,
2003). In particular, cancer cells can switch from protease-led to acto-myosin based motility
following MMP inhibition (Sanz-Moreno et al., 2008), and the same proteases can directly
influence fibroblast motility (Sabeh et al., 2009a). As the cell dynamics as we measured
them (i.e. protrusive activity) traditionally underlie fibroblast motility (Tomasek et al.,
2002), we speculated that fibroblasts could appropriate the traditional cell motile machinery,
combining cell dynamic activity and MMP-mediated matrix degradation, to contract and
remodel the extracellular matrix in the context of tissue contraction. We describe a detailed
analysis of cell behaviour during matrix contraction in presence or absence of MMP
inhibitor GM6001, comparing various types of fibroblast lines with different abilities to
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contract collagen matrices. We demonstrate that fibroblasts, like tumour cells, use both
active protrusive behaviour and local degradation to achieve collagen matrix contraction.
Furthermore, our work suggests that the effect of broad-spectrum MMP inhibition on matrix
contraction is unexpectedly linked to an effect on cell dynamics.

Material and Methods

Cell culture and reagents

Human Tenon’s capsule (HTF5003 and HTF7071, from 2 different donors) and scleral
(HSF) fibroblasts were isolated as previously described from donor tissue in accordance
with the tenets of the declaration of Helsinki and local ethics approval (Daniels and Khaw,
2000). Human dermal fibroblasts (HDF) were a gift from Robert Brown (UCL Tissue
Repair & Engineering Centre). Mouse fibroblast NIH3T3 cell line was a gift from Richard
Treisman (Cancer Research UK). The cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Sigma), 2 mM L-
glutamine, 100 1U/ml penicillin, 100 mg/ml streptomycin (Invitrogen) at 37° C with 5%
COy. HTF, HSF and HDF were used between the passages 3 and 12 and 3T3 fibroblasts
between passages 5 and 15. For live imaging, DMEM was replaced by Leibovitz L-15
medium with L-glutamine and without phenol-red (Invitrogen). Broad spectrum MMP
inhibitor GM6001 (Millipore) was prepared from lyophilized powder as 20 mM stock
solution in dimethyl sulfoxide (DMSO).

Collagen contraction assay

Three-dimensional fibroblast-populated collagen gels (1.5mg/ml of collagen type I, First
link (UK) Ltd.) were prepared as previously described (Dahlmann-Noor et al., 2007),

using the following cell concentrations: 0.5x10° (HTF), 2.6x10* (HDF), 14x10° (HSF) and
1.5x10° cells/ml (NIH3T3), to achieve comparable contraction curves for all cell type, with
a plateau around day 5-7. MMP inhibitor GM6001 was added to both the matrix mix and
the medium at the required concentration (usually 100 uM). 0.7 and 1.1 mg/ml collagen
gels were obtained from 1.1 mg/ml and 1.6 mg/ml collagen solutions, respectively prepared
by dilution of the standard stock solution (2.1mg/ml of collagen) in 0.6% of acetic acid,
while 2.2 mg/ml and 3.0 mg/ml gels were obtained using a 4.5 mg/ml stock solution in
0.6% of acetic acid made from lyophilized collagen (First link (UK) Ltd). Macroscopic gel
contraction was monitored daily by digital photography of the gels, and gel area quantified
using Image J software (http://rsh.info.nih.gov/ij/). Relative changes in gel area are reported
as a percent of the original area (contraction %). Cell numbers were determined on parallel
sets of gels, following treatment with 0.05% collagenase D (Roche) for 20 minutes at 37°C
with vigorous shaking. The cells were pelleted by centrifugation at 1800 rpm for 10 minutes,
resuspended in PBS (containing Ca*2 and Mg*2) and counted using a hemocytometer. Cell
viability was determined using Trypan Blue staining exclusion (Sigma). Contraction/cell
(contractibility) was calculated by dividing the macroscopic gel contraction value by the
average number of cells per gel (obtained from at least triplicate values) at each time point.
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Microscopy and image analysis

