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Growth factors

and mechano-regulated reciprocal
crosstalk with extracellular matrix
tune the keratocyte-fibroblast/
myofibroblast transition

Simon A. Pot®%45>{ Zhe Lin%*®, Jauye Shiu’3, Mario C. Benn® & Viola Vogel ®**

Improper healing of the cornea after injury, infections or surgery can lead to corneal scar formation,
which is associated with the transition of resident corneal keratocytes into activated fibroblasts

and myofibroblasts (K-F/M). Myofibroblasts can create an extracellular matrix (ECM) niche in which
fibrosis is promoted and perpetuated, resulting in progressive tissue opacification and vision loss.

As a reversion back to quiescent keratocytes is essential to restore corneal transparency after

injury, we characterized how growth factors with demonstrated profibrotic effects (PDGF, FGF,

FBS, TGFB1) induce the K-F/M transition, and whether their withdrawal can revert it. Indeed, the
upregulated expression of xSMA and the associated changes in cytoskeletal architecture correlated
with increases in cell contractility, fibronectin (Fn) and collagen matrix density and Fn fiber strain, as
revealed by 2D cell culture, nanopillar cellular force mapping and a FRET-labeled Fn tension probe.
Substrate mechanosensing drove a more complete K-F/M transition reversal following growth factor
withdrawal on nanopillar arrays than on planar glass substrates. Using decellularized ECM scaffolds,
we demonstrated that the K-F/M transition was inhibited in keratocytes reseeded onto myofibroblast-
assembled, and/or collagen-1-rich ECM. This supports the presence of a myofibroblast-derived ECM
niche that contains cues favoring tissue homeostasis rather than fibrosis.

Proper corneal wound healing requires a sequence of well-tuned biochemical and biophysical events to properly
regenerate the damaged tissue!2. The transparency of the cornea is tightly linked to its extracellular matrix (ECM)
architecture which is assembled and maintained by resident keratocytes, i. e. specialized mesenchymal cells that
minimize light scattering, form a network and have a characteristic dendritic shape. Native keratocytes in the
unwounded cornea display low contractility and do not express filamentous actin (F-actin) stress fibers, nor do
they assemble a notable Fn matrix®. The transition of resident keratocytes into activated wound fibroblasts and
myofibroblasts is induced by growth factors released at wound sites (most notably Transforming Growth Factor
B1 (TGFP1) and Platelet-Derived Growth Factor (PDGF)), the extracellular matrix (ECM) composition of the
wound bed (e.g. ED-A fibronectin (Fn)), and alterations of wound mechanics (e.g. tissue tension)*. The transi-
tion of resident keratocytes into activated wound fibroblasts or alpha smooth muscle actin (aSMA) expressing
myofibroblasts in response to injury is referred to as keratocyte-fibroblast/myofibroblast (K-F/M) transition.
K-F/M is marked by alterations in ECM production, cytoskeletal architecture, and aSMA expression to enhance
cell traction forces needed to contract and finally close a wound"*>S. After wound closure, a reversion back to
the keratocyte phenotype is essential to restore corneal transparency.

A wounded epithelium is an important source of various K-F/M transition-inducing growth factors, includ-
ing PDGE, fibroblast growth factor (FGF), and TGFp1°. The concentrations of PDGF, FGE, and TGFf1 in the
wound environment decrease again once epithelial wound healing is completed®. This leads to a reduced K-F/M
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Figure 1. Fibronectin and Collagen-1 ECM assembly is increased for growth factor conditioned keratocytes.
(a) brief overview of the keratocyte-fibroblast/myofibroblast (K-F/M) phenotype transition process in vitro and
experimental timeline. One day of cell attachment, four days of growth factor exposure to various growth factors
(IGF-1, PDGE FGE TGFp1) or FBS in the presence of 50 mg/ml unlabeled Fn, fixation, Fn and collagen-1
staining and imaging. (b, c) effect of exposure to various growth factors on Fn and collagen-1 fibrillogenesis.
Limited, fragmentary, pericellular Fn fibril assembly in native control and IGF-1-conditioned keratocytes.
Significantly denser fibrillar Fn network assembly by PDGF, FGF and TGFp1-conditioned keratocytes
(*:p<0.05-0.0001), with the densest fibrillar Fn ECM assembled by FBS-conditioned keratocytes (**:p <0.05—
0.0001). TGFp1-conditioned keratocytes deposited significantly more collagen-1 (***:p <0.0001), resulting in

a 1.5-3 times thicker sample compared to any of the other phenotypes tested (b; ). The x-y views in (b) are
maximum intensity z-projections of the entire 8-30 um high image stacks, the x-z views are maximum intensity
y-projections (100/512 slices) of the white boxed-in regions of interest. Green =fibronectin, red = collagen-1,
blue =DAPI. Scale bars: 25 um. The box plots in (c) demonstrate Fn (green) and Collagen-1 (red) fluorescence
intensities for all cell phenotypes. Boxes signify medians, 25th and 75th percentiles. Whiskers represent the
measurement range. The x-axes of the small graphs indicate sample thickness in pum. All y-axes indicate raw
fluorescence intensities (gray values). FBS and TGFp1 data were not plotted on the same scale as the data for the
control, IGF-1, PDGF and FGF phenotypes. Statistical comparisons between phenotypes were performed via
one-way ANOVA with Tukey’s multiple comparisons test (Collagen-1) and Kruskal-Wallis with Dunn’s multiple
comparisons test (Fn), with significance set at p <0.05 for all comparisons. The various phenotypes have been
color coded in the relevant figures and graphs throughout the manuscript: native keratocyte control =black,
IGF-1=grey, PDGF = orange, FGF =red, FBS =green, TGFp1 =blue.

transition and increased myofibroblast apoptosis or phenotype reversal, facilitating regenerative stromal remod-
eling processes®”. Myofibroblast disappearance from wound sites is necessary to prevent progressive scar forma-
tion. However, the ECM deposited by myofibroblasts during wound healing persists in scar tissue environments
and affects resident cells long after the acute wound healing phase has subsided. The (mis)-instructive role of
fibrotic ECM cues can therefore persist much longer than the influence of auto- and paracrine signals®-'°. As such,
even after the successful removal of scar tissue myofibroblasts, the presence of scar tissue ECM can create a niche
in which fibrosis is promoted and perpetuated. This pathological ECM environment can push newly recruited
cells towards the generation of new scar tissue®1°. Much like the fibrotic cancer associated ECM triggers the
transition of normal tissue fibroblasts to the myofibroblast-like cancer-associated fibroblast phenotype!!. Fibrosis
has been studied extensively and is relatively well understood, especially regarding the mechanism of action of
its biochemical components. However, significant knowledge gaps exist, specifically regarding the multitude of
biophysical aspects that regulate the reciprocal ECM-cell interactions that drive tissue (re)modeling, thereby
contributing either to fibrosis, or the disappearance of myofibroblasts from healing wound sites'2.

