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PURPOSE. We have previously shown that TGF-b3 (T3) stimulates extracellular matrix (ECM)
assembly while maintaining antifibrotic characteristics in a model using human corneal
fibroblasts (HCFs). This model, however, requires non-physiological levels of serum. In the
current study, we tested whether T3 could stimulate human corneal keratocytes (HCKs) in
vitro to assemble a functional ECM, while maintaining their characteristics.
METHODS. Human corneal keratocytes and HCFs were isolated and cultured using 1% or 10%
serum, respectively 6T3. The constructs were processed for indirect immunofluorescence
(IF), transmission electron microscopy (TEM), and qRT-PCR, analyzing for keratocyte marker,
keratocan, and ECM components, collagen (col) types I, III, and V.
RESULTS. Quantitative reverse transcriptase PCR data showed that keratocan, col I, and V were
all upregulated in HCKs compared with HCFs, whereas col III was expressed at low levels in
HCKs. Transforming growth factor beta 3 stimulation further enhanced the level of change.
Without T3, HCK constructs were very thin, approximately 5 lm; however, as with HCFs,
upon stimulation with T3, HCK constructs increased in thickness by approximately 5-fold.
Cell counts and ECM production revealed that HCKs assembled more ECM per unit area
compared with HCFs, and IF revealed downregulation of fibrotic markers, col III, and
thrombospondin-1, with T3 stimulation. Transmission electron microscopy data revealed
aligned ECM with long fibrils for all conditions except HCK Controls. Human corneal
keratocytesþT3 also showed denser collagen fibrils with more consistent fibril diameter.
CONCLUSIONS. Overall, the data suggests that it is possible to stimulate matrix secretion and
assembly by HCKs in vitro by using a single growth factor, T3.
Keywords: human corneal keratocytes, TGF-b3, extracellular matrix

he embryonic development of the cornea has been studied
extensively in a variety of species, with the chick model by
Hay being the most detailed.1 There are three main corneal
layers (epithelium, stroma, and endothelium), with the corneal
stroma representing approximately 85% to 90% of the total
corneal thickness. The corneal stroma consists of highly regular
collagenous lamellae and extracellular matrix (ECM) components that are secreted by the human corneal keratocytes
(HCK),2,3 and consists mainly of type I, V, and VI collagens.2,3
The HCKs are a population of quiescent, mesenchymal-derived
cells and are found between the collagen lamellae of the mature
corneal stroma. Human corneal keratocytes exhibit slow
turnover and occupy only 10% of the stromal size. Despite
their quiescence, HCKs play a key role in corneal transparency
and integrity.
Upon injury, some HCKs undergo apoptosis immediately,
while others are transformed into human corneal fibroblasts
(HCFs) and myofibroblasts.2,4–6 In most cases, any damage or
interruption in the precisely orchestrated process of healing,
results in corneal scarring and leads to the activation of
HCKs.2,6,7 These activated HCKs are often referred to as ‘‘active
keratocytes’’ or HCFs, which secrete a disorganized ECM that

ultimately affects transparency and corneal integrity.6,8 Therefore, when creating corneal tissue for engineering studies, it
might be better to use a more keratocyte-like cell.
In humans, there are three TGF-b isoforms, TGF-b1, -b2 and
-b3 (T1, T2, and T3, respectively). Despite the fact that they
share 70% to 80% amino acid sequence homology9 and bind to
the same receptors, their functions vary considerably. All three
isoforms affect a wide variety of biological processes, such as
cell proliferation, differentiation, and migration,10–12 which are
all critical events following injury. However, T1 and T2 are
known for their profibrotic role, whereas T3 is better known
for its antifibrotic activity.13–16 In fact, our previous studies15
have shown that T3 can stimulate HCFs to secrete larger
amounts of ECM, while maintaining nonfibrotic characteristics.
In the current study, we investigated whether HCKs can be
stimulated to secrete and assemble an organized ECM, similar
to that in a mature cornea, while maintaining their keratocyte
characteristics. We also investigated the role of T3 on HCKs,
and whether T3 helped increase ECM secretion while
maintaining keratocyte characteristics in vitro. Our data
shows that when HCKs were stimulated with T3, the HCKs
maintained the vital keratocyte marker, keratocan, as well as
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FIGURE 1. Schematic representation of the method used to quantify the fibril density from TEM images with ImageJ software. (A) The original TEM
image with random 0.5 lm 3 0.5 lm area selected (white box); (B) selected area magnified; (C) magnified image converted to a binary black/white
image; (D) collagen fibrils identified by edge detection method (blue spots); (E) outlines of each detected area; (F) fitted ellipses to detected area;
and (G) final highlighted ellipses showing the collagen fibrils. The fibril density was then calculated by counting the fibrils within the selected area.