Collagen gels were cast as above (HDF, HTF5003 and HTF7071), or with a lower cell
density (20000 cells/ml for 3T3 and HSF and 7500 cells/ml for HTF5003) to allow us to
study single cell activity (no difference in cell behaviour was detectable with the lower

cell density- not shown). For live cell imaging, the gels were transferred to a pre-heated
microscope stage (Zeiss Axiovert 100/Biorad confocal laser scanning microscope or Zeiss
Axiovert 100M coupled to a computer driven acquisition station, Improvision/Perkin Elmer)
at 37°C, and allowed to stabilize for another 30 minutes before imaging was started.

The collagen matrix was imaged by confocal reflection microscopy on live or fixed gels

as previously described (Brightman et al., 2000). Briefly, long working distance objectives
(Olympus LCP Plan FI 60x, NA 0.70, infinity corrected, or Zeiss 63X/0.75 plan neo fluar
with correction collar) were fitted to a Zeiss Axiovert S100/Biorad Radiance 2000 confocal
microscope. Specimens were illuminated at 488nm, and the 488nm reflected light was
detected by a photomultiplier tube (PMT) through a polarisation filter to image the matrix
fibres. Simultaneous reflection and DIC/transmission images were acquired in parallel and
individual cell full volume was acquired using 0.5-3 um steps every 15 minutes for 15
hours. For cell behaviour analysis only, phase/DIC images were recorded on an Zeiss
Axiovert 100M inverted microscope, using the objectives above or a Zeiss plan neo fluar
20X/0.50, with a z-stack acquired every 15 minutes for a minimum of 4 hours using

an ORCA-ER camera coupled to an Openlab-driven image acquisition system software
(Improvision/Perkin Elmer UK). Cell area and changes in cell shape (circularity) were
quantified using the standard Image J tools. Cell protrusive activity was quantitated using
the dynamic index (DI), which quantifies the remodelled area of the cell (i.e. protrusion plus
retraction) as a function of the cell area (Dahlmann-Noor et al., 2007). Briefly, the acquired
z-stacks were imported into ImageJ or Openlab software and compressed into single images
using the maximum intensity projection setting. The outline of individual cells was manually
traced to allow accurate image thresholding. Cell areas were superimposed from one time
point to the next and areas of retraction and protrusion were calculated. The cell dynamic
activity, or “dynamic index” (DI) was calculated for each time frame as:

(areas of protrusions + areas of retractions ) from#,, to t,; 4 15

cell areaatty,

The resulting DI value for each cell was calculated as the average of all values recorded for
a minimum of 3 hours (i.e. minimum 12 individual calculations, most often 20 or more). All
analyses were performed “blind”, with individual movie names coded.

Cell migration in 2D

HTF were plated at low confluency (40000 cell/ml) and incubated overnight in presence of
10% FBS or 10% FBS with 100 uM GM6001. The cells were transferred to a microscope

stage equipped with an environmental chamber at 37°C. Phase images were recorded every
10 minutes for a minimum of 4 hours using a Zeiss plan neo fluar 10X/0.30 objective fitted
to a Zeiss Axiovert 100M/Openlab station described above. The images were imported into
Openlab where the outline of individual cells at each time point was traced and the centroid
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position was tracked. The data was imported into ImageJ to calculate motility parameters
(velocity and directionality) using the “chemotaxis tool” plugin, and the dynamic index
using our customized macro as above.

Statistical analysis

Statistical analysis was performed using the Student’s t test to establish significant
differences (probability P displayed where appropriate). Graphs display mean + SEM.