Central to the healing of wounds is cell proliferation and the assembly of new ECM. Fibronectin is the first
provisional ECM that is actively assembled by either platelets'®, or activated fibroblasts and myofibroblasts, in
response to corneal injury'. The amount and organization of Fn present in a wound is correlated to the stage
of wound healing"?*. Fn provides both biochemical and mechanical cues for adherent cells at the early stages of
wound healing'® and serves as template for the subsequent deposition of other ECM molecules, particularly of
type I collagen'®'8. As cells pull on Fn fibers, Fn domains can be stretched and partially unfolded by cell-gener-
ated forces, which can expose some binding sites that are buried in the native fold, while turning off others'®-2!.
For example, Fn fiber stretching exposes cryptic Fn-Fn self-assembly sites??, which accelerates Fn fibrillogenesis,
cross-linking and fiber bundling'***?*. Whereas Fn fiber stretching decreases the binding affinity to collagen I, as
the unstretched N-terminus of Fn provides a multivalent template for collagen-1 nucleation and fiber assembly.
Fn domain unfolding can also change the affinity of certain cell surface receptors**?. The mechanobiology of
the ECM can thus be dynamically regulated by alterations in cell contractility, allowing the ECM to function
as a dynamic signaling reservoir that provides biochemical and biophysical guidance to the resident cells'®. As
such, ECM-induced cell responses are altered by wound healing myofibroblast-mediated changes in the global
architecture and stiffness, and local composition and organization (e.g. Fn fiber stretching), of the ECM*!%19:26,

However, little is known whether Fn fiber tension might correlate with or even regulate the K-F/M transition,
or its reversal. Treatment with wound healing-associated growth factors like PDGF, FGF, and TGFp1 initiates
K-F/M phenotype transition and stimulates Fn fibrillogenesis, and matrix remodeling and contraction®"2,
Because cellular forces can stretch Fn'®?!, we asked here to what extent the treatment with and deprivation of
wound healing-associated growth factors affects the ability of corneal keratocytes to generate forces, assemble
a Fn matrix and stretch the Fn fibrils within it. Gaining insights into the mechanobiological functional regula-
tion of ECM during wound healing is particularly important since Fn fiber stretching directly regulates further
Fn fibrillogenesis and the subsequent initiation of collagen-1 assembly'®'?, and myofibroblast differentiation®,
thereby decisively influencing wound healing outcomes.

To ask whether the level of Fn fiber stretching and collagen fiber content within the surrounding matrix might
influence myofibroblast phenotype switching, and to address the abovementioned questions, a unique combina-
tion of biochemical and physical assays was exploited to illuminate mechanoregulatory factors in corneal wound
healing. Primary rabbit keratocytes were cultured in growth factor conditioned and deprived environments to
tune keratocyte phenotypes in vitro that are representative of the initial and late phases of wound healing”. To
ask how phenotypic changes relate to the ability to create traction forces, a nanopillar assay>® was used to probe
cellular traction forces with subcellular resolution. To probe Fn fiber stretching in the ECM of conditioned
keratocytes, fluorescence resonance energy transfer (FRET)-labeled Fn (Fn-FRET) was used as tension probe
to evaluate the in situ molecular conformation of fibrillar Fn within the cell assembled ECM?!. Finally, to study

Scientific Reports |

(2023) 13:11350 | https://doi.org/10.1038/s41598-023-37776-9 nature portfolio

>



www.nature.com/scientificreports/

a
+FGE + growth factors staining
Keratocytes ) .
+ TGFB1 yt +/- unlabeled Fn imaging
¥ + PDGF
Native f
keratocyte Myofibroblast
+ FBS Growth factor
conditioning
—~ Fn ECM
Fibroblast-like
phenctypes -~ Collagen ECM
b X

Control

DAPI / Fibronectin / Collagen-1

C 2400— 3001 300 600+
2000 — 2004 200 4004
1600— 10— — 100——— 200/
_é* 1200_' 0 Cont‘ro] . . ‘ o PDGF 0 FBS <
2 ] 0 2 4 6 8 0 2 0 2 4 6 8 10
% 800~ 3001 3001 1500 TGFp1
q__) T 00 2004=—"___ = 1000
o /\
o 600 10— —— 100 5001
) -
8 1 0 IGF i 0 FGFV 0 ‘ i X
o 0 2 4 6 8 0o 2 0 10 20 30
o
S 400
=
200 = 'T—_L ;l % —_— e = =
- = * Kk * *kk
T T T T T T T T T T
' ' ' . U . ' . < .
& & & & &L (&N © \C§< & & & (82'\
S L« P & L« 3 Pe
Scientific Reports|  (2023) 13:11350 | https://doi.org/10.1038/s41598-023-37776-9 nature portfolio



www.nature.com/scientificreports/

a Cells on Fixation
Keratocytes + growth factors - growth factors Fn-cogted act‘m stz_amlng
nanopillars imaging
+/- GFs
- GF
(i S I
\
] — learars| — lerarars| — fuAme, —> AuRuuR
Growth factor day 1
conditioning Y
Growth factor
6 piiyalioR day 1 day 2-5 day 6-9 day 9

Actin

Force mapping

Control keratocytes

FBS conditioned FBS deprived

Control

)0.5

0 Pillar displacement (um

Growth factor conditioning

0.201 wx 16

«Q

Subsequent growth factor deprivation

o
1N
=]
]
1
o

0.154 LI S

sesfesk

Traction force (nN)
@
Traction force (nN)

Nanopillar displacement (um)
; ; >
Nanopillar displacement (um)

0.10 g 0.104 '2%.'
e A * o
we S = g ook = o4 w =
.
0.054 -4 0.05+ 4
0.00 T T T T T T 0 0.00 T T T T T T 0
Control IGF PDGF FGF FBS TGFB1 Control -IGF -PDGF -FGF -FBS -TGFB1
Growth factor conditioning Subsequent growth factor deprivation
1000 1000
j I control k I control
I FBs Il - FBS
800 I TGFB1 o 800 I - TGFB1
© ©
= Cell area (um?) 3
2 600 Control: 635 +/- 100 2 600
g FBS: 1039 +/- 223 2
k] TGFB1: 1669 +/- 113 5
5 400 5 400
3 3
€ £
S S
Z 200 Z 200
B I.I.I.le o
00 01 02 03 04 05 00 01 02 03 04 05
Pillar displacement (um) Pillar displacement (um)

Scientific Reports |

(2023) 13:11350 | https://doi.org/10.1038/s41598-023-37776-9 nature portfolio



www.nature.com/scientificreports/

«Figure 2. TGFp1 and FBS conditioning cause an increase in cell contractility and redistribution of cellular
forces, which is reversed via TGFP1 and FBS deprivation. (a) Experimental timeline: growth factor conditioned
and deprived keratocytes were seeded onto Fn-coated nanopillar substrates, fixated three hours after seeding,
then phalloidin stained and imaged. Confocal microscopic images were obtained to evaluate the deflection
of the nanopillars underneath the cells by recording images at the pillar’s base and top and by analyzing pillar
displacement with particle tracking software. (b—f) Actin cytoskeleton morphology of control, FBS conditioned,
FBS deprived, TGFpP1 conditioned and TGFp1 deprived keratocytes seeded on nanopillar substrates. Scale bars:
5 um. Corresponding colorimetric distribution maps of force induced pillar displacement across the cell body
are juxta-positioned. Scale bars: 20 um. Displacement of single nanopillars was topographically mapped with
the level of displacement indicated by colors ranging from blue to red (0 to 0.5 um displacement). (g) Scatter
plot of nanopillar displacement and traction forces per nanopillar generated by growth factor conditioned
keratocytes. Displacement of and forces exerted on single nanopillars were averaged across whole cells. FBS
(*:p<0.0001) and TGFp1 (**:p <0.0001) conditioning significantly increased cellular contractility compared to
other phenotypes. Plots were constructed from data averaged from 18 cells per phenotype measured in three
separate experiments. Bars signify the means and whiskers the standard deviation from the mean, reflecting
force differences between individual cells. Statistical comparisons via one-way ANOVA and Tukey’s multiple
comparisons test with significance set at p <0.05 for all comparisons. (h) As (g), but for growth factor deprived
keratocytes. Note residual increased contractility of FBS deprived keratocytes (***:p <0.01-0.0001). (i) SEM
images of TGFP1 conditioned keratocyte on nanopillar substrate, right panel illustrating pillar deformation.
White scale bar: 5 pum, black scale bar: 1 um. (j, k) Histograms of pillar displacement in pm (x-axis) below three
individual cells: control, FBS and TGFp1 conditioned (j), and deprived (k) keratocytes. Cell size (average and
standard deviation) was calculated based on the number of nanopillars covered by the cells (area under the
curve) for 10 cells per phenotype.

the influence of the ECM composition and Fn fiber tension on myofibroblast differentiation, keratocytes were
reseeded in decellularized ECM scaffolds.