their morphology. In addition, HCKs secreted copious
amounts of ECM, while maintaining high alignment and
organization and minimizing fibrotic marker expression. This
is vital for corneal tissue engineering since it can lead to new
alternatives and therapeutic solutions for sight-threatening
cases.

MATERIALS

AND

METHODS

Primary Culture of Human Corneal Fibroblasts
Human corneas were obtained from the National Disease
Research Interchange (NDRI; Philadelphia, PA). All research
adhered to the tenets of the Declaration of Helsinki. Cells were
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grow for 4 weeks 60.1 ng/mL T3. This concentration of T3
was chosen after comparing both cell types, HCFs15,18 and
HCKs, with a concentration series ranging from 0.1 to 10 ng/
ml. When HCKs were stimulated with concentrations higher
than 0.1 ng/mL, their self-assembled ECM contracted. Therefore, 0.1 ng/mL T3 concentration was chosen as the optimum
for both cell types. Cultures without T3 served as controls. The
morphology of the cultures was examined using brightfield and
transmission electron microscopy (TEM). In addition, indirect
immunofluorescence (IF) was used to identify specific markers
of stromal components, such as collagens type I (col I), type III
(col III), and type V (col V), as well as thrombospondin-1 (TSP1).
Identical procedures were followed when cells were
cultured on 6-well plates and processed for qRT-PCR in order
to investigate the expression of keratocyte marker, keratocan,
and ECM components, col I, III, and V. In addition to the
controls without T3, a no VitC control was included to assess
for any significant effects on the expression of these probes
with or without VitC.

Transmission Electron Microscopy

FIGURE 2. (A) Quantitative reverse transcriptase PCR analysis of both
HCKs and HCFs for keratocan expression. Four conditions were tested:
No VitC, VitC, T3, and VitCþT3. Under all conditions HCKs expressed
significantly higher levels of Keratocan when compared with HCFs (P
< 0.01). (B) Representative images showing the morphology for both
HCKs (a, b) and HCFs (c, d) in two-dimensional (2D) (a, c) and 3D (b,
d) cultures. HCKs maintained their dendritic morphology (a, b),
whereas HCFs showed a more fibroblastic, elongated morphology (c,
d). Red ¼ Phalloidin, Blue ¼ TOPRO-3. Scale bars: 50 lm.

isolated as described.17 Briefly, corneal epithelium and
endothelium were scrapped off and removed from the stroma
using a razor blade. The stromal tissue was cut into small
pieces (~2 3 2 mm), put into 6-well plates (4 or 5 pieces per
well) and allowed to adhere to the bottom of the wells.
Explants were split into two groups: (1) explants cultured with
Eagle’s Minimum Essential Medium (EMEM: American Type
Culture Collection [ATCC]; Manassas, VA) containing 10% fetal
bovine serum (FBS; ATCC), and (2) explants cultured with
EMEM and 1% FBS. For the purpose of this study, cells exposed
to 10% FBS will be referred to as HCFs, indicating their
differentiation from a normal keratocyte phenotype to a
fibroblastic phenotype, as previously demonstrated by Beales
et al.,4 and cells cultured in 1% FBS will be referred to as HCKs,
denoting the maintenance, at least partially, of a normal
keratocyte phenotype.4 All cultures were allowed 1 to 2 weeks
of cultivation, at which point cells were passaged into a 100mm cell culture plate. The cells were allowed to grow to 100%
confluence before being used in the culture system.