Results

A specific combination of local fibre rearrangement, matrix degradation and cell
proliferation underlies fibroblast matrix contraction signature

We have previously shown that early gel contraction is linked to the cells’ dynamic

activity within the matrix, which in turn generates a net contraction force (Dahlmann-Noor
et al., 2007). Here, we used confocal reflection microscopy to analyse in detail cell
behaviour and matrix remodelling during collagen gel contraction, comparing fibroblasts

of different origins and abilities to contract collagen matrices in presence of 10% serum:
highly contractile primary human Tenon’s capsule (2 lines from different donors, HTF5003
and HTF7071) and dermal fibroblasts (HDF), poorly contractile primary human scleral
fibroblasts (HSF), and moderately contractile mouse NIH3T3 fibroblasts (3T3). While HDF,
HTF (both lines behaving similarly) and 3T3 spread well within the 3D matrix, forming
numerous extensions, HSF remained largely ball-shaped (Fig. 1). Essentially two behaviours
were observed with respect to the remodelling of the matrix. First, although none of the cells
significantly translocated within the gels, cell-matrix interactions induced an alignment of
the collagen fibres emanating radially from the cell body and tip of the largest extensions
(Fig. 1, arrows). This behaviour was particularly pronounced with HTF, which showed fibre
alignment as early as 30 minutes after cell seeding (t Oh, Fig. 1) and dramatic reorganisation
of the matrix within 24 hours, but virtually absent with HSF. Fibre alignment was dependent
on the presence of serum, as no alignment was visible after 24 hours, even for the HTF,

in matrices incubated in serum-free medium (Supplementary Fig. S1A). The second form

of matrix remodelling observed was degradation, either through a general fading of the
matrix network (in HDF, as well as at later times for HTF and 3T3, Fig. 1), or in the form

of pericellular voids merging into almost complete matrix disintegration (mostly in HSF,
Fig. 1, arrowheads). The different behavioural interactions of the cells with the matrix were
associated with a different organisation of the filamentous actin cytoskeleton. While all 3
highly contractile cells (HDF, HTF and 3T3) displayed some form of intracellular bundles
and enhanced staining at the tip of the cell extensions, HSF showed only a dense cortical
F-actin staining (Supplementary Fig. S1B).

Previous work suggested that matrix density could influence cell behaviour (Zhu et al.,
2001). To explore whether some of the behaviours above were matrix-density dependent,
we analysed 3 representative fibroblast lines with high, medium and low gel contraction
abilities (respectively HTF5003, 3T3 and HSF) in matrices of collagen concentrations
ranging from 0.7-3 mg/ml. For comparative purposes, cell seeding numbers in the gels
were adjusted for each cell line so that matrix contraction kinetics in standard conditions
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(1.5 mg/ml collagen) were similar for all 3 cell lines (Fig. 2A, circles). As expected,

lattice contraction was roughly inversely correlated to the collagen concentration for all

3 cell types (Fig. 2A). On the other hand, while the HTF did not divide in the matrix
irrespective of the collagen concentration (not shown), 3T3 and HSF proliferation was
broadly proportional to the collagen concentration (although a decrease in cell numbers for
3T3 at 3 mg/ml collagen suggests an optimal collagen concentration for cell division; Fig.
2B). However, the cells overall retained a consistent contractibility profile (contraction/cell)
irrespective of the collagen concentration (short rise leading to a plateau for 3T3 and HSF,
sustained increase for HTF), with contractibility levels inversely proportional to the collagen
concentration (Fig. 2C). Lower density matrices promoted the formation of early pericellular
fibres alignment around HSF while, conversely, high collagen concentrations reduced cell
spreading, prevented fibre alignment, and induced the appearance of significant pericellular
voids for 3T3 and HTF (Fig. 2D). Interestingly, despite these changes in behaviour, there
were no significant changes to the actin cytoskeleton organisation (data not show).