Results

Growth factor-conditioning induced a keratocyte to fibroblast/myofibroblast (K-F/M) transi-
tion with increased fibronectin and collagen-1 ECM assembly. Primary keratocytes from healthy
rabbit eyes were cultured on glass cell culture substrates with adsorbed Fn in serum-free medium to main-
tain the native phenotype. Keratocytes were then exposed to 4-day cycles of stimulation with growth factors
that are either protective of the keratocyte phenotype, e.g. IGF-1 (Insulin-like Growth Factor)>”*%, or have
demonstrated profibrotic/K-F/M transition driving effects, e.g. PDGF (Platelet-Derived Growth Factor), FGF
(Fibroblast Growth Factor), FBS (fetal bovine serum), and TGFP1 (Transforming Growth Factor 1). Cell and
ECM morphologies were assessed by confocal fluorescence microscopy after (immuno)staining for F-actin, the
myofibroblast marker aSMA, and Fn and collagen-1.

Control keratocytes assumed a stellate shape and growth factor conditioned keratocytes adopted either an
elongated morphology with several long extensions (PDGF), or a fibroblast-like (FGE, FBS) or myofibroblast-like
aSMA positive stress fiber-rich (TGFB1) morphology (Supplementary Figs. S1 and S2), as previously described?.
mRNA expression of selected keratocyte (keratocan, ALDH1al) and myofibroblast (aASMA) markers confirmed
the phenotype of the native keratocytes and of transformed (myo)fibroblast phenotypes, respectively (Supple-
mentary Fig. S3 and Table S1).

PDGE FGF, TGFp1, and especially FBS conditioning increased metabolic activity (Supplementary Fig. S4),
and activated Fn fibrillogenesis, resulting in a significantly denser Fn matrix surrounding the fibroblast and
myofibroblast phenotypes compared to control and IGF-1 conditioned keratocytes (p <0.05-0.0001) (Fig. 1).
Collagen-1 fibril deposition was significantly increased following TGFB1 conditioning (p <0.0001) (Fig. 1). Our
findings thus confirm and complement various previous reports™**.

FBS and TGFB1 conditioned keratocytes display increased contractility with altered distribu-
tion of adhesive forces across the cell body, which is reversed after FBS and TGFB1 depriva-
tion. A remodeling of the contractile actomyosin cytoskeleton is crucial for cell phenotype transitions (Sup-
plementary Figs. S1 and S$5)*>, To quantify how this relates to changes in cell contractility during the K-F/M
transition and reversal, Fn coated SU-8 nanopillar arrays were used to directly measure cellular contractility on
a single cell level in our K-F/M transition model (Fig. 2a)*’. Quantification of the mean forces per nanopillar
exerted by IGF-1, PDGF or FGF conditioned keratocytes revealed that they did not exceed the native kerato-
cyte baseline (Fig. 2g). In contrast, FBS conditioned fibroblasts generated significantly higher traction forces on
the nanopillar substrates compared to native keratocytes (Fig. 2c,g,j). Forces generated by TGFB1 conditioned
myofibroblasts were significantly higher than for any of the other phenotypes tested (Fig. 2e,g,j). FBS and TGFp1
conditioned keratocytes not only generated higher traction forces per nanopillar (Fig. 2g,j), but also increased
significantly in cell size (Fig. 2j, see also®®), resulting in much higher overall force generation per cell. In par-
allel with their increased contractility, actin fiber assembly was significantly upregulated in FBS and TGFp1
conditioned keratocytes on Fn-coated nanopillar substrates, but not with IGF-1, PDGF or FGF conditioning
(Fig. 2b,c,e, Supplementary Fig. S6).

Growth factor conditioning not only had a major impact on cell shape, but also on the locations of maxi-
mal pillar displacements (Fig. 2b-f, supplementary Fig. S6). While the traction forces were highest at the cell
periphery for keratocytes, IGF and PDGF conditioned cells, FBS or TGFB1-activation led to the additional

Scientific Reports |

(2023) 13:11350 | https://doi.org/10.1038/s41598-023-37776-9 nature portfolio



www.nature.com/scientificreports/

a Keratocytes in culture Cells onto Live cell imaging
Fn-coated (30 min)
+/- FBS nanopillars
%e +/- TGFB .

b
Control keratocytes FBS conditioned TGFB1 conditioned
¥ Control #1
% Control #2
® FBS #1
O FBS #2
m TGFB1 #1
) TGFB1 #2
[
-~ 0351 Force measurement over time % — °**7 30 min whole cell [*
£ o020 7 L4 Eosd  forceaverage |
éo.zs- e T T D':;*’-:T'-zog éo.zs- \ -20%
go.zo-" l TlTT ‘falﬁ——DDJDD-DQﬁ E]; af1e g %o.zo- @ 16 O
g L %’-EE STirsbisaaIliartiig, 8 el S 5
5 0154 o TR LR & | 9 4F12 2 g 0.15m =12 C
P 853087 S e ' [0 S
= oaod | £ X Fs O = 5104 s O
a 1 1 : T ¥ i 3 #* 8
5 = S * S
G 0051 % i : i -4 S 005 L 4
Z Z
0.00 T T T T T 0 0.00 st 0
5 10 15 20 25 30 1.2 1 2 1 2
Time (minutes) Control FBS  TGFB1

Scientific Reports|  (2023) 13:11350 | https://doi.org/10.1038/s41598-023-37776-9 nature portfolio



www.nature.com/scientificreports/

«Figure 3. Dynamic traction force measurements in native, FBS and TGFp1 conditioned keratocytes reveal
contractile forces that are stably maintained over a 30-min timeframe. Force generation measurements on fixed
cells reflect the cellular contractile state at a single time point, which was three hours after cell seeding in our
single cell contractility assays (Fig. 2a). Cellular force generation changes during the early cell attachment and
spreading phases®. We therefore asked whether significant changes in cellular force generation occurred in
our model between two and three hours after cell seeding. (a) Native, FBS and TGFp1 conditioned keratocytes
were live-membrane (DiL) stained and seeded onto Fn-coated nanopillar substrates. Two cells per phenotype
were imaged within three hours after seeding for a period of 30 minutes on an incubated microscope stage. This
timeframe was chosen to match the timeframe for force generation measurements on fixed cells and evaluate
traction force stability after the initial cell attachment and spreading phases®®. Nanopillar displacement was
evaluated using particle tracking software on confocal microscopic images. (b) Cell outlines of DiL-stained
native, FBS and TGFf1 conditioned keratocytes seeded on nanopillar substrates. Scale bars: 10 um. (c) Plots
of displacement of and forces exerted onto single nanopillars averaged across whole cells. Minute-by-minute
force plots (left graph) and 30-min whole cell force averages (right graph: two cells per phenotype indicated
on the x-axis). The symbols indicate the means and the whiskers the standard deviation from the mean,
reflecting force differences between individual nanopillars (left graph) and force differences over time (right
graph). Force differences between individual nanopillars are large, as also seen on the pillar displacement
histograms in Fig. 2j and the force maps in Fig. 2b-f, where areas with high pillar deflection and areas without
pillar deflection are identified in all three phenotypes. The traction forces (nN) observed during dynamic force
measurement resembled the forces measured in experiments with fixed cells, with the highest forces measured
in myofibroblasts. Nanopillar displacement ranged between 0.05 and 0.10 um for keratocytes, between 0.10
and 0.15 pm for fibroblasts and between 0.15 and 0.20 pm for myofibroblasts both in live and fixed conditions
(Figs. 2g and 3c).

displacement of perinuclear pillars (Fig. 2b,c,e, Supplementary Figs. S6, S7). We previously demonstrated that
the high perinuclear pillar displacement originates from actin stress fibers mostly oriented along the main cell
axis and spanning the apical side of the cell nucleus, also called the ‘actin cap™°.

Actin stress fibers were only observed in FBS conditioned keratocytes on nanopillars, but not upon TGEp1
stimulation in our study (Supplementary Fig. S8). Instead, a dendritic cell shape resembling the myofibroblast
morphology in compliant collagen gels, and a dense actin network, rich in nodular actin structures colocalized
with regions of high pillar displacement, were observed within TGFp1 conditioned keratocytes on nanopillars
(Figs. 2e,i, Supplementary Figs. S7-59).