Assembly of Extracellular Matrix
Both cell types (HCFs and HCKs) were plated on transwell 6well plates containing polycarbonate membrane inserts with
0.4-lm pores (Costar, Charlotte, NC) at a density of 106 cells/
mL. Cells were cultured in EMEM with 1% or 10% FBS and 0.5
mM 2-O-a-D-glucopyranosyl-L-ascorbic acid (VitC; Wako Chemicals USA, Inc., Richmond, VA). The cultures were allowed to

The constructs were collected after 4 weeks in culture, fixed in
Karnovsky’s fixative (2% paraformaldehyde, 2.5% gluteraldehyde in cacodylate buffer, pH 7.4) and processed for TEM using
standard procedures, as described previously.19 Briefly, constructs were rinsed in PBS, processed through post-fixation in
2% osmium tetroxide, en bloc stained in 0.5% uranyl oxide,
dehydrated with alcohol to propylene oxide, and embedded
(Embed 812; Electron Microscopy Sciences, Hatfield, PA). A
diamond knife on an ultramicrotome (LKB, Bromma, Sweden)
was used to cut thin sections transverse to the plane of the
construct. The sections were viewed and photographed with
an electron microscope (Tecnai G2 Spirit; FEI Company,
Hillsboro, OR).

Indirect Immunofluorescence
The constructs were collected, fixed in 4% paraformaldehyde,
and stained for IF, as previously described.6 In brief, constructs
were incubated overnight at 48C with primary antibodies
against col III (Southern Biotech, Birmingham, AL), col I
(Abcam, Cambridge, MA), col V (Novus Biologicals, Littleton,
CO), and TSP-1 (NeoMarkers, Fremont, CA) in 1% BSAþ0.1%
Triton-X. The next day, constructs were washed and incubated
overnight at 48C with the corresponding secondary antibody,
donkey anti-goat (col III), anti-rabbit (col I), and anti-rabbit (col
V and TSP-1) in 1% BSAþ0.1% Triton-X. All constructs were
counterstained with iodide (TO-PRO-3; Life Technologies,
Grand Island, NY), a marker of all cell nuclei. Constructs were
washed, mounted (Vectashield; Vector Laboratories, Burlingame, CA), and observed, and photographed with a confocal
microscope (TCS-SP2; Leica Microsystems, Bannockburn, IL).
Negative controls, where the primary antibody was omitted,
were run with all experiments.
The construct thicknesses were also measured, as described
previously,15,18 using the confocal microscope’s z-scans.
Measurements started from the top of the construct (first cell
visible) and ended at the bottom of the construct (last cell
visible). Thicknesses were analyzed (5–7 samples per condition) for significant difference (P < 0.05).

qRT-PCR
Total RNA was extracted from the cells (GeneJet RNA
Purification Kit, K0731; ThermoScientific, Waltham, MA).
Genomic DNA was removed by incubation with RNase-free
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FIGURE 3. Quantitative reverse transcriptase PCR analysis of both HCKs and HCFs for (A) Col I, (B) Col V, and (C) Col III expression. Four
conditions were tested: No VitC, VitC, T3, and VitCþT3. HCKs showed significant upregulation of Col I and V (~4–6-fold, P < 0.01) when T3 was
present independent of VitC stimulation [A] and [B], respectively). On a smaller scale HCFs also showed upregulation of both Col I and V (~2-fold,
P < 0.05). HCKs expressed Col I and V at higher levels compared with HCFs under all conditions. Col III (C), on the other hand, was significantly
upregulated in HCFs under all conditions when compared with HCKs (~6–53-fold, P < 0.01).

