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Abstract
The purpose of this study was to test the hypotheses that development of mature vimentin+/α-
smooth muscle actin+/desmin+ (V+A+D+) myofibroblasts from corneal fibroblasts is regulated by
transforming growth factor (TGF) β and platelet-derived growth factor (PDGF); and that
myofibroblast development in vitro follows a similar developmental pathway as it does in vivo.
Mouse corneal stromal fibroblasts (MSF) were isolated from the corneas of Swiss Webster mice
and cultured in serum-free media augmented with DMEM/F12 and varying doses of TGFβ (0.1 to
2.0 ng/ml), with and without mouse PDGF-AA and/or PDGF-BB (2.0 ng/ml), to study the
transition of the MSF to V+A+D+ myofibroblasts. The mean percentage of vimentin+, α-SMA+
and desmin+ cells was determined at each time point (2 to 15 days), with each growth factor
concentration. MSF in vitro were noted to undergo the same developmental transition from V+A
−D− to V+A+D− to V+A+D+ myofibroblasts as precursors undergo in vivo. TGFβ at a dose of 0.5
ng/ml and 1.0 ng/ml with 2.0 ng/ml PDGF-AA and 2.0 ng/ml PDGF-BB in DMEM/F12 serum-
free media was optimal for the development of V+A+D+ myofibroblasts. This study defines
optimal in vitro conditions to monitor the development of MSF into myofibroblasts. The
combined effects of TGFβ and PDGF promote the full development of V+A+D+ myofibroblasts
from MSF.

Introduction
Myofibroblasts are important modulators of the development of opacity (haze) following
corneal surgery, injury, and infection (Masur et al., 1996; Jester et al., 1999; Mohan et al.,
2003). Prior studies have shown that these cells can develop from either keratocyte-derived
or bone marrow-derived cells and that cytokines such as transforming growth factor (TGF)
β, platelet-derived growth factor (PDGF), and interleukin (IL)-1 have important roles in the
development and death of these cells (Boström et al., 1996; Masur et al., 1996; Jester et al.,
1999 and 2002; Kaur et al., 2009; Singh et al., 2011; Singh et al., 2012). For example, Jester
and coworkers (2002) demonstrated that myofibroblast differentiation in rabbit keratocytes
requires synergistic growth factor/integrin signaling involving TGFβ, PDGF, and the
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fibronectin receptor. Masur and coworkers (1996) demonstrated the density dependence of
myofibroblast development from fibroblast precursors and also showed that TGF-beta
receptor expression and smad2 localization are cell density dependent in fibroblast
precursors to myofibroblasts (Petridou, et al., 2000). Epithelial cells and stromal cells,
including myofibroblasts themselves (autocrine modulation), produce TGFβ and PDGF
cytokines in corneas and other tissues in vivo (Masur et al., 1996; Zhang and Phan, 1999;
Jester, et al., 1999; Thannickal, et al, 2004; Kaur et al., 2009; Saika, et al., 2010; Singh, et
al., 2011 and 2012; Wilson, 2012: Tandon, et al., 2010).

Myofibroblasts have been shown to have variable cell phenotypes based on
immunohistochemical staining of filaments and a classification system has been proposed
for these cells (Schmitt-Graff, Desmouliere and Gabbiani, 1994; Kohnen et al., 1996). Thus,
myofibroblasts that express only vimentin are termed V-type myofibroblasts, those that
express vimentin and desmin are called VD-type myofibroblasts, those that express
vimentin, SMA, and desmin are called VAD-type myofibroblasts, those that express
vimentin and SMA are called VA-type myofibroblasts, and those that express vimentin and
myosin are called VM-type myofibroblasts. Previous studies demonstrated that corneal
myofibroblasts proceed through a developmental sequence from vimentin+/α-smooth
muscle actin−/desmin− (V+A−D−) precursors to V+A+D− intermediate cells to mature V
+A+D+ myofibroblasts in vivo (Chaurasia, et al., 2009). The purpose of the present study
was to determine whether MSF undergo a similar develomental sequence to differentiated
myofibroblasts in vitro that is modulated by TGFβ and PDGF.