Since cellular force generation changes during the early cell attachment and spreading phases®®, we asked
whether significant changes in cellular force generation occurred in our model between two and three hours
after cell seeding. The traction forces obtained during dynamic force measurements on nanopillar arrays (Fig. 3c)
were identical to the forces measured in experiments with fixed cells (Fig. 2g), with the highest forces measured
in myofibroblasts.

Subsequently, we evaluated whether growth factor stimulated phenotype changes could be reversed by growth
factor deprivation in 2D in vitro cell culture conditions. A disassembly of actin stress fibers and a partial rever-
sion towards the native stellate keratocyte morphology was indeed observed following a 4-day period of PDGF
or FGF deprivation on planar substrates (Supplementary Fig. S1). Significant actin stress fiber disassembly also
occurred in FBS and TGFp1 deprived keratocytes, but cell polarization and thin basal stress fibers remained
visible in most cells cultured on planar substrates (Supplementary Fig. S1). aSMA containing stress fiber disas-
sembly was complete after FBS and TGF(1 deprivation and cell metabolic activity decreased to the pre-growth
factor conditioning levels of native keratocytes following growth factor deprivation (Supplementary Fig. S4).

The generated traction forces, cytoskeletal F-actin morphology, and location of maximal pillar displacement
by activated fibroblasts and myofibroblasts (FBS or TGFp1-treated) on nanopillar array substrates reverted to
those of native keratocytes following growth factor deprivation (Fig. 2d,f,h,k).

FBS and TGFB1 conditioned keratocytes cause significant stretching of Fn fibers. To ask how
differences in Fn and collagen deposition and cellular contractility between FGE, PDGE FBS or TGFf1 condi-
tioned keratocytes impact Fn fiber tension, our well validated Fluorescence Resonance Energy Transfer (FRET)
assay using Fn labeled with multiple donor and acceptor fluorophores (FRET-Fn) was exploited. This is a sensi-
tive method to probe a large range of conformational changes in Fn fibers®'. To prevent intermolecular FRET,
the FRET-Fn probe was added in trace-amounts to the culture medium (Fig. 4a) using previously published
protocols®’. FRET revealed that FBS and especially TGFp1 conditioned keratocytes stretched the Fn fibers within
the ECM much more than PDGF and FGF conditioned keratocytes (Fig. 4c-h). We know from previous studies
that cell-regulated Fn fiber stretching is associated with partial protein unfolding which can activate or destroy
molecular binding epitopes. Significant Fn fiber stretching and thus partial protein unfolding was observed in
the ECM assembled by FBS and especially TGFP1 conditioned keratocytes. This finding is in agreement with
the enhanced cell contractility of FBS and TGFp1 conditioned keratocytes as quantified on nanopillar substrates
(Fig. 2g). In fact, RhoA activation has been shown to upregulate cell traction forces, as well as Fn fiber tension'.

When asking whether the tensional state of the Fn ECM could be reverted, a 4-day period of PDGF and FGF
deprivation, subsequent to the initial PDGF and FGF stimulation, revealed a near complete disassembly of the
Fn ECM. A significantly decreased Fn ECM density precluded a reliable evaluation of FRET intensity ratios
after FBS and TGFp1 deprivation in vitro. As a result, we could not analyze the Fn fiber tension in growth factor
deprived keratocyte cultures. Intracellular Fn-containing vesicles with a fluorescence at the wavelength range of
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Figure 4. Upregulated keratocyte contractility leads to enhanced fibronectin matrix fiber stretching as probed
by FRET. (a) Experimental timeline: as described in Fig. 1, but with the addition of FRET Fn—10% Amine/
cys double, donor-acceptor fluorophore labeled Fn and 90% unlabeled Fn—to the culture medium to be
incorporated into the ECM assembled during the growth factor conditioning period'*?!. (b) Principle of
Fluorescence Resonance Energy Transfer (FRET). Multiple donor and acceptor fluorophores label single Fn
fibers to probe a large range of conformational Fn changes (loss of tertiary and secondary protein structure
folding) using well established protocols. Energy transfer efficiency between donor and acceptor fluorophores
decreases as the donor-acceptor distance increases during Fn protein unfolding, measured as a decrease in
Fn-FRET ratio: acceptor (I,) divided by donor (I,) channel fluorescence emission intensity. ECM assembly by
native control keratocytes or IGF-1 conditioned keratocytes was not detectable in this assay. A Fn-FRET ratio
decrease is visualized as blue shift in the color-coded I,/I, ratiometric images for PDGF (c), FGF (d), FBS (e)
and TGFp1 (f) conditioned keratocytes, and as left-shift in the corresponding Fn-FRET histograms: PDGF
(orange), FGF (red), FBS (green) and TGFp1 (blue) (g). Histograms were derived from one representative field
of view from one of three separate experiments in each group. FRET ratios for Fn in solution under denaturing
conditions in the presence of GdnHCL [dimeric Fn-DA in 0 M GdnHCL (1) and monomeric Fn-DA in 1 M
(0.65) and 4 M GdnHCI (0.42)] are shown as vertical red, green, and blue lines, respectively. (h) Significant
differences in Fn molecule unfolding were observed between ECM samples derived from TGFp1, FBS, FGF
and PDGF conditioned keratocytes. Scatter plots were constructed from data averaged from five random fields
of view each from three separate experiments per group. Bars signify the means and whiskers the standard
deviation from the mean. Statistical comparisons: one-way ANOVA and Tukey’s multiple comparisons tests,
significance set at p<0.05 for all comparisons. Scale bars: 50 pum.

donor fluorophores were observed within TGFP1-deprived cells (Supplementary Fig. S10), which is suggestive
of Fn fiber degradation and internalization®.

Inhibition of cell generated forces via latrunculin-B-induced actin cytoskeleton disruption led to partial
refolding of Fn as probed by FRET within matrix fibrils in experiments conducted with human foreskin fibroblast
(HFF) assembled ECM (Supplementary Fig. S11). However, the myofibroblast-assembled ECM maintained a
higher Fn fiber strain than the fibroblast-assembled ECM upon latrunculin-B-induced force inhibition, demon-
strating that a residual strain was preserved within the matrix, perhaps due to enhanced ECM fiber crosslinking
(Supplementary Fig. S11). This could be due to the ECM crosslinking enzyme transglutaminase 2 (TG2), as
TGFp1 is a direct stimulator of the transcription of TG2*. TG2 has various targets amongst ECM fibrils, includ-
ing Fn, fibrillin and several collagen types, and can effectively cross-link them, thus stiffening the ECM and
protecting the ECM from proteolytic degradation®'. By virtue of its targets, TG2 likely is an important stabilizer
of both the early and late wound healing matrix. We thus stained for TG2 and observed that the expression
of TG2 was indeed clearly upregulated in TGFf1 conditioned keratocytes, whereas cells exposed to the other
growth factors showed minimal TG2 staining (Supplementary Fig. S12). Matrix crosslinking by TG2 is therefore
a likely cause for the observed Fn strain preservation in myofibroblast-deposited ECM in our study*'. Residual
ECM Fn fiber strain was also preserved within the myofibroblast-assembled ECM after matrix decellularization
(Supplementary Fig. S11).

Collagen-dominated and myofibroblast-derived ECM scaffolds reduce K-F/M upon TGFp acti-
vation. We observed that the ECM assembled by various keratocyte phenotypes displayed different Fn fiber
tensions (Fig. 4) and collagen content (Fig. 1), and that Fn fiber strain was preserved within the myofibroblast-
assembled ECM after matrix decellularization (Supplementary Fig. S11). We therefore asked whether a decel-
lularized fibroblast or myofibroblast derived matrix might constitute a ‘bad neighbourhood” ECM with a regula-
tory role in the K-F/M process. We also asked how matrix collagen might impact the niche properties.

