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Response of Fibroblasts to Transforming
Growth Factor-f1 on Two-Dimensional
and in Three-Dimensional Hyaluronan Hydrogels

Xia Chen, M.D., Ph.D., and Susan L. Thibeault, Ph.D.

Transforming growth factor-p1 (TGF-B1), an important cytokine with multiple functions, is secreted during
wound healing. Previous studies have utilized two-dimensional (2D) cell culture to elucidate the functions of
TGF-B1; however, 2D culture does not represent the complex three-dimensional (3D) in vivo environment. Using
a synthetic hyaluronan (HA) extracellular matrix (ECM) hydrogel, we investigated the effect of TGF-Bf1 on
fibroblasts cultured in three conditions—on tissue culture polystyrene (TCP), on HA (2D), and in HA (3D). After
TGF-B1 treatment (0.1 to 20 ng/mL), morphological features and ECM regulation were analyzed by immuno-
cytochemistry, Western blot, quantitative polymerase chain reaction, and zymogram assays. On TCP, cells
showed the typical spindle shape with strong alpha smooth muscle actin (x-SMA) staining of cytoplasmic
myofilaments along the cell axes after TGF-B1 treatment; on HA (2D), spindle-shape cells showed little a-SMA
staining; in HA (3D), cells were smaller and rounded with less a-SMA deposition. The a-SMA gene and protein
expression on TCP were significantly upregulated by TGF-B1, but TGF-B1 did not induce 2-SMA expression in
the presence of HA (both 2D and 3D). 3D HA culture significantly downregulated collagen I, III, and fibronectin
expression, increased matrix metalloproteinase 1 and 2 (MMP1/MMP2) activity, upregulated MMPI mRNA and
downregulated TIMP3 mRNA expression. This study suggested that exogenous HA, particularly in 3D culture,
appears to suppress ECM production, enhances ECM degradation and remodeling, and inhibits myofibroblast

differentiation without decreasing TGF- receptor expression.

Introduction

WOUND HEALING IS A COMPLEX PROCESS that in-
volves inflammation, proliferation, and remodeling.
Throughout each of these phases there are dynamic, recip-
rocal interactions between the extracellular matrix (ECM),
growth factors, and cells' as the tissue attempts to regener-
ate.” Transforming growth factor 1 (TGF-B1) plays a crucial
role in aberrant healing.378 In vivo, TGF-Bl-mediated che-
motaxis has been shown to promote fibroblast proliferation
and recruitment to the wound bed, synthesis of ECM, while
concomitantly inhibiting proteases and enhancing protease
inhibitors. These actions favor matrix accumulation, partic-
ularly of collagen and fibronectin (FN) implicated in pro-
gressive tissue fibrosis.”'° In in vitro standard monolayer cell
culture, it has been observed that myofibroblast transdiffer-
entiation can be induced by TGF-B1 with a concomitant ex-
pression of alpha smooth muscle actin (2-SMA).""'* Few
studies have examined whether or not three-dimensional
(3D) culture conditions affect TGF-P1 regulation and whe-
ther measured responsiveness to the 3D environment differs
from the two-dimensional (2D) environment. Previous

studies have demonstrated that the 3D culture system in-
fluences the cell phenotype and function, gene expression
profiles and responsiveness to exogenous signals, differently
from the 2D culture system.'>'*

A common hydrogel utilized for 3D cell culture is a
hyaluronan (HA)-based scaffold—Carbylan GSX (Glycosan,
Salt Lake City, UT). Previous studies have shown Carbylan-
GSX is biocompatible and nontoxic to fibroblasts, and it
enhances overall healing and tissue regeneration in in vitro
2D environment and in in vivo animal models."*"” HA is a
ubiquitous connective tissue glycosaminoglycan that is a
vital element of the ECM, providing tissues with an optimal
environment for cell attachment,'4'® migration, and grow’ch.15
In addition, HA is an important mediator of the inflamma-
tory cascade, not only recruiting immune cells to the site of
wounded tissue, but contributing to granulation tissue for-
mation,'” amplifying the normal wound-healing response,
and promoting tissue regeneration.''” HA has been found
to mediate cellular responses to TGF-B1 inducing fibroblast
to myofibroblast differentiation'® and altering TGF-B1-
dependent proliferation in 2D culture.”® Consequences of
in vitro 3D HA culture on the cellular responses to TGF-B1
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and whether these responses differ from 2D HA culture has
yet to be elucidated. In the present study, we hypothesize
that the presence of exogenous HA will regulate the fibro-
blastic response to TGF-B1. In particular, we expect that
culture conditions (2D vs. 3D) will differentially affect
cell morphology, proliferation, TGF-B1-induced fibroblast to
myofibroblast transition as well as the extent of ECM regu-
lation and remodeling.