Methods
Isolation of mouse corneal stromal fibroblasts (MSF)

The methods described by Yoshida and coworkers (2005) were modified to isolate mouse
stromal fibroblasts (MSF) under serum-free conditions for use in subsequent experiments
testing the effects of growth factors or plasmids that produce inhibitory factors on
myofibroblast development. Briefly, corneas were removed from Swiss Webster mouse eyes
(Pel Freeze, Rogers, AR) and the Descemet’s-endothelium complex was stripped away with
0.12 mm forceps. The remaining stroma and epithelium was incubated in 5 mg/ml of dispase
II (Roche Diagnostics, Indianapolis, IN) at 4°C overnight. Lo ose epithelium was removed
and the corneal stromal discs were cut into small segments and digested in 0.05% trypsin
(Sigma, St. Louis, MO) for 30 minutes at 37°C, followed by incubation with 78 U/ml
collagenase (Sigma) and 38 U/ml hyaluronidase (Sigma) for 30 minutes at 37°C. Stromal
cells were mechanic ally dissociated into single cells and cultured in “augmented DMEM/
F12” [DMEM/F12 (1:1) supplemented with 20 ng/ml epidermal growth factor (Sigma), 10
ng/ml of fibroblast growth factor 2 (Sigma), B27 supplement (Invitrogen, Carlsbad, CA),
and 103 U/ml leukemia inhibitory factor (Chemicon International Inc., Temecula, CA)] at a
density of 5 X 105 cells/ml in a 5% CO2 incubator at 37°C. Initial culture was performed in
35-mm dishes and cells were sub-cultured into 25-cm2 culture flasks. The spheres were sub-
cultured in 75 cm2 culture flasks after 7 to 14 days. The medium was changed every 3 to 5
days, along with added growth factors.

Immunocytochemistry
Immunocytochemistry was performed as described previously (Yoshida, et al., 2005; Singh,
et al., 2011). In brief, mouse corneal sphere cells and cells freshly isolated from mouse
cornea were attached to glass slides using a cytospin preparation (Auto Smear CF-120;
Sakura, Tokyo, Japan) and then fixed in 4% paraformaldehyde for 15 minutes at 4°C. Cells
were washed twice with PBS for one minute with gentle agitation. Cells were treated with
permeabilization solution [0.25% Triton® X-100 (Sigma, St. Louis, MO)] in PBS for five
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minutes at room temperature with gentle agitation and subsequently washed twice in PBS
for one minute with gentle agitation. Cells were resuspended in blocking solution [5% BSA
(Sigma, St. Louis, MO) PBS, pH 7.4] and incubated for one hour at room temperature with
gentle agitation. Cells were washed twice with PBS for one minute with gentle agitation.
Cells were stained with anti-vimentin antibody (sc-7557, goat antibody, Santa Cruz Biotech,
Santa Cruz, CA) diluted 1:50 in phosphate buffered saline with 1% BSA, anti-α-smooth
muscle actin (ab5694, chicken antibody, Abcam, San Francisco, CA) diluted 1:50 in 1%
BSA and/or anti-desmin antibody (sc-7559, goat antibody, Santa Cruz Biotech) diluted
1:200 in 1% BSA for 90 minutes and then incubated with the respective secondary
antibodies (A-11058; Alexa Fluor® 594 donkey anti-goat IgG, Invitrogen or A11039; Alexa
Fluor 488 goat anti-chicken IgG, Invitrogen) for 60 minutes. Immunocytochemistry controls
were performed by omitting primary antibodies. Cover slips were mounted with Vectashield
containing DAPI (Vector Laboratories Inc., Burlingame, CA) to allow visualization of all
nuclei in the cells. All immunocytochemistry experiments were performed at least three
times in triplicate to insure results were consistent. The slides were viewed and
photographed with a Leica (Leica Microsystems, Buffalo Grove, IL) DM5000 microscope
equipped with Q-Imaging Retiga 4000RV (Surrey, BC, Canada) camera and ImagePro
software (Surrey, BC, Canada).