In these experiments, HFFs were cultured in the presence or absence of TGFP1 and/or L-ascorbic acid
(Vitamin C) during ECM assembly. The Fn and collagen content were quantified in a subset of the assembled
scaffolds. Supplementation of TGFp1 significantly increased Fn assembly (Fig. 5e, Supplementary Fig. S13) and
Fn stretching within matrix fibers in the assembled ECM scaffolds (Fig. 5b-d), similar to the situation in the
ECM assembled by growth factor-treated keratocytes (Figs. 1, 4). Collagen fibril deposition was significantly
increased following L-ascorbic acid supplementation (Fig. 6b).

In the first experiment, low-collagen ECM scaffolds assembled by native HFFs were compared to low-collagen
ECM scaffolds assembled by TGFp1-treated HFFs (Fig. 5a, Supplementary Fig. S13). To investigate ECM scaf-
folds with low collagen content, the first experiment was run without L-ascorbic acid supplementation, but with
the supplementation of FRET-Fn during the 4-day culture period prior to decellularization. ECM quantification
before and FRET analysis after decellularization confirmed that the ECM assembled by TGFp1-treated HFFs
contained much more stretched Fn within matrix fibers compared to native HFF derived ECM (Fig. 5b-e). In
the second experiment, collagen-1-rich ECM scaffolds (L-ascorbic acid supplementation during ECM assem-
bly) were compared to low-collagen-1 ECM scaffolds (L-ascorbic acid deprivation during ECM assembly), all
assembled by native HFFs (Fig. 6). In the third experiment, low-collagen ECM scaffolds assembled by L-ascorbic
acid-deprived native HFFs were compared to collagen-1-rich ECM scaffolds assembled by L-ascorbic acid and
TGFp1-supplemented HFFs (Supplementary Fig. S14). After scaffold decellularization, keratocytes were seeded
onto the ECM scaffolds and 5 ng/ml TGFP1 was added for four days to stimulate myofibroblast differentiation.
Importantly, the proportion of TGFpP1 conditioned keratocytes immunocytologically expressing aSMA-positive
actin stress fibers was significantly lower on TGFp1-treated HFF-derived scaffolds and on collagen-1-rich scaf-
folds (Figs. 5f,g, 6b, Supplementary Fig. S14).
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«Figure 5. aSMA expression by TGFp1 conditioned keratocytes is decreased on decellularized myofibroblast-
derived ECM scaffolds low in fibrillar collagen-1. (a) Experimental timeline: ECM assembled by human foreskin
fibroblasts cultured in L-ascorbic acid/Vitamin C-free and serum-free culture medium, with (TGFp1-treated
HEFFs) or without (native HFFs) TGFP1 supplementation for four days. After cell adhesion, medium was
replaced with identical medium containing FRET-Fn (see Fig. 4a) or 5 pg/ml Alexa-488 labeled Fn +45 pg/

ml unlabeled exogenous plasma Fn. ECM quantification was performed before and FRET analysis after
decellularization. Keratocytes were seeded onto the remaining decellularized ECM scaffolds and exposed to

5 ng/ml TGFp1 for 4-days. aSMA-incorporation into actin stress fibers was compared in TGFf1 conditioned
keratocytes cultured on native HFF and TGFp1-treated HFF-assembled ECM scaffolds. (b-d) FRET evaluation
prior to keratocyte seeding. (b) Color-coded IA/ID ratiometric images for native (violet) and TGFp1-

treated (purple) HFF-derived scaffolds. Scale bars: 50 pm. (c) Histograms of donor—acceptor intensity ratio
distributions from the same ECM scaffolds. Histograms were derived from one representative field of view from
one experiment in each group. Solution denaturation values for dimeric Fn-DA: 0 M GdnHCI (0.95, red), and
monomeric Fn-DA: 1 M (0.62, green), 4 M GdnHCI (0.44, blue). (d) Unfolding of Fn within matrix fibrils was
significantly greater in ECM scaffolds derived from TGF1-treated (purple) HFFs, compared to native (violet)
HFFs (*:p <0.0001). Scatter plots were constructed from data averaged from five random fields of view from

one experiment comparing both groups. (¢) ECM quantification was performed as described for Fig. 1c. TGFp1
supplementation significantly increased Fn (**:p <0.0001), but not collagen assembly. (f, g) aSMA incorporation
into actin stress fibers was observed in 85% of TGFp1 conditioned keratocytes on native HFF-assembled ECM
scaffolds (violet), compared to 52% on TGFp1-treated HFF-assembled ECM scaffolds (purple) (***:p <0.0001).
Scale bars: 100 pm. Measurements from >200 cells per scaffold type were included in the bar chart: bars signify
the means and whiskers the standard deviation from the mean. Statistical comparisons via one-way ANOVA
with Sidak’s multiple comparisons test (Fn/Collagen-1) and unpaired t-tests (aSMA), significance set at p <0.05
for all comparisons.

Discussion

As the cornea is a living material that needs to stay transparent under healthy conditions, yet needs to be repair-
able following injury, the challenge nature had to solve is how to close a corneal wound site, and subsequently
remodel the altered ECM to restore transparency. Improper healing of the cornea after injury or infections can
lead to corneal fibrosis, which causes enhanced light scattering, resulting in vision impairment or even vision
loss!#*-#4, We thus asked how the up- and downregulation of growth factors, simulated by external IGF-1, PDGE,
FGE FBS or TGFp1 supplementation and withdrawal, affects the keratocyte’s ability to assemble and model the
surrounding ECM. And how biophysical alterations of the cellular environment, in concert with growth factor
availability, can coregulate a reversible cell phenotype switch.

We found that each of these wound healing-associated growth factors induced a distinct set of cell morpholo-
gies and behaviors as summarized in Fig. 7.

In contrast to growth factors upregulated in wound sites, we did not observe differences between IGF-1-
treated and control keratocytes (Fig. 7), which fits the role of IGF-1 in the maintenance and repair of the normal
corneal keratocyte network and ECM>?732,

Epithelial damage increases stromal levels of PDGF®, and PDGEF-primed corneal keratocytes are a prolifera-
tive, low contractile, metabolically active cell phenotype, displaying collective, contact-guided migration, and
the assembly of a relaxed, fibrillar Fn matrix along their migration tracks>*>*® (Fig. 7). PDGF-primed corneal
keratocytes therefore seem ideally suited to initiate wound repair by repopulating low stiffness stromal wound
areas after keratocyte apoptosis, without causing major matrix remodeling*®*” (Fig. 8).

In contrast to the low contractile PDGF-primed phenotype, FBS and TGFf1-conditioned keratocytes depos-
ited the densest Fn and collagen matrix, and caused significant contraction, fibronectin fiber stretching and
reorganization within their surrounding matrix>® (Fig. 7). These observations are in agreement with previous
reports of accelerated Fn fibril formation and matrix assembly as a result of Fn fiber stretching and the exposure
of cryptic Fn-Fn self-assembly sites!*?2. Fn fiber unfolding is also speculated to expose the cryptic Toll-like
receptor (TLR) 4 activating site on Fn's ED-A domain, a Fn splice variant associated with fibrosis'**%. Subsequent
TLR activation drives the transitioning towards myofibroblasts which show upregulated TGFp, tenascin-C, Fn
and collagen-1 gene expression, and consequently enhanced ECM assembly*®. Cell generated force-induced
Fn fiber stretching can thus promote early Fn fibrillogenesis®?, but also the subsequent assembly of a collagen
matrix*. The decreased enzymatic digestion of collagen fibers under tension® further highlights the importance
of cell contractility for matrix assembly and stabilization. Vice versa, mechanobiological cues, including highly
stretched Fn fibers, were identified as drivers and stabilizers of the myofibroblast phenotype in the growth front
of de novo grown microtissues®*!.