DNase I (M0303S; New England BioLabs, Ipswich, MA) in the
presence of RNase inhibitor. The RNA was annealed with oligo
dt and random hexamer primers and first strand synthesis
carried out with MuLV reverse transcriptase. Negative controls
were performed without reverse transcriptase. Quantitative
reverse transcriptase PCR was done on Vii7A (Life Technologies) using ABI TaqMan gene expression assays: col1A1:
Hs00164004_m1, col3A1: Hs00943809_m1, col5A1:
Hs00609088_m1, and keratocan: Hs00559942_m1, and the
eukaryotic 18S rRNA endogenous control, 4308329. Results
were calculated using the DDCt method using 18S rRNA as the
endogenous control.

the measurements. Results were plotted and analyzed for
significance (P < 0.05).

Cell Numbers and ECM Production
As described previously,15,18 we quantified the total cell
number per construct per condition, as well as, cell per unit
volume (Image Pro Plus, v.7; Media Cybernetics, Bethesda,
MD). Briefly, the number of cells in each section (plane-offocus) of a confocal z-series was counted and the number of
cells per construct was quantitated. A minimum of three
confocal z-series was used for each condition, and their average
was plotted and analyzed.

Collagen Fibril Measurements
Fibril densities for each condition were measured and
compared (ImageJ v.1.44p; National Institutes of Health,
Bethesda, MD). At least five randomly chosen electron
micrographs were used for each condition and six areas per
micrograph were analyzed, an example of which is seen in
Figure 1. Figure 1A shows a selected TEM image, as a
representative example, with a selected area of 0.5 lm 3 0.5
lm (white box). The selected area was cropped (Fig. 1B),
processed and transformed to a binary image (Fig. 1C). The
collagen fibrils were identified, detected by edge detection
method and highlighted in blue, as shown in Figure 1D. The
outlines of each detected fibril was then extracted (Fig. 1E) and
an ellipse was fitted (Fig. 1F). Collagen fibril density was then
calculated by counting the collagen fibrils within the selected
area (Fig. 1G). The scale bar for the TEM was used to calibrate

Statistical Analysis
All experiments were repeated at least three times and data
was analyzed for significant variations (P < 0.05) using the
Student’s t-test and Dunnett’s multiple comparison test
(GraphPad Prism v.5.0b; GraphPad, La Jolla, CA).

RESULTS
Cell Phenotype and qRT-PCR
We performed qRT-PCR to investigate keratocan expression by
both HCKs and HCFs. We tested four conditions: No VitC, VitC,
T3, and VitCþT3. Figure 2A clearly shows that HCKs expressed
significantly higher amounts of keratocan under all conditions

FIGURE 4. Graph of (A) the average construct thickness, (B) total number of cells per unit area (millimeter squared), and (C) the ratio of constructs’
thickness over cell per unit area for both HCKs and HCFs stimulated with VitC 6 T3. (A) Both HCK and HCF constructs’ thicknesses were
significantly upregulated (3- and 1.6-fold, respectively; P < 0.001) when stimulated with T3. HCFs total thickness was higher (2–4-fold) under all
conditions when compared with HCKs. (B) HCFs had a higher number of cells per unit area 6 T3 stimulation when compared with HCKs. A
significant decrease in number of cells per unit area following T3 stimulation (P < 0.001) is shown for HCKs compared with VitC only. (C) The ratio
of construct thickness/cells per unit area shows the difference in ECM secretion between HCKs and HCFs 6 T3. The amount of ECM per cell was
dramatically increased in HCKs upon T3 stimulation (~11-fold) compared with that of the HCFs (~3-fold), suggesting a greater ability of the HCKs to
increase ECM production than HCFs.
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~11-fold). Therefore, Figure 4C shows the ratio of construct
thickness/cells per unit area, clearly showing the difference in
ECM secretion between HCKs and HCFs 6 T3. Overall, our
data suggests that HCK have a much greater ability to
upregulate matrix production than HCF (3-fold). In fact,
preliminary data (not shown here) shows that HCKs in longer
cultures (8 weeks) continue to secrete ECM, to a far greater
extent than HCFs.