In vitro transfection protocol
Sphere cells were used after six days of culture in serum-free modified medium. On the day
of transfection, sphere cells were washed once with serum-free growth medium without
antibiotics and cells were seeded at a density of 2–3 × 106 cells per well in 0.8 ml of serum-
free growth medium without antibiotics. Lipofectamine® LTX & Plus Reagent (Catalog
no-15338-100, Invitrogen, CA, USA) was used according to the manufacturer’s instructions
for the transfection assay. The plasmid vectors used for the transfection assay were
pGFP.TGFRBKDEL and empty pCMV control vector (obtained from Dr. B.K. Ambati,
Moran Eye Center, UT, USA). The TGFβ-KDEL vector interferes with TGFβ signaling
through anomalous sorting of cytokine bound to the expressed altered receptor (Singh et al.,
2011). α-SMA was analyzed at six days after transfection and culture of cells in presence or
absence of 1.0 ng/ml TGFβ (T7039, Sigma, St. Louis, MO, USA) with 2.0 ng/ml PDGF-AA
or PDGF-BB (CYT-590 or CYT-590, ProSpec-Tany Technogene Ltd., PO Box 6591, East
Brunswick, NJ).

Quantification of cells
The total number of cell nuclei and the number of α-smooth muscle actin+ or desmin+ cells
per slide were counted in randomly selected, noncontiguous 400X microscopic fields using
an analysis program in Image Pro (assisted by the staff of the Imaging Core, Lerner
Research Institute, The Cleveland Clinic). The results were expressed as the percentage of
α-smooth muscle actin+ or Desmin+ cells/total DAPI positive sphere cells quantified real-
time at the microscope.

Statistical analysis
Statistical comparisons between the different experimental conditions were performed using
analysis of variance (ANOVA). p < 0.05 was considered statistically significant. Results are
expressed as the mean ± standard error.
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Results
Effect of TGFβ and PDGF on α-SMA expression

All MSF isolated for these studies were vimentin+ and continued to express vimentin when
they were α-SMA+ and/or desmin+ (not shown). When corneal fibroblasts were cultured in
the presence of varying concentrations (0.1 ng/ml to 2.0 ng/ml) of TGFβ and/or PDGF-AA
or PDGF-BB, in serum free media, a gradual differentiation of V+A−D− corneal fibroblasts
into α-SMA+ myofibroblasts was observed (Fig. 1). Representative images for α-SMA
expression are shown in Fig. 2A–E. The expression of α-SMA+ myofibroblasts was
monitored from day two to day 13, as shown in Fig. 1. The first α-SMA+ myofibroblasts
were observed after six days of culture in presence of either 0.5 ng/ml or 1.0 ng/ml TGFβ
with or without PDGF-AA and/or PDGF-BB in the culture media. More than 80% of
corneal fibroblast cells become α-SMA+ after 13 days of culture in presence of 1.0 ng/ml
TGFβ and PDGF-AA and PDGF-BB compared to corneal fibroblasts cultured with 0.5 ng/
ml TGFβ and PDGF-AA and PDGF-BB (p < 0.01) where it was observed that
approximately 50% of cells became α-SMA+. Thus, the presence of PDGF-AA and PDGF-
BB in the medium significantly increased α-SMA+ myofibroblast generation at 13 days in
culture compared with either isoform of PDGF alone with 0.5 ng/ml or 1.0 ng/ml TGFβ.
More than 99% of corneal fibroblasts transitioned to α-SMA+ myofibroblasts within six
days when 2.0 ng/ml TGFβ was present in the culture with or without PDGF-AA and/or
PDGF-BB (results not shown).

Phase contrast microscopy was used to monitor survival of the sphere cells and demonstrate
that spheres were maintained in the supplemented media (Fig. 3A and 3B). Also, small and
large spheres were monitored for the α-SMA myofibroblast marker (Fig. 3C). α-SMA
staining was also monitored using confocal microscopy, as shown in Fig. 3D, and the results
were identical to those noted with light microscopy.