Serum protein-primed (here: FBS), highly metabolically active, proliferative, contractile and Fn assembling
fibroblasts could thus be responsible for increased fibrotic remodeling of the corneal stroma in areas with sig-
nificant inflammation-associated blood vessel ingrowth (Fig. 8). Finally, myofibroblasts would be responsible
for the deposition of a contracted, dense, crosslinked collagen-1-rich matrix (Fig. 8). While these processes are
essential for the closure of corneal laceration or perforation wounds, they can create adverse effects in terms of
ECM architecture and transparency in situations where cell repopulation, but not wound closure, is needed (e.g.
refractive surgery, corneal cross-linking).

Since keratocytes in their native niche are exposed to a nanostructured rather than smooth/planar micro-
environment, it is particularly notable that FGF and TGFp1 primed keratocytes in 2D cell culture adopted a
markedly different morphology on nanopillar substrates compared to planar glass in our study. Whereas FGF
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Figure 6. Keratocytes seeded onto decellularized collagen-1 fiber-rich ECM scaffolds show downregulated
aSMA expression, despite TGFp1 stimulation. (a) Experimental timeline: human foreskin fibroblasts were
cultured in serum-free culture medium with (Fn + Coll-1) or without (Fn) L-ascorbic acid added to allow a
4-day period of ECM assembly. A subset of ECM scaffolds was imaged after Collagen-1 immunostaining. The
rest of the scaffolds underwent decellularization and further processing as detailed in Fig. 5a. (b) Left column
and box plot: native (violet) and L-ascorbic acid supplemented (purple) HFFs both assembled a Fn-rich ECM
on account of the supplied plasma Fn in the culture medium. ECM quantification was performed as described
for Fig. 1c. L-ascorbic acid supplementation did not further increase Fn assembly, but significantly increased
collagen assembly (*:p <0.005). Scale bars: 50 um. Middle column and bar chart: aSMA incorporation into stress
fibers was observed in 85% of TGFp1 conditioned keratocytes on native HFF-assembled ECM scaffolds (violet:
Fn), compared to 44% on L-ascorbic acid supplemented HFF- assembled ECM scaffolds (purple: Fn+ Coll-1)
(**:p<0.0001). Scale bars: 100 um. Measurements from > 200 cells per scaffold type were included in the bar
chart: bars signify the means and whiskers the standard deviation from the mean. Statistical comparisons were
performed via one-way ANOVA with Sidak’s multiple comparisons test (Fn/Collagen-1) and unpaired t-tests
(aSMA), with significance set at p <0.05 for all comparisons.

primed keratocytes maintained the dendritic morphology of control keratocytes on nanopillar arrays, TGFp1
priming induced an enlarged, dendritic cell shape with a dense actin network, accentuated by nodular actin
condensations (Fig. 7, Supplementary Figs. S6-S9). Depending on pillar aspect ratio, nanopillar substrates can
be perceived as soft due to cell force-induced pillar bending®>. Therefore, one explanation for the observed
cell morphology difference between planar and nanopillar substrates is that the contractile cells can displace
the nanopillars upon force generation, thus sensing a ‘soft’ substrate. Whereas their adhesion sites are not dis-
placed on planar substrates of equally rigid material, causing the cells to indeed perceive such surfaces as rigid.
In support of this notion, similar behaviour was observed in previous work demonstrating a preservation of
the dendritic morphology by FGF-primed keratocytes®, and of the enlarged, dendritic cell morphology by
TGFp1-primed keratocytes®, in uncompressed soft 3D collagen gels. On the other hand, compressed stiff 3D
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Figure 7. Summary of growth factor induced cell morphologies and behaviors.

gels promoted the classical FGF-induced polarization with presence of actin stress fibers®, and enlarged, stress
fiber-rich myofibroblast morphology in TGFB1-primed keratocytes”, like on planar glass in our study (Fig. 7).
Furthermore, TGFpP1 conditioned keratocytes cultured on soft or patterned 2D substrates have been shown to
reduce aSMA stress fiber expression and contractility compared to cells on rigid or planar 2D substrates®*®.
FGF and TGFp1 thus clearly elicit a conditional response, which depends on mechanosensory feedback from the
substrate or pericellular matrix to the cells. This response is likely initiated by differences in topography, ligand
availability/density, and/or ‘observed’ viscoelasticity’>*. The K-F/M transition reversal following growth factor
withdrawal was more complete on nanopillar arrays than on planar glass substrates in our study (Fig. 7). These
results underline the importance of substrate mechanosensing, and of a normalization of stromal growth factor
concentrations following epithelial wound healing®’, for myofibroblast phenotype reversal.

The presence of scar tissue deposited by myofibroblasts in vivo has been proposed to create a ‘bad neigh-
bourhood’-type niche in which fibrosis is promoted and perpetuated, also after the matrix depositing cells have
disappeared’. In our study, we found that the dense collagen matrix with highly stretched Fn fibers deposited
by myofibroblasts, was maintained even after cell removal (Figs. 5b-d, 7, Supplementary Fig. S11). Contrary to
the abovementioned ‘bad neighbourhood’ hypothesis, we observed a reduction in the transition of keratocytes
into aSMA expressing myofibroblasts when cultured on these myofibroblast-derived, collagen and stretched Fn
fiber-rich, decellularized ECM scaffolds. This observation even held true in the presence of exogenously sup-
plemented TGFp1 (Figs. 5, 6, Supplementary Fig. S14).

Combining our 2D and 3D*>*! data suggests two things: first, the composition of the ECM overruled soluble
factor signaling to exert a defining influence on the (K-)F/M transition in our cell culture models. The biochemi-
cally and biophysically complex ECM within these 2D and 3D environments clearly played a more dominant
instructive role on myofibroblast transition than exogenously supplemented TGFp1, in agreement with studies
that used decellularized cancer-associated stroma ECM'}, or decellularized fibroblast-derived microtissues®'. This
is remarkable, since TGFp1 has historically been viewed as an essential ingredient for myofibroblast transition®’.
Second, scar tissue ECM does not necessarily need to create a ‘bad neighborhood’-type niche in which fibrosis
is promoted. Instead, the fibrotic, myofibroblast-derived ECM may contain cues that favor tissue regeneration
over sustained fibrotic scarring. Our data (Fig. 6, Supplementary Fig. $14,>>°!) suggest that a low Fn/collagen
ratio inhibits fibroblast to myofibroblast transition.
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Figure 8. Summary corneal fibrosis and remodeling feedback. Corneal epithelial damage-induced release of
soluble factors, notably PDGF and TGFf1, leads to keratocyte activation. (a) Activated keratocytes (from left
to right: control keratocyte, PDGF-primed fibroblast, FBS-primed fibroblast, TGFp1-primed myofibroblast)
demonstrate cell morphology changes, increased contractility, metabolic activity, Fn matrix assembly and Fn
fiber unfolding. (b) Growth factor withdrawal from cell culture mimicked the decrease in stromal growth factor
levels after epithelial and basement membrane healing. Substrate type contributed to the completeness of cell
phenotype reversal (compare b to a), meaning that substrate sensing by cells contributes to their phenotype
development. (c) Fluorescence Resonance Energy Transfer (FRET) experiments revealed that cell generated
forces are translated into mechanical ECM strain (Fn unfolding). The contractile phenotypes -FBS and TGFf1
primed (myo)fibroblasts- stretched Fn fibers within the ECM to a level where partial secondary/tertiary Fn
protein structure loss was present. Figure adapted from: Smith et al., Plos Biol, 2007, with permission. Such

Fn fiber unfolding exposes cryptic Fn-Fn self-assembly sites'*??, accelerating Fn fibrillogenesis, cross-linking
and fiber bundling, and stabilizing the early Fn matrix'*?>%. Fn fiber unfolding also exposes a cryptic Toll-
like receptor (TLR) 4 activating site on Fn's ED-A domain, resulting in TLR activation, and subsequent TGE,
tenascin-C (TNC), Fn, and collagen-1 gene expression*. Cell generated force-induced Fn fiber stretching can
thus promote early Fn fibrillogenesis®?, and the subsequent assembly of a collagen matrix*®. Increased solid
tissue stresses and tissue tension, caused by cell proliferation, contractility, and matrix assembly, can also drive
profibrotic gene expression (incl. aSMA, collagen, TNC), and thus myofibroblast transition and the deposition
of a contracted, dense, crosslinked collagen-1-rich matrix (d-f), in a self-amplifying process*. Finally,
decreasing PDGF and TGFp1 concentrations following epithelial and basement membrane healing, together
with normalizing ECM properties, including tissue specific matrix topography;, stiffness, and collagen fiber
content, likely facilitate the disappearance of myofibroblasts from wound sites. Thus, an ECM niche supportive
of homeostasis and regenerative remodeling is created. We have integrated our experimental results (bold) with
published information in the literature (italics): for citations, please see main text.