TEM

FIGURE 5. Graph demonstrating the fibril densities obtained from the
TEM images for HCK and HCF constructs’ 6T3. HCKs showed higher
density of fibrils per unit area when compared with HCFs, both 6T3,
with T3 stimulation of the HCKs causing the density to become
significantly greater than with the HCFs (**P < 0.01).

compared with HCFs (P < 0.01), ranging from 12-fold
upregulation when both VitC and T3 were present to 27-fold
with No VitC. In terms of morphology, HCKs maintained their
dendritic morphology (Figs. 2Ba, 2Bb) and were distinctively
different from HCFs, which had a more fibroblastic, elongated
morphology (Figs. 2Bc, 2Bd). The morphologic characteristics
were maintained both with cells in culture (Figs. 2Ba, 2Bc) and
cells on polycarbonate membranes (Figs. 2Bb, 2Bd).
We further characterized HCK and HCF differences by
investigating several essential probes for corneal stromal cells.
We performed qRT-PCR for col I, III, and V. Collagen I and V are
routinely found in healthy adult corneal stroma, whereas col III
is a sign of myofibroblast differentiation and a wounded/
scarred cornea. For HCKs, our data showed significant
upregulation of col I and V (~4–6-fold, P < 0.01) when T3
was present independent of VitC stimulation, as shown in
Figures 3A and 3B, respectively. Human corneal fibroblasts also
showed upregulation of both col I and V, but on a much smaller
scale (~2-fold, P < 0.05). Collagen III (Fig. 3C), on the other
hand, was significantly upregulated (P < 0.01) in HCFs under
all conditions when compared with HCKs, ranging from
approximately 6-fold (P < 0.001) with No VitC to approximately 53-fold with T3 stimulation (P < 0.01).

Construct Characterization
Keratocyte differentiation is characterized by the secretion of
matrix components unique to the corneal stroma and essential
for corneal transparency.20 Therefore, we investigated the
amount of ECM secreted for each condition in order to
characterize the HCKs’ ability to secret ECM in vitro. As seen in
Figure 4A, the thickness of the construct increased with T3
stimulation, independent of cell type (HCK 3-fold, HCF 1.6fold, P < 0.001). Human corneal fibroblasts with VitCþT3 had
the thickest construct, which is in agreement with our
previous studies.15 In contrast, HCK constructs with VitC only
were extremely thin (~5 lm); however, when T3 was added,
the cells secreted and assembled ECM components, in fact,
these constructs reached a thickness of approximately 20 lm,
which was significantly higher than VitC only (P < 0.001).
In order to determine if this increase in thickness was a
result of an increase in the number of cells or an increase in the
amount of matrix produced per cell, we examined the number
of cells per unit area of ECM. Results showed a significant
decrease in the number of cells per unit area following T3
stimulation of HCK compared with HCK with VitC only (2.5fold; P < 0.001) (Fig. 4B) and HCFs with VitCþT3 (~3-fold; P <
0.001). Results indicate that the amount of matrix per cell was
dramatically increased in HCKs upon T3 stimulation (Fig. 4C;

Transmission electron microscopy examination revealed cell–
matrix interactions, as well as matrix organization and
alignment as seen previously.15,17,18 Cells appeared elongated
and were surrounded by ECM (data not shown).
Collagen fibril organization was identified in all conditions
and the density of the fibrils was quantified. Figure 5 shows the
average fibril densities obtained from representative TEM
images. Interestingly, HCKs’ ECM had denser fibrillar organization than HCFs 6 T3 stimulation, and with T3, the fibril
density of the HCKs was significantly greater than HCFs (P <
0.01).