Effect of TGFβ and PDGF on desmin expression
A gradual increase in desmin expression over time was observed when corneal fibroblasts
were cultured in presence of varying concentrations of TGFβ, with or without PDGF-AA
and PDGF-BB in serum-free medium (Fig. 4). Representative images of desmin expression
are shown in Fig. 5A–E. More than 40% of the corneal fibroblasts expressed significant
desmin only after 13 days of culture in presence of TGFβ, as they transitioned from
immature (V+A+D−) to mature (V+A+D+) myofibroblasts. Greater than 60% of sphere
cells expressed desmin after 15 days in the presence of 0.5 ng/ml or 1.0 ng/ml TGFβ when
both 2.0 ng/ml PDGF-AA and 2.0 ng/ml PDGF-BB were present in the medium (Fig. 4).
However, if TGFβ was increased to 2.0 ng/ml, along with 2.0 ng/ml PDGF-AA or 2.0 ng/ml
PDGF-BB, over 90% of sphere cells expressed desmin after six days of culture (Fig. 5E).
Thus, the effect of TGFβ on corneal fibroblast maturation into immature V+A+D−
myofibroblasts and further into mature V+A+D+ myofibroblasts is augmented by the
presence of PDGF-AA or PDGF-BB in the culture medium.

Effect of TGFβ signaling blockade on α-SMA+ myofibroblasts development
Primary corneal fibroblast sphere cells transfected with the TGRBR.KDEL plasmid vector
expressed significantly lower α-SMA compared to control cells or empty vector-transfected
sphere cells when cultured in a serum-free medium with 1.0 ng/ml TGFβ and 2.0 ng/ml
PDGF-AA for six days after transfection (Fig. 6 and 7). α-SMA expression was not
significantly different in sphere fibroblast cells transfected with empty plasmid vector
compared to un-transfected cells when cultured in a serum-free medium with 1.0 ng/ml
TGFβ and 2.0 ng/ml PDGF-AA for six days.
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Discussion
TGFβ has been shown to have a critical role in the generation and maintenance of corneal
stromal myofibroblasts (Funderburgh et al., 2001; Bourlier et al., 2012; Andrianifahanana et
al, 2013; Weber et al, 2013). Studies by Jester and coworkers (2002) showed that TGFβ
induces keratocyte proliferation and myofibroblast differentiation through activation of a
PDGF autocrine loop. PDGF blocked in the stroma confirmed a role for PDGF in
myofibroblast generation and suggested that in rabbit cells PDGF acts at a specific point of
transition from V+A−D− to V+A+D− myofibroblasts (Kaur et al, 2009).

The focus of this study was to characterize the role of TGFβ and PDGF in myofibroblast
development in vitro from V+A−D− corneal stromal fibroblast precursors. Myofibroblasts
are stromal cells that may develop during the corneal wound healing process, depending on
the type of injury, that have traditionally been identified through their expression of α-
smooth muscle actin (Masur, et al., 1996; Jester et al., 1999; Stramer et al., 2003). This
marker is useful to detect mature myofibroblasts in the corneal stroma, since other cell types
in the cornea do not express α-SMA. However, recent studies have found that the earliest
stromal precursors to myofibroblasts in the cornea express vimentin (V), but not α-SMA or
desmin, another later marker of cell development (Chaurasia et al., 2009). Thus, corneal
myofibroblasts go through a sequential change in phenotype from V+A−D− to V+A+D− to
V+A+D+ cells. A similar process of myofibroblast differentiation has been found to occur in
other tissues and organs (Schmitt-Graff, Desmouliere, and Gabbiani, 1994; Kohnen et al.,
1996). Once developed, the myofibroblasts that express all three markers persist in the
anterior stroma until such time as they undergo apoptosis, likely when the epithelial
basement membrane is regenerated and its barrier function is restored, and epithelium-
derived TGFβ levels in the anterior corneal stroma fall (Torricelli, et al., 2013).

It is likely that myofibroblast precursor cells begin the developmental transition in all
corneas that have epithelial and epithelial basement membrane injury where TGFβ, and
possibly PDGF, from the corneal epithelium penetrate into the anterior stroma at high levels.
These precursor cells would not be detected by staining for α-SMA in the early post-injury
period since they only begin to express α-SMA after about one to two weeks of exposure to
TGFβ. In many corneas, the epithelial basement membrane is regenerated and re-establishes
barrier function to TGFβ penetration into the stroma. In these corneas, once stromal TGFβ
levels fall, myofibroblast precursors likely halt development and undergo apoptosis (Wilson,
2012). In some corneas, however, especially those with higher levels of injury like
photorefractive keratectomy for high myopia, where the epithelial basement membrane is
not normally regenerated (Torricelli et al, 2013), high levels of TGFβ continue to penetrate
into the anterior stroma and the myofibroblast precursors complete their development and
excrete large quantities of disorganized extracellular matrix materials. These persistent
mature myofibroblasts, and the extracellular matrix they secrete, comprise the anterior
stromal opacity referred to as haze. Once generated, this haze can persist for years or even
decades, although the haze does resolve over time in many corneas—presumably because
the epithelial basement membrane finally regenerates, and the myofibroblasts die, and their
secreted extracellular matrix is removed by resident keratocytes.