Materials and Methods
Hydrogel preparation

Injectable chemically modified HA-gelatin hydrogel
(Carbylan-GSX) was synthesized using a biocompatible,
thiol-modified semisynthetic ~glycosaminoglycan (HA-
DTPH), thio-modified gelatin (gelatin-DTPH), and cross-
linked by a poly(ethylene glycol) diacrylate, where the final
gelatin concentration was 5% (w/v). Detailed explanations
of the procedures and hydrogel formulations have been de-
scribed previously.'*?'** Carbylan-GSX gelation occurred
within 10 min at 37°C.

2D and 3D culture

Normal human vocal fold fibroblasts (hVFF) were
isolated from a 21-year-old donor and cultured as pre-
viously described.?® Briefly, surgically resected vocal
fold lamina propria tissue was cut into small pieces and
suspended in the Dulbecco’s Modified Eagle’s medium
supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin, 0.01 mg/mL streptomycin sulfate,
and 1xNEAA (all from Sigma, St. Louis, MO). After 14
days, the adherent confluent hVFF were trypsinized and
passed. After two passaging, all cells were considered
fibroblasts using standard morphological and immunocy-
tochemical criteria.” Purified hVFF were steadily transfected
with the retroviral vector plasmid DNA encoding human
telomerase reverse transcriptase, and immortalized cells
were shown to have similar morphological features and
ECM gene expression past passage 25 compared to primary
cells.?” In the present study, we used immortalized cells be-
tween passages 3 and 12. Quiescent cells were obtained by
briefly washing (twice) proliferating cells in the Earle’s bal-
anced salt solution, and thereafter incubating them in a
medium supplemented with 0.1% Bovine Serum Albumin
(BSA) for 24h.*®

For 3D culture, 500 uL. of Carbylan-GSX and cells (2 x 10°
cells/mL) were placed onto transwell permeable supports
(inserts with 0.4-um membrane pore size; Millipore Inc.
Billerica, MA) in six-well plates and after a gelatin (gel
thickness was approximately 0.5mm) cell culture medium
(DMEM-10% FBS) was added above and below the gel. Cells
(1.6x10°/well) grown on Carbylan-GSX surface (2D) and
standard tissue culture polystyrene surface (TCP) were
controls. Cell concentration was calculated such that a cell
concentration of 1x10° cells/mL in 3D is equivalent to a
plating density of 1x10* cells/cm® with respect to mainte-
nance of constant cell-to-cell distance.”**” To characterize the
cellular response to TGF-B1, cells were treated with various
dosages of recombinant TGF-B1 (0.1, 1, 5, 10, and 20ng/mL;
Sigma) in DMEM-0.1% BSA medium for 24 to 72 h after 24-h
cell starvation.
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Immunocytochemistry staining

After 48h of 5ng/mL TGF-B1 treatment, primary anti-
bodies at the appropriate dilution in 10% normal goat serum
in phosphate-buffered saline (PBS) were applied for 90 min
to cells grown in Carbylan-GSX (3DHA), on Carbylan-GSX
(2DHA) and TCP slide chambers. Antibodies included hPH
(collagen biosynthase; Millipore, Billerica, MA), o-SMA
(myofibroblast marker; Sigma), type I and type II TGF-B1
receptor (TGFBRI and TGFBRII; Abcam, Cambridge, MA).
Appropriate secondary antibodies (Alexa goat anti-mouse
488; or Alexa goat anti-rabbit 568; Invitrogen, Carlsbad, CA)
diluted in PBS at 1:200 were applied for 60 min at room
temperature. After mounting with Vector aqueous
anti-fade fluorescent mounting medium containing 4’,6-
diamidino-2-phenylindole, slides were imaged by a high-
speed spectral confocal laser microscope (Nikon AIR). The
primary antibody was omitted for the negative control.