MMP inhibition affects matrix contraction through alterations in cell dynamics

Our analysis of the cell and matrix behaviour during contraction identified some form of
matrix degradation and remodelling, largely appearing after 24-48 hrs (Fig. 1). We thus
examined the effects of the broad-spectrum MMP inhibitor GM6001 on matrix contraction
and cell behaviour. Overall, GM6001 was poorly efficient at preventing fibroblast-mediated
matrix contraction at concentrations normally sufficient to inhibit most metalloproteinases
(Supplementary Fig. S2A). Consistent with previous work (Daniels et al., 2003; Wong et
al., 2004; Wong et al., 2005), a concentration of 100 uM was necessary to achieve maximal
inhibition for all cell types, and was adopted for all further experiments (Supplementary
Fig. 2A and S2C). Despite being rather high, such concentration was not toxic for the cells
in collagen gels, as we could not detect any significant decrease in cell numbers/viability

in presence of GM6001 compared to cells in regular medium, even after a week, using a
standard cell proliferation/viability assay (Alamar Blue assay, Fig.S2B), nor could we detect
a significant amount of dead cells in the gels upon direct cell counting in the presence of
Trypan Blue (Fig S2A). No apoptosis could be detected in the gels either, even after 7

days (Tunnel assay, not shown). There was a distinctive, although not significant, trend for
reduced cell numbers in the gels in the presence of 100 yM GM6001, most pronounced for
the cells with high proliferative capacity (HSF and 3T3, FigS2A), suggesting that a high
concentration of GM6001 could affect cell proliferation. This was however not sufficient
to account for the strong effect of GM6001 on cell-mediated matrix contraction in the cell
lines that did not proliferate significantly in the gels such as HTF and HDF. Following
treatment with the highest GM6001 concentration (100 uM), the total soluble MMP activity
measured after 3 and 7 days was significantly decreased, but not completely abolished, as
measured both by fluorimetric assay and zymography (Supplementary Fig. S3A and S3B).
Surprisingly the treatment significantly increased MT1-MMP/MMP14 activity (as well as
total membrane bound MMP activity- not shown) in HTF (Supplementary Fig. S3C).

Only HTF5003 were dramatically and consistently impaired by GM6001 treatment in their
ability to contract collagen matrices (by 70% at day 7), while all other cell lines, including
3T3 and HSF, though significantly delayed, still contracted the matrices after 7 days by
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at least half as much as in the control (Fig. 3A and Supplementary Fig. S2A and S2C).
GM6001 effect on the contraction was also more pronounced in the early stages of the
contraction, despite the drug being replaced in the medium every 2 days. Confocal analysis
of matrices following treatment with GM6001 showed, as expected, a decrease in matrix
degradation, particularly in the form of the persistence of a distinct fibre pattern in HTF

as opposed to the haze seen in the control. Surprisingly, they also show a reduced fibre
alignment in the pericellular region at early time points (Fig. 3B), suggesting that the cell
dynamics have been affected. We analysed the effect of GM6001 treatment on the dynamic
behaviour of the cells in the matrix, using our custom designed parameter, the Dynamic
Index (DI) (Dahlmann-Noor et al., 2007). The DI measures the total area of dynamic
activity (i.e. protrusion plus retraction) as a function of the cell area, thus giving an accurate
representation of how much of the cell area is being remodelled over a given period of

time (see Material and Methods). Fig. 4A shows a representative view of the different
fibroblast morphology in control collagen matrices in presence of 10% serum at early time
points (corresponding Supplementary movies 1a, 1b, and 1c). Cell spreading was associated
with the extension and retraction of multiple pseudopods for 3T3 and HTF, resulting in an
increase in cell area towards a maximum value around 15 hours post-seeding. HSF displayed
continuing protrusive activity as well, but the minute protrusions generated resulted in poor
spreading. Although HTF spreading appeared delayed in the presence of GM6001, the drug
did not significantly affect cell spreading during the first 15 hrs in any of the 3 cell lines
analysed (Fig. 4B). However, GM6001 treatment significantly affected the HTF dynamic
activity during spreading (Fig. 4C; average DI over the last 6 hours: 0.49+0.05 for FBS
versus 0.37+£0.02 for GM6001 treated cells, P=0.02). It did not have a significant effect