Immunofluorescence Microscopy
In this study, we investigated the expression of the three major
collagen types (col I, III, and V), as well as a multifunctional
matrix protein, TSP-1. Irrespective of the cell type (HCK or
HCF), col I (Figs. 6A, 6B) and V (Figs. 6E, 6F) were present
throughout the constructs with VitC only. Upon T3 stimulation, col I (Figs. 6C, 6D) and V (Figs. 6G, 6H) remained present.
Interestingly, both collagen types seemed to be more aligned
upon T3 stimulation (Figs. 6C, 6D, 6G, 6H) when compared
with VitC only (Figs. 6A, 6B, 6E, 6F). On the other hand, col III,
which has been linked to irregular or fibrotic corneas, was
found to be at low levels, if any, in both the HCKs and HCFs 6
T3 (Figs. 6I–L). The HCF data agrees with what was previously
published.15
A similar effect was seen for TSP-1 (Figs. 6M–P). Thrombospondin-1 does not appear to be expressed in the unwounded
stroma,21 but several reports have indicated that it is present
after wounding.22–24 In our in vitro model, HCFs without T3
stimulation showed high levels of TSP-1 expression (Fig. 6N),
whereas upon T3 stimulation, the expression of TSP-1 was
minimum (Fig. 6P). Human corneal keratocytes, on the other
hand, showed little, if any, TSP-1 expression 6 T3 stimulation
(Figs. 6M, 6O).
Overall, our data shows that T3 increases the amount of
matrix deposited by HCKs, while maintaining all the vital ECM
components present in a mature in vivo cornea.

DISCUSSION
Corneal stroma is a major contributor to the cornea’s overall
integrity and clarity. The ECM of the stroma is highly organized
and consists of a dense network of collagen in which the
stromal cells, termed keratocytes, reside. Keratocytes in vivo
generally remain quiescent until an injury and/or trauma
stimulate them to differentiate into fibroblasts and myofibroblasts.25–27 Myofibroblasts are generally responsible for wound
contraction, as well as ECM deposition and organization during
repair.28 Unfortunately, once the corneal integrity has been
disrupted, the newly secreted ECM is highly disorganized and
opaque, which ultimately results in partial or full loss of
vision.29 For a number of years, in vitro studies have
concentrated on both characterizing these cells, as well as
investigating ways to alter the end result of corneal injuries.

TGF-b3 Stimulation of HCK Cells
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FIGURE 6. Confocal images of the immunolocalization of Col I (A–D), Col V (E–H), Col III (I–L), and TSP-1 (M–P) in HCK and HCF constructs 6T3
stimulation. Both Col I (A–D) and V (E–H) were present throughout the constructs under all conditions. Upon T3 stimulation, the amounts of Col I
(C, D) and V (G, H) remained unchanged; however, the collagen seemed to be more aligned when compared with No T3 [A, B] and [E, F]. Little, if
any, Col III expression was apparent in, both the HCKs and HCFs 6 T3 stimulation (I–L). Also, little, if any, TSP-1 expression was present in HCKs 6
T3 stimulation (M, O); however, high levels were apparent with HCFs without T3 stimulation (N). Upon T3 stimulation, the expression of TSP-1
decreased (P).

It is widely accepted that once primary keratocytes are
exposed to conventional 10% FBS in vitro, they become
fibroblasts and/or myofibroblasts. Previous studies, however,
have shown the ability to expand keratocytes in vitro using
serum free media.30–32 While this is true, these studies used a
growth factor mix in their media to maintain the keratocyte
phenotype, such as albumin, insulin, and VitC. This suggests
that the regular medium, MEM/Dulbecco’s modified Eagle’s
medium (DMEM) without serum, is not enough for the
expansion of keratocytes in vitro. However, in this study, we