Studies in mice have shown that myofibroblasts in the cornea can also develop from bone
marrow-derived cells that migrate into the corneal stroma after epithelial injury (Barbosa et
al, 2010; Singh et al, 2012). The results of those studies suggested that some corneal
myofibroblasts associated with haze after PTK are primarily derived from bone marrow-
derived cells, although the factors that favor bone marrow vs. stromal cell origin of
myofibroblast precursors are unknown but likely important in determining the wound
healing response to different injuries to the cornea.
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The role of TGFβ blockade was also studied using vectors designed from human TGF
receptor II domains 2 and 3 sequences that are 93% concordant with mouse TGFβ II (and
which bind mouse TGFβ), along with the KDEL sequence. The pGFP.TGFRBKDEL vector
effectively blocked TGFβ-mediated mouse myofibroblast development in situ after irregular
PTK (Singh et al, 2011) and was shown to also inhibit the developmental transition of
corneal precursor cells to mature myofibroblasts in the present study.

The current study established the optimal concentration and time required to convert corneal
fibroblasts to myofibroblasts via the V+A−D− precursor to V+A+D− immature
myofibroblast to V+A+D+ mature myofibroblast developmental pathway. A dose of 0.5 ng/
ml to 1.0 ng/ml of TGFβ, along with 2.0 ng/ml PDGF AA and PDGF BB, in DMEM/F12
serum-free media was found to be the optimal condition to study this transformation (Fig. 1
and Fig. 2). It is hoped that defining these conditions will facilitate other studies that probe
myofibroblast development such as the specific changes in gene expression and cell
functions modulated by TGFβ and PDGF in vimentin+ corneal fibroblasts as they transition
from V+A−D− to V+A+D− to V+A+D+ myofibroblasts.
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Highlights

• Mature α-smooth muscle actin+ and desmin+ myofibroblasts develop from
vimentin+ corneal fibroblasts in vitro