on the 3T3 or HSF during that period. To confirm whether the effect of the MMP inhibitor
on the HTF dynamic index was a general effect on the cell dynamics or a specific effect
due to the cells being within a 3D environment, we compared the effect of GM6001 on the
behaviour of the HTF in monolayers or in 3D gels after the cells had reached full spreading
(i.e. 9 hrs post seeding). Overnight treatment of HTF in monolayers with 100 uM GM6001
in presence of 10% of serum resulted in a major decrease in cell area (8220+942 pm? for
19 control cells; 2726+217 um? for 20 treated cells), and an increase in circularity (Fig. 5).
Both cell protrusive activity (DI) and persistence were also increased, leading to an overall
increase in cell motility (Fig. 5 and Supplementary movies 2a and 2b). By contrast, both the
dynamic index and the velocity were significantly decreased in collagen gels, whilst neither
the cell shape, nor the directionality, were altered, resulting in very little cell movement.

As this suggested that the effect of the GM6001 treatment on cell dynamics was specific to
cell behaviour in 3D rather than a peculiar reaction of HTF5003, we analysed the early 3D
dynamic behaviour of all our cell lines in presence of GM6001, as well as its effect on their
ability to contract collagen matrices (Table 1). With the exception of the poorly contractile
rounded HSF, all cell lines analysed displayed a reduced dynamic index in presence of
GM®6001 (by about 20%, as measured within the first 24 hours) and a significant decreased
in matrix contraction at 24 hrs (Table 1) and 48 hrs (not shown).
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Discussion

As the main resident cells in connective tissue, fibroblasts participate in the maintenance and
repair of a wide range of collagen matrix types within the body (Ross and Odland, 1968).
Using the classical free-floating fibroblast-populated collagen lattice as a model for tissue
contraction (Bell et al., 1979; Grinnell, 2003), we have previously shown that early matrix
contraction is linked to the cells” dynamic activity within the matrix, which in turn generates
a net contraction force (Dahlmann-Noor et al., 2007). Here we further analysed the cell
behaviour during contraction and characterized the parameters linked to fibroblast-mediated
collagen matrix contraction examining a range of fibroblasts with different abilities to
contract collagen matrices.

Overall, we showed that matrix contraction resulted from a combination of two main
processes: local active collagen fibre alignment through cellular protrusive activity and
matrix degradation. Although some cell lines showed significant proliferation in the gels,
they tended to be the fibroblasts with a low ability to contract collagen matrices (3T3,
HSF). Indeed, for all the cells analysed, the ability to contract collagen matrices was
broadly correlated to the level of cell spreading within the matrix, as well as the cells’
protrusive activity (consistent with our previous work (Dahlmann-Noor et al., 2007)), but
inversely related to cell proliferation. As the high proliferating cells (HSF) display low
intrinsic cellular force (Dahlmann-Noor et al., 2007), this suggests that cells with low
intrinsic force can use proliferation as a means to compensate for individual cell weakness
to remodel the matrix. Interestingly, the high proliferative activity of HSF, characterized

by the formation of large cell clusters in the matrix, was accompanied by a dramatic
pericellular degradative phenotype with large voids within the matrix around the cells. This
local collagen remodelling could potentially participate in the activation of proliferation

by releasing the spatial restriction round the cells as previously shown for tumour cells
(Hotary et al., 2003), which is consistent with the trend in reduced cell proliferation that we
observed in presence of GM6001. Thus, for cells with low intrinsic contraction force such
as HSF and 3T3, and which rely on high levels of proliferation in the gels to significantly
remodel the matrix, such a decrease in cell proliferation could account to some extent

for the observed reduction in matrix contraction in presence of GM6001. While collagen
density had an effect on the degree of matrix contraction and cell proliferation as previously
reported (Bell et al., 1979; Zhu et al., 2001), the overall contractibility profiles (contraction/
cell) remained the same for each cell type, suggesting that the contraction force per cell