Western blot analysis

To examine the effect of TGF-B1 on fibroblast differentia-
tion in Carbylan-GSX, Western blot assay was performed
using antibodies specific to a-SMA and GAPDH (Sigma).
Total cellular proteins were extracted using M-PER reagent
(Pierce, Rockford, IL) from cells after 48h treatment of
TGEF-B1, three pg of total protein extract was separated by
electrophoresis on 10% NuPAGE Bis-Tris gels using GAPDH
as a loading control. Proteins were electro-transferred onto
PVDF membrane (Invitrogen), and membranes were then
blocked overnight in 5% skim milk at 4°C. Individual
membranes were incubated in the PBS-T buffer containing
anti-human antibodies against a-SMA and GAPDH followed
by 30-min incubation with a secondary antibody conjugated
to alkaline phosphatase (Invitrogen). Blots were developed
using the Novex alkaline phosphatase chemiluminescence
substrate (Invitrogen).

Cell proliferation assay

Cell proliferation for TCP, 2DHA, and 3DHA was deter-
mined using the CellTiter-Glo Luminescent Cell Viability
Assay (Promega, Madison, WI) as described previously.'*
For 3D, briefly, a volume of 75 uL of the cell-gel mixture at
the concentration of 2x 10> cells/well was dispensed into
each well of a 96-well plate and allowed to solidify at 37°C
for 10min; a complete medium (75 pL) containing FBS was
then added to each well. Controls were monolayer cells
grown on TCP and 2D HA. Cells were incubated with var-
ious dosages of TGF-B1 (0.1 to 20ng/mL) for 72h following
24h starving in the DMEM-0.1% BSA. Cell numbers in
quadruplicate were monitored by ATP levels (Relative Lu-
minescent Unit) released from live cells. 3~

Matrix metalloproteinase activity

Matrix metalloproteinase 1 (MMP1) and MMP?2 activities
were determined using casein and gelatin zymograms. After
48h treatment with TGF-B1, cell culture media from TCP,
2DHA, and 3DHA were collected and concentrated using a
centrifugal concentrator (Millipore, Inc. Billerica, MA). Five
to ten pl of the concentrated media with a loading buffer
were electrophoretically separated in 12% casein and 10%
gelatin gels (Invitrogen) at 125V for 2h in the Tris-Glycine
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sodium dodecyl sulfate Running Buffer. After electrophore-
sis, gels were incubated in a renaturation buffer (Invitrogen)
at room temperature for 30 min, and then in a development
buffer (Invitrogen) at 37°C overnight. Gels were rinsed and
stained with 0.5% Coomassie blue in 30% methanol and 10%
acetic acid. After destaining, light translucent bands over a
blue background were detected for caseinolytic activity
(MMP1 activity) and gelatinolytic activity (MMP2). No
bands other than MMP1, proMMP2, and active MMP2 were
identified on casein and gelatin zymography.

Gene expression analysis

To determine the effect of TGF-B1 on mRNA expression of
collagen I a-2 (Coll), collagen III o-1 (Col3), FN, a-SMA,
MMP1, MMP2, TIMP3, TGFBRI, and TGFBRII genes, quan-
titative real-time polymerase chain reaction (qPCR) was
conducted. Total RNA was extracted from the cells in and on
Carbylan-GSX and TCP after 24h treatment with various
doses of TGF-Bl. Reverse transcription (RT) and qPCR
(standard curve method) were performed as described else-
where.'*** Briefly, PCR reactions for each target gene (Table 1)
were conducted using a LightCycler 1.5 System (Roche, In-
dianapolis, IN). Target gene expression (ng/pL) was nor-
malized by a housekeeping gene, f-Actin (ng/pL), and used
to determine quantitative alterations in mRNA levels. To
confirm amplification of specific transcripts, melting curve
profiles were developed at the end of each PCR by cooling
the sample to 40°C, and then heating it slowly to 95°C while
continuously measuring the fluorescence. Every sample was
tested in triplicate. Ratios of MMP to TIMP3 mRNA levels
were calculated by f-Actin normalized MMPs over S-Actin
normalized TIMP3.