Regarding the potential clinical relevance, key features of the wound healing and tissue regeneration phases
following in vivo laser ablation surgery of the anterior corneal stroma in rabbits' underline a mechanosensory
ECM feedback-induced myofibroblast phenotype reversal. Corneal haze, aSMA and Fn expression, and the
presence of enlarged, actin stress fiber-rich myofibroblasts peaked at 21 days after laser ablation surgery. Also,
collagen-1 expression was elevated at this timepoint, but only few collagen fibers were detected via SHG within
a rather featureless stroma'. This situation is most reminiscent of the myofibroblast-promoting environment on
planar glass substrates (Fig. 7), in stiff 3D collagen gels”, and in the 3D microtissue growth front®>°!. Between
days 60 and 180 after laser ablation surgery, the complex collagen fiber topography of the normal corneal stroma
reappeared, with corneal haze, Fn, aSMA and the typical myofibroblast morphology progressively disappearing.
At the same time, the reorganizing (myo)fibroblasts increasingly expressed bright punctate, actin-rich structures
that were associated and aligned with the collagen fibers'. This situation is most reminiscent of the myofibroblast-
inhibiting environment on nanopillar substrates (Fig. 7), in soft 3D collagen gels*’, and in the 3D microtissue
core region®>*!. In a similar in vivo laser ablation surgery study in rabbits, the wounded corneal stroma assumed
a maximum bulk tissue stiffness at 7 days after laser treatment®®. Stromal stiffness was still high at 21 days after
laser treatment, when aSMA expression was at its maximum. Stromal stiffness progressively decreased at later
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measurement timepoints at 42, 70 and 400 days after laser treatment, when aSMA expression, histologically
graded fibrosis, and clinical corneal haze decreased as well*®.

An interpretation of the combined results from these in vivo wound healing studies!®8, as well as 2D and 3D
cell culture models®*>*”, thus supports the presence of an ECM niche supportive of homeostasis and regenerative
remodeling. This niche is most likely characterized by a normalized tissue physiology-specific matrix topography,
stiffness, and collagen fiber content, overruling soluble factor signaling, and facilitating the disappearance of
myofibroblasts from wound sites.

In summary, the growth factor deprivation and ECM-driven downregulation of myofibroblast differentiation
observed in our study provide a mechanobiological explanation for the disappearance of (myo)fibroblasts during
the maturation phase of wound healing (Fig. 8). Such myofibroblast disappearance should facilitate regenera-
tive matrix remodeling at wound sites and in scars'2. Remodeling processes in the corneal stroma are active for
months or years and determine whether opacities persist or regress**. Understanding the basic mechanisms
governing cell-ECM crosstalk is becoming increasingly important with the vast increase in popularity of novel
clinical and tissue engineering tools that mechanically and biochemically modify the cellular microenvironment
and potentially affect cell fate. As such, our findings reflect basic, clinically relevant, and potentially targetable
mechanisms related to tissue fibrosis.

Methods

Detailed experimental protocols are available as supplementary information.

Primary rabbit keratocyte isolation and cell culture. Eyes used for isolation of primary corneal
keratocytes were obtained from healthy rabbits at a local abattoir. The keratocytes were isolated and cultured
on collagen coated, plasma treated polystyrene culture dishes (tissue culture plastic) prior to passaging onto
various specific substrates for the different experiments. Exposure to specific growth factors (IGF-I: 10 ng/ml;
PDGF-BB: 50 ng/ml; FGF-2: 10 ng/ml; TGFpB1: 5 ng/ml) or 10% Fetal bovine serum (FBS) supplemented to the
serum free medium using previously described methods® took place either while on the initial collagen coated
culture dishes during culture expansion, or after passaging onto the final substrate. Trypsin used for passaging
keratocytes was neutralized with Soybean Trypsin Inhibitor. The growth factor concentrations represent the
lowest concentrations with a maximal effect on cell morphology and F-actin organization. These concentrations
were adopted from previous studies?®*. For interventional experiments, cells were seeded onto glass cell culture
substrates with adsorbed unlabeled Fn.

Primary human foreskin fibroblast (HFF) cell culture. Primary human foreskin fibroblasts (HFF)
were cultured using previously described protocols®.

Immunocytochemistry. Primary antibodies used: mouse monoclonal anti-a-SMA (O.N.5, Cat# ab 18147
[1A4], Abcam, Cambridge, UK); 1:100 dilution in 1% BSA/PBS for 1 h, used as myofibroblast phenotype specific
marker; mouse monoclonal anti-transglutaminase 2 antibody (CUB 7402], Abcam); 1:100 dilution in 1% BSA/
PBS for 1 h; goat polyclonal anti-Fibronectin, N-20 (Cat# sc-6953, Santa Cruz, CA; 1/100 dilution in 3%BSA/
PBS prior to cell permeabilization for 1 h); mouse monoclonal anti-Collagen I ((COL-1], Cat# ab 90395, Abcam,
Cambridge, UK; 1/200 dilution in culture medium for 1 h at 37 °C).

Secondary antibodies used: goat anti-mouse-Alexa Fluor 555 (Cat# A21424, Life technologies); Donkey
anti-mouse Alexa Fluor 488 (Cat# A-21202, Invitrogen); Donkey anti-goat-Alexa Fluor 633 (Cat# A21082, Life
Technologies; all at 1:100-1000 dilution in 1-3% BSA/PBS for 30-60 min).

Compartment specific fluorescent dyes used: phalloidin-Alexa Fluor 488 and 568 (1:100-200 dilution in
1 xPBS+/-1-3% BSA for 2 h) as cellular F-actin and actin stress fiber markers; 4,6-diamidino-2-phenylindole
(DAPI) (1:1000 dilution in 1 x PBS for 10-15 min) to counterstain cell nuclei. Routine fixation, permeabilization,
blocking and staining protocols were used. All antibodies and compartment specific fluorescent dyes were added
after fixation and permeabilization, with the exception of the primary anti-Coll-1 antibody and the primary anti-
Fn antibodies, which were added to the live cell culture at 37 °C and after fixation but prior to permeabilization,
respectively. Finally, samples were left in 1 x PBS until immunofluorescent imaging with a Zeiss Axiovert 200 M
epifluorescent microscope, or Olympus FV-1000 or Leica SP5 confocal microscope.

Image analysis for ECM quantification. To ensure robust results, quantification of immunofluorescence
intensities in Z-stack confocal microscopy data was carried out using a custom-built FIJT macro, which can be
accessed on GitHub (https://github.com/BennSynergy/FIJI-macro_zStackQuant.git, DOI: https://doi.org/10.
5281/zen0do.7978897)°. It was noted that the z-position of z-stack-slices exhibiting maximum fluorescence
intensity significantly varied between the collagen-1 and Fn channel in TGFp1-treated samples (see Supple-
mentary Fig. §15). Consequently, quantification of Fn and collagen-1 fluorescence intensities was performed in
a 3-slice substack that surrounded the z-stack-slice with peak fluorescence intensity in the collagen-1 channel.
This strategy was adopted since the selection of the maximum z-position from either the collagen-1 or Fn chan-
nel for fluorescence intensity quantification did not alter the relative differences observed among the interven-
tional groups.