is independent of the matrix density and reflects a cell “matrix contraction” signature. In
addition to a specific contractile phenotype, all the fibroblasts analysed here displayed some
form of matrix degradation during contraction. Most of this activity took place after 24

hrs, and correlated with a significant increase in expression and activity for both soluble
and membrane-bound MMPs during matrix contraction for all cells analysed. This was
notable despite the well-known presence of MMP inhibitors in serum (Lee et al., 1999;
Ylisirnio et al., 2000), suggesting that fibroblasts produce a large amount of MMP-mediated
protease activity during matrix contraction, clearly more than could be inhibited by any
inhibitor activity present in the serum. As membrane-bound MMPs such as MT1-MMP and
MT2-MMP have been shown to efficiently degrade type | collagen (Sabeh et al., 2010;

Eur J Cell Biol. Author manuscript; available in PMC 2021 October 12.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Martin-Martin et al.

Page 9

Sabeh et al., 2009a; Sabeh et al., 2009b) and are poorly inhibited by serum as they are
released on the cell membrane as active forms (Li et al., 2008; Sabeh et al., 2010), this
could also suggest that a significant proportion of the matrix degradation observed during
contraction is linked to localised matrix proteolysis through a membrane-bound MMP.

The dynamic behaviour of fibroblasts in collagen matrices during early contraction consists
of cycles of cell extension and retraction, with the level of activity (Dynamic Index) related
to the cells ability to contract collagen gels (Dahlmann-Noor et al., 2007). We confirm here
with a larger sample that the DI is predictive of the fibroblasts’ ability to contract collagen
matrices. More importantly, we show that GM6001 treatment leads to a decrease of the cell
dynamic index by about 20% for all the cells analysed, and that this decrease correlates
with a decrease in early matrix contraction. Although some reports have suggested that
GM6001 might have an effect on cell dynamics, notably studies on tumour cell movement
in vitro (Wolf et al., 2003) and post-injury corneal epithelium spreading /n vivo (Kato et

al., 2006), our report is the first to quantitatively assess the decrease in protrusive activity in
3D following GM6001 treatment and link it to a decrease in matrix contraction. As a) we
have shown previously that an alteration in adhesion can decrease growth factor-mediated
protrusive activity to an extent similar to the effect of GM6001 observed in this study
(Bailly et al., 1998), and b) cells converting to the ameboid rounded phenotype display
reduced adhesion phenotype (Sanz-Moreno et al., 2008; Wolf et al., 2003), this suggests that
GM6001 could affects the cells’ dynamic behaviour by modifying cell adhesion. Previous
work has shown that treatment with GM6001 altered the MT1-MMP and integrins profile

in tumour cells (Wolf et al., 2003). It also increased significantly the amount of MT1-MMP
activity in dermal fibroblasts (Townley et al., 2008), whilst at the same time decreasing
their ability to contract collagen matrices, similar to the effect on the HTF in the present
study and suggesting that the cells may be trying to compensate for the blocking effect of
GM6001. Although the increased in MT1-MMP was demonstrated after 48hrs (Townley et
al., 2008) or 3 days in our study above, it is possible that GM6001 has an even earlier effect
on MT1-MMP activity that would be significant enough to disturb integrin distribution and
alter adhesion patterns. Interestingly, as a) GM6001 treatment can convert tumour cells with
a mesenchymal phenotype (fibroblast-like shape and fully spread, i.e more similar to the
fibroblasts with a high DI in our study) to an amoeboid phenotype (rounded cells with a
blebbing-like phenotype; (Hooper et al., 2006; Wolf et al., 2003)), b) the conversion from
the elongated to the rounded phenotype has been shown to be dependent on the level of Rac
activity, and c) cell protrusive activity is most commonly linked to downstream activation
of Rac, it is tempting to suggest that GM6001 could decrease protrusive activity through

a downregulation of Rac activity. Indeed, an effect of GM6001 on integrin engagement
could result in the observed decrease in protrusive activity through a decrease in Rac
activation (DeMali et al., 2003). Although more work is needed to test this hypothesis,

our preliminary data indicates that Rac activation is indeed essential for fibroblast-mediated
matrix contraction (V. Tovell, manuscript in preparation). Finally, although there are striking
similarities between tumour cell motility phenotype in 3D and fibroblast-mediated matrix
contraction, it is clear that these represent two different processes. Unlike tumour cells
movement, fibroblast-mediated collagen contraction appears linked to adhesion, particularly
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through integrins, as blocking adhesion prevents contraction (Cooke et al., 2000; Langholz
etal., 1995).