have reduced the serum concentration from 10% to 1% and
have shown that 1% FBS is enough to maintain the keratocyte
phenotype. In order to verify this, we examined the cells for
keratocan expression. Keratocan is a widely accepted marker
for the native keratocyte phenotype,30–33 and has been
reported to decrease upon fibroblast/myofibroblast differentiation29,34 in a manner reminiscent of in vivo wound healing.34
Furthermore, we tested the effect of TGF-b3 on the keratocyte
phenotype since we previously identified this growth factor as
a key player in corneal wound healing and nonfibrotic
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responses.15 In this study, levels of keratocan were enhanced
by the presence of both VitC and TGF-b3 in the media. This
suggests that VitC and/or TGF-b3 may be necessary for corneal
stromal ECM restoration in vivo.
Extracellular matrix restoration in vivo is critical for
corneal tissue engineering applications. One of the challenges
is the ECM assembly by keratocytes, which are the resident
cells in human corneas. As shown by previous studies, the
keratocytes’ ability to secrete ECM is limited in vitro;
however, Funderburgh and coworkers have shown secretion
of ECM by a population of stromal keratocytes within
spheroidal aggregates.35
In our current study, we attempted to stimulate keratocytes
to secrete and deposit their own organized ECM in a threedimensional (3D) culture model. In vivo, the stroma makes up
approximately 90% of the corneal thickness and is composed
of ECM and cells. The ECM is made of exquisitely aligned and
organized collagen, such as types I and V, with type I collagen
being the most abundant.36,37 These collagens, along with
various proteoglycans, ensure the integrity and tensile strength
of the stroma. Both col I and V were present in our cultures in
both HCF and HCK constructs, indicating their ability to selfassemble an ECM with components similar to that found in the
human stroma. Interestingly, type III collagen, which is
associated with corneal fibrosis, was not expressed by HCKs
and was minimized following T3 stimulation in HCFs. This is in
agreement with our previous observations.15 Together our data
indicates that it is possible for HCKs to secrete and assemble
significant amounts of ECM without losing their characteristics
and without promoting fibrotic responses.
Furthermore, we examined the expression of TSP-1. In the
adult cornea, TSP-1 has been reported to localize in the
endothelium, Descemet’s membrane24,38,39 and immediately
subjacent to the corneal epithelial basal cells.39 In addition,
several reports have indicated that TSP-1 is present after
wounding.21,22,24 In our study, TSP-1 was highly expressed in
the HCF constructs with VitC only, whereas the HCK
constructs showed minimal expression. Interestingly, T3 was
found to minimize the TSP-1 expression in the HCF constructs,
but had no effect on the HCK constructs, thereby mimicking
an unwounded in vivo situation. This observation strengthens
our recent report that TSP-1 localization in the stromal ECM is
involved in the transformation of keratocytes into myofibroblasts.21
Overall, the data shown here is vital for corneal tissue
engineering since the removal of FBS can lead to a new
therapeutic solution for sight-threatening defects. Even though
we have not completely removed serum from our cultures, we
are moving in the right direction. We have shown that it is
possible for HCKs to secrete and assemble significant amounts
of ECM without losing their characteristics. Previous studies
with 0% serum have failed to secrete great amounts of
ECM30–32; however, our novel system maintained the stromal
cells with a keratocyte-like phenotype, which were able to
secrete a well-organized ECM with components similar to that
found in a healthy human stroma. We aim to further our
investigations and optimize our system in order to remove FBS
completely from our system. We have previously shown the
effects of varying the concentration of T3 with HCFs.15
Interestingly, when the T3 concentration was increased with
HCKs, we found that all the constructs contracted, making it
impossible to analyze (data not shown). The concentrations
used were 0.25, 0.5, and 1 ng/mL, and further studies are
currently ongoing in order to fully characterize the effect of T3
at higher concentrations with HCKs. It is our hypothesis that
an optimum T3 concentration might be the answer to
completely removing the serum from our cultures.
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