MTT assay. An MTT assay was used as an indicator of cell proliferation in growth factor conditioned kerato-
cytes at culture day 5 and in growth factor deprived keratocytes at culture day 9, and was performed according
to the manufacturer’s instructions (Cell Proliferation Kit I (MTT), Cat # 11465007001, Roche). Absorbance of

Scientific Reports |

(2023) 13:11350 | https://doi.org/10.1038/s41598-023-37776-9 nature portfolio


https://github.com/BennSynergy/FIJI-macro_zStackQuant.git
https://doi.org/10.5281/zenodo.7978897
https://doi.org/10.5281/zenodo.7978897

www.nature.com/scientificreports/

the medium was measured with a Tecan M200 plate reader. Absorbance values were normalized to that of the
control keratocytes in serum-free medium and reported in Fig. S4.

Real-time PCR evaluation of keratocyte and myofibroblast markers. Cells were lysed and RNA
was isolated (Nucleospin RNA-II, Cat # 740955.50, Macherey Nagel AG, Oensingen, Switzerland), and cDNA
was produced (Tagman” Reverse transcription Reagent, Cat# N808-0234, Applied Biosystems) using manufac-
turers protocols. A spectrophotometer was used to determine RNA yield (Nanodrop; Thermo Scientific, Wilm-
ington). Gene expression was evaluated by real-time PCR using SYBR green reagents (Sensimix SYBR kit from
Bioline) and validated real-time PCR primers for rabbit keratocyte and myofibroblast markers (Table 1, sup-
plementary information) as previously published®. Relative quantification was performed by the AACT method
with B-actin used as normalizing housekeeping gene.

Nanopillar array fabrication and cell traction force measurement. Nanopillar platforms were fab-
ricated exploiting nanosphere lithography followed by a molding process using previously described protocols™.
The photoresist SU-8 nanopillars measured 0.25 pm in diameter and 1.5 um in height with a 0.8 um pillar center
to pillar center distance. The spring constant of a representative SU-8 nanopillar was measured by Atomic Force
Microscopy (AFM) by deflecting single nanopillars with the AFM cantilever, and was used to calculate the
cell-generated horizontal traction forces on the pillar substrate. These nanopillars with passivated pillar sides
and Fn-coated pillar tops were biocompatible and allowed a natural spreading of cells on top of the nanopillars.
Cells were fixed 3 h after seeding, then phalloidin stained and imaged on a Leica SP5 confocal microscope. This
timeframe was chosen since we aimed to measure force generation after the initial cell to substrate attachment
phase’, but prior to any significant ECM deposition. Since force generation measurements on fixed cells reflect
the cellular contractile state at a single point in time and cellular force generation changes over time as adhesion
complexes mature®® we were interested in force generation measurements over time. To visualize cell edges in
live-cell imaging experiments the cells were incubated with a fluorescent membrane dye (Vybrant/ Dil, Invitro-
gen, 1:200 dilution in culture medium) in suspension prior to seeding. Within 3 h after seeding, each cell was
imaged for 30 min on an incubated microscope stage.

The pillar displacement underneath the cells in xy direction was quantified by comparing two sets of images
with focal planes at the pillar base and top, respectively. Pillar displacement was analyzed with particle tracking
software (Diatrack 3.03, Powerful Particle Tracking, Semasopht; and Fiji, plugin, template matching for drift
collection) and the traction forces by which the cells displaced the nanopillars calculated.

Scanning electron microscopy. Cells on nanopillar arrays were imaged using a Zeiss ULTRA 55 Scanning
Electron Microscope after fixation, critical point drying, and gold sputter-coating using standard protocols®.

Direct stochastic optical reconstruction microscopy (dSTORM). For dSTORM imaging, kerato-
cytes preconditioned with 5 ng/ml TGFp1 for 4 days, were seeded onto Fn-coated coverslips. After fixation, per-
meabilization, blocking and staining with Alexa Fluor 647 phalloidin, samples were imaged using a home-built
set-up for single-molecule localization microscopy, as previously described®2.

Fn isolation and labeling. Fn was isolated from human plasma (Zurcher Blutspendedienst SRK, Switzer-
land) by affinity chromatography as previously described?!. Double labeling of plasma Fn with Alexa Fluor 488
as donor on amines and Alexa Fluor’ 546 as acceptor on free sulthydryls was performed as previously described?'.

Preparation of cell derived ECM scaffolds. Tissue equivalents, often collagen gels seeded with fibro-
blasts, were used to investigate ECM stress regulatory principles in most previous studies>>?. Although collagen
fibrils can self-assemble in vitro, their assembly and proper organization in vivo are regulated by many additional
binding partners, including cellular fibronectin and integrins'’. Furthermore, resident tissue fibroblasts control
the supramolecular fibril organization within and the three-dimensional structure of the collagen matrix®. Cul-
tured human foreskin fibroblast (HFF) assembled ECM scaffolds were therefore used here to provide a more
physiologically relevant 3D cell culture environment to evaluate the influence of the ECM on K-F/M transition.
HFFs (50,000 cells/cm?) were seeded onto Fn coated surfaces and allowed to adhere for 30 min. The culture
medium was then replaced by cell-type specific medium containing FRET labeled Fn or Alexa 488 singly labeled
Fn. Cells were cultured for 4 days with a medium change after 48 h prior to imaging.

Image acquisition and analysis for fluorescent resonance energy transfer (FRET). Fluorescent
Resonance Energy Transfer (FRET) analysis was performed as previously described®, using Matlab (http://
www.mathworks.com/) with a self-programmed script (script available as supplementary information). Using
an Olympus FV-1000 scanning laser confocal microscope, all FRET images were acquired from living cell sam-
ples, except for the FRET images from HFF derived ECM scaffolds for keratocyte reseeding experiments and for
decellularization experiments, which were acquired from decellularized samples. FRET 1,/I, ratios were cali-
brated to different Fn conformations in PBS and various strength GdnHCI solutions. Dimeric and fully folded
Fn in PBS showed strong energy transfer whereas monomeric and significantly unfolded Fn-FRET in 4 M Gdn-
HCI showed dramatically decreased energy transfer. According to previous studies on Fn conformations in
solution®!, the I,/I}, value of monomeric Fn-FRET in 1 M GdnHCI will be used to indicate the very first onset of
loss of secondary structure.
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Seeding native keratocytes onto HFF-derived ECM scaffolds. Cell-derived ECM scaffolds assem-
bled by fibroblasts (native HFFs) and myofibroblasts (TGFp1-treated HFFs) were isolated. After 4 days, the cell
monolayer was decellularized by a previously described protocol to yield a cell-free cell derived ECM scaffold®*.
Keratocytes were then seeded onto the acellular matrix, and 5 ng/ml TGFP1 was added to the serum-free kerato-
cyte culture medium after cell attachment to induce myofibroblast differentiation of the keratocytes. Cells were
cultured for 4 days, then fixed and stained with phalloidin and aSMA, and imaged with an inverted Zeiss Axio-
vert 200 M epifluorescence microscope. The proportion of cells expressing aSMA in their stress fibers was cal-
culated and compared between different groups.

Statistics. The presence of significant differences between any groups was evaluated by unpaired t-tests or
one-way ANOVA for parametric data and by Kruskal-Wallis one-way ANOVA for nonparametric data. Post-
hoc tests were performed where applicable to identify significant differences between specific groups: Holm-
Sidak’s multiple comparison test for aSSMA incorporation into stress fibers, Dunn’s multiple comparison test for
the MTT, rt-PCR, and keratocyte Fn ECM quantification assays, Tukey’s or Sidak’s multiple comparison test for
the ECM Fn strain (FRET), Tukey’s multiple comparison test for the keratocyte Collagen-1 ECM quantification
and the single cell force generation experiments, and Sidak’s multiple comparison test for the HFF Fn and Col-
lagen-1 ECM quantification assays. The level for statistical significance was set at P<0.05 for all comparisons.
GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla CA, USA, www.graphpad.com) was
used for all statistical analyses.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding authors on
reasonable request.
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