Overall, our study indicates that two different mechanisms mediate matrix contraction,

one via contractile activity, intrinsic to cell type, and the other through proliferative and
degradative activity, which appear to be linked to the different cell morphologies. Cells with
a more rounded morphology are less efficient at matrix remodelling, use a proliferation-
dependent mechanism to contract the matrix efficiently, and are poorly inhibited by
GM6001. Cells with a more elongated morphology actively remodel the matrix and are
overall more sensitive to broad-spectrum MMP inhibition. More importantly, we show

that the broad-spectrum inhibitor GM6001 directly affects cell protrusive behaviour and
that this correlates with a decreased ability to contract matrices. These behaviours bear
striking similarities to the morphological changes observed during mesenchymal-amoeboid
transition (MAT) in tumour cells (Hooper et al., 2006), raising the interesting possibility
that the underlying signal transduction pathways might be similar. Although further work

is needed confirm this, we present evidence that, while MMP inhibitors clearly are an
appropriate target for the modulation wound healing and tissue contraction (Daniels et al.,
2003; Mirastschijski et al., 2004; Scott et al., 1998), further work is needed to understand
how they work as, just like for tumour cells, their efficiency might be linked to particular cell
phenotypes.
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Figure 1. Serum stimulation promotes local matrix deformation and degradation during
contraction.

Cells were seeded in collagen matrices in medium containing 10% FBS, and images of
fixed (HTF5003, 3T3) or live (HDF, HSF) gels were obtained using confocal reflection
microscopy at different times after matrix polymerisation. HTF and 3T3 induced a rapid
marked pericellular alignment of the collagen fibres (arrows), while matrix degradation
could be seen either in the form of voids around the cell (HSF, arrowheads) or as a general
fading of the matrix (t24hr for HDF, t120 hours in HTF and 3T3). Phase images background
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was filtered for clarity using Photoshop. Bars, 20 um. Images shown are representative of 3
independent experiments.
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Figure 2. Collagen concentration modulates matrix contraction.
A) Fibroblast contraction profiles in gels with different collagen concentration (0.7 —

triangles, 1.1 — crosses, 1.5 — circles, 2.2 - diamonds and 3.0 mg/ml of collagen, squares).
Shown are means + SEM from 2 (HTF5003), 5 (3T3) and 4 (HSF) sets of triplicate matrices.
B) Cell proliferation in gels of different collagen concentration. Cells were counted after

gel degradation at different time points during contraction and normalized to cell numbers

at time 0, showing an increase in cell division in high collagen concentration. HTF did not
divide in the gels at any concentration (not shown). Shown is mean £ SEM from 4 sets

of triplicate matrices. Statistical significance: **, p < 0.001; *, p<0.05. C) Contractibility
(contraction/cell) profiles in gels of different collagen concentration is inversely proportional
to the collagen concentration. Shown are means and SEMs from 2 (HTF5003) and 4 (3T3
and HSF) sets of triplicate matrices. D) Cell-matrix interaction after 2 days in presence of
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10% of serum in gels with different collagen concentrations visualized using reflection
confocal microscopy. Low collagen concentration (0.7mg/ml) induces pericellular fibre
alignment for HSF (arrows), while higher collagen concentration induces the formation of
holes in the matrix around HTF fibroblasts (arrowheads) and decreases the ability of 3T3
and HTF to induce fibre alignment. Bars, 15 pum.
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Figure 3. MMP inhibition affects matrix remodelling and gel contraction. Fibroblasts seeded in
gels were incubated for 7 days in the presence of 10% FBS with or without 100 pM of MMP
inhibitor GM6001.