• TGFβ and PDGF are important regulators of myofibroblast development

• TGFβ blockade inhibits myofibroblast development in vitro
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Fig. 1.
Quantification of the %SMA-positive cells when incubated in serum-free DMEM modified
media in presence of varying concentrations of TGFβ and/or PDGF-AA and/or PDGF-BB
for different time intervals. Quantification of %SMA myofibroblasts was performed using a
repeated measure ANOVA (mean ± SE). Note that when corneal fibroblasts are cultured
with either 0.5 ng/ml or 1.0 ng/ml TGFβ, the greatest increase in SMA+ myofibroblasts is
noted when both PDGF-AA and PDGF-BB are also present in the culture medium.
*Indicates the result is significant compared to 6 and 10 days culture with both TGFβ and
PDGFAA and PDGF-BB at p ≤0.01. The percentage of SMA+ myofibroblasts increased
significantly (p < 0.001) when corneal fibroblasts are culture for 13 days, as compared to
when the stromal fibroblasts were cultured for 6 days with TGFβ and/or PDGF in the culture
media. # Indicates that the results are significant for SMA expression when TGFβ, PDGF-
AA and PDGF-BB all are present together in the culture media compared to when culture
media contain only TGFβ with or without 2.0ng/ml PDGF-AA and/or 2.0ng/ml PDGF-BB
(p≤0.05). Quantitation was performed real-time at the microscope using Image Pro software.
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Fig. 2.
Representative SMA immunocytochemistry (IHC) images of mouse stromal fibroblasts
(MSF) cultured in serum-free medium under varying culture conditions. The cultures were
maintained for 15 days and small aliquots were taken in triplicate for performing IHC. The
cultures were maintained in triplicate for quantitative analysis of IHC images. The left lane
shows the nuclei of all cells stained blue with DAPI. The middle lane shows SMA+ cells
stained red. The right lane is an overlay of the DAPI and SMA staining. A. MSF cultured
(stained with non-specific IgG); B. MSF cultured in presence of 1.0 ng/ml TFGβ for 6 days;
C. MSF cultured in presence of 1.0 ng/ml TFGβ and PDGF AA and PDGF BB for 6 days;
D. MSF cultured in presence of 1.0 ng/ml TFGβ for 13 days; E. MSF cultured in presence of
1.0 ng/ml TFGβ and PDGF AA and PDGF BB for 13 days. Magnifications 400X.
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Fig. 3.
Corneal fibroblast “sphere cells.” A and B. Phase contrast microscopic image of corneal
fibroblast spheres in serum-free culture media at 10X and 20X magnification. C. Sphere
cells expressing myofibroblast marker: Immunocytochemical analysis showed expression of
α-SMA (red) in spheres. Blue is the nuclei of cells counterstained with DAPI. D. Confocal
microscopic image of single sphere cells expressing α-SMA (Average projection in Z-
plane).
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Fig. 4.
Quantification of % desmin-positive cells when incubated in serum-free DMEM modified
media in presence of varying concentrations of TGFβ and/or PDGF-AA and/or PDGF-BB
for different time intervals. Quantification of %desmin+ mouse stromal fibroblasts was
performed using a repeated measure ANOVA (mean ± SE). *Indicates the result is
significant compared to 6 and 10 days culture with both TGFβ and PDGFAA and PDGF-BB
(p ≤0.01). The percentage of desmin+ myofibroblasts increased significantly (p < 0.01)
when corneal fibroblasts were culture for 13 days, as compared to when the stromal
fibroblasts were cultured for 6 days with TGFβ and/or PDGF in the culture media. #
indicates that the results are significant for desmin expression when TGFβ, PDGF-AA and
PDGF-BB are all present in the culture media compared to when the culture media contains
only TGFβ with or without 2.0 ng/ml PDGF-AA and/or 2.0 ng/ml PDGF-BB (p≤0.05). Note
that the quantitation was performed real-time at the microscope using Image Pro software.
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Fig. 5.
A–E. Representative desmin Immunocytochemistry of mouse stromal fibroblasts (MSF)
cultured in a serum-free media under varying culture condition. The left lane shows the
nuclei of all cells stained blue with DAPI. The middle lane shows desmin+ cells stained red.
The right lane is an overlay of the DAPI and desmin staining. A. MSF
immunohistochemistry with control non-specific IgG. B. MSF cultured in presence of 1.0
ng/ml TFGβ for 6 days. C. MSF cultured in presence of 1.0 ng/ml TFGβ and PDGF-AA and
PDGF-BB for 6 days. D. MSF cultured in presence of 1.0 ng/ml TFGβ for 13 days. E. MSF
cultured in presence of 2.0 ng/ml TFGβ and PDGF-AA and PDGF-BB for 13 days.
Magnification 400X.
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Fig. 6.
Representative α-SMA immunocytochemistry images of mouse stromal fibroblasts (MSF)
cultured in a serum-free media with 1.0 ng/ml TGFβ and PDGF for 6 days after transfection
with different vectors. The left lane shows the nuclei of all cells stained blue with DAPI.
The middle lane shows α-SMA+ sphere cells stained red. The right lane is an overlay of the
DAPI and α-SMA staining. A. Control MSF cultured without transfection. B. MSF cultured
after transfection with empty vector. C. MSF cultured after transfection with TGRBR.KDEL
vector. Magnification 400X.
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Fig. 7.
Quantification of % SMA mouse stromal fibroblasts marker cultured in a serum-free media
along with 1.0 ng/ml TGFβ and 2.0 ng/ml PDGF-AA/BB. The % SMA+ MSF
myofibroblasts decreases significantly when they were transfected with TGRBR.KDEL
vector compared to un-transfected control cells or empty vector-transfected cells. * indicates
the results were significant compared to un-transfected control ((p≤0.01). # indicates the
results were significant compared to empty pCMV vector-transfected controls (p≤0.01).
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