A) Matrix contraction in presence of 10% FBS (filled circles), 10% FBS plus 100 uM

GM®6001 (filled squares), serum free medium with 0.7% BSA (empty circles) and 10% FBS
plus 0.5% DMSO (empty squares). Shown is mean + SEM, from 4 (HTF, HSF) and 6 (3T3)
sets of triplicate matrices. B) MMP inhibition affects cell-matrix interaction. HTF seeded in
collagen gels in presence of 10% serum plus 100 pM GM6001 showed delayed pericellular
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collagen fibre alignment (arrows) and better preservation of the fibre network (compare to
Fig. 1). Scale bar, 20 um.
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Figure 4. MMP inhibition affects cell dynamic behaviour.
Fibroblasts were seeded in gels (20000 cells/ml for 3T3 and HSF and 7500 cells/ml for

HTF) in presence of 10% serum with (grey line) or without (black line) 100 uM GM®6001,
and cell behaviour was recorded for 15 hours, starting 30 min after gel polymerization. A)
DIC (HTF, 3T3) and transmission (HSF) sequential images extracted from the 15 hrs time
lapse (supporting movies 1a, 1b and 1c respectively) showing the cells’ activity in presence
of 10% FBS. Time as indicated. Scale bars, 20um. B) Early spreading in the matrix in the
presence of GM6001. Cell area profile was calculated from the cell area measured on flat
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projections of phase contrast or DIC images. Show is the mean + SEM for 7-9 cells for

each curve. C) Effect of GM6001 on cell dynamic behaviour. Cell protrusive activity was
quantified using the dynamic index in presence of 10% serum (black signs), 10% serum plus
100 yM GM6001 (grey signs) and 10% serum plus DMSO as solvent control (empty signs).
Shown is the mean of 5-9 cells for each condition. SEM < 10%. Significant differences in
the plateau reached for HTF (11 to 15 hours post-polymerisation, p < 0.0001).
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Figure 5. MMP inhibition increases HTF dynamic behaviour in 2D but reduces protrusive
activity and velocity in 3D matrices.

HTF in 3D: HTF5003 cells were seeded in collagen gels in presence of 10% FBS with or
without 100 uM GM6001 and allowed to spread and settle in the gels for 9 hours before
imaging. HTF in 2D: HTF5003 cells were plated in tissue culture dishes and incubated
overnight in medium plus 10% FBS without or with GM6001. Images were acquired every
15 and 10 minutes in 3D and 2D respectively, for a minimum of 4 hours using time-lapse
phase contrast microscopy. The resulting movies were processed in Image J as described
in Material and Methods using the chemotaxis tool and dynamic index plugins. Shown are
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motility plots centered on the original centroid position for each cell (top) and corresponding
cell motility and dynamics parameters.
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FBS

FBS+GM6001

Dynamic index (nb cells

Gel contraction at day2

Dynamic index (nb cells

Gel contraction at day2 (%) (nb

analysed) (%) (nb experiments) analysed) number of experiments)
HTF7071 0.48+0.03 (22) 44+4 (4) 0.39+0.03 (19) *P=0.01 27+4.(4) * P=0.006
HTF5003 0.420.03(21) 173 (4) 0.33+0.02 (28) * P=0.005 543 (5) ©P=0.01
HDF 0.40+0.02(24) 4243 (4) 0.330.02 (18) *P=0.04 26%2 (4) * P<0.005
HSF 0.22+0.02 (7) 2.3+0.6 (4) 0.22+0.02 (6) NS 1.6+0.9 (3) NS
373 0.42+0.04 (7) 6+1 (8) 0.36+0.03 (8) NS 31 (3) *P=0.01

*
probability of a significant difference between the FBS and FBS+GM®6001 sets using Student T test. /S, no significant difference.
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