Statistical analysis

All experiments were performed at least three times. Re-
sults of cell proliferation and gene expression were expressed
as mean*standard deviations (SD) of triplicate or quadru-
plicate assays. Multiple comparisons were performed for cell
proliferation and gene expression by using Fishet’s protected
least significant difference tests. A p-value less than 0.05
was considered statistically significant. All analyses were
performed using SAS statistical software version 9.1 (SAS
Institute Inc., Cary, NC).

Results
Cell proliferation

Cell proliferation rates in response to TGF-B1 were
judged by the amount of ATP released from proliferating
cells using the CellTiter-Glo Luminescent Cell Viability
Assay. Cell proliferation assay results (ATP RLU) are ex-
pressed as mean*SD for quadruplicated samples per con-
dition. After 72h incubation, all concentrations of TGF-$1
(0.1 to 20ng/mL) significantly induced hVFF proliferation
on TCP and HA (2D) (Fig. 1A, B, p<0.01) in a dose-
dependent manner. TGF-f1 (1, 5, 10ng/mL) produced
maximal stimulation of hVFF proliferation. However, in
3DHA, it was noted that basal hVFF proliferation rates were
lower than TCP and 2D HA. In 3D HA, TGF-B1 (0.1, 1, and
5ng/mL) caused an insignificant increase in cell prolifera-
tion (Fig. 1C, p>0.05).
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FIG. 1. Proliferation effect of transforming growth factor—

B1 (TGF-B1) on cells plated on tissue culture polystyrene
(TCP) (A), on Carbylan-GSX (B), and in three-dimensional
(38D) Carbylan-GSX (C) at 2000 cells/well of a 96-well plate.
After 24 h starvation, cells were treated with various doses
(0.1 to 20ng/mL) of TGF-B1 for 72h. Cell numbers in qua-
druplicate were monitored by ATP levels (RLU). **p<0.01.

Cell morphology and differentiation

To compare the effects of TGF-B1 on cell morphology, we
cultured fibroblasts in three conditions—on TCP, on HA
(2D), and in HA (3D). Under resting, serum-free un-
stimulated conditions, cells on TCP and HA (2D) displayed a
typical large spindle shaped appearance (Fig. 2A, B); cells in
3D HA were smaller and round in appearance (Fig. 2C).

To characterize differentiation of a myofibroblast pheno-
type on 2D HA and in 3D HA, after 48h treatment with
5ng/mL recombinant TGF-B1, cells were detected by im-
munocytochemistry staining and compared to untreated
controls (Fig. 2). On TCP, cells were larger and polygonal
with obvious a-SMA deposition identifying cytoplasmic
myofilaments along the cell axis (Fig. 2D); cells on 2D HA
showed similar morphology as TCP, but with weaker and
less a-SMA staining (Fig. 2E). Cells grown in 3D HA re-
mained round and small compared to controls with modest
a-SMA staining (Fig. 2F). This experiment was repeated
more than three times with consistent results.

Our morphological results were corroborated by using
qPCR and Western blot assays. On TCP, «-SMA mRNA ex-
pression (Fig. 3A) was significantly upregulated by TGF-p1
(p<0.0001) compared to 2D HA and 3D HA. However, in 2D
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HA and 3D HA culture, -SMA mRNA expression levels
were significantly downregulated by TGF-B1 (p<0.0001).
For protein expression levels, TCP conditions had low levels
of a-SMA expressed in quiescent cells and after incubating
with TGF-B1, o-SMA protein expression was markedly in-
creased. When treating with 5 and 10 ng/mL TGF-B1, the o-
SMA protein reached maximum levels. Five ng/mL TGF-f1
was chosen for further study. However, with similar total
protein loading, o-SMA protein expression was not detected
for cells in 2D HA and 3DHA environments even after TGF-
B1 stimulation (Fig. 3B).

ECM regulation

To determine whether ECM expression of fibroblasts was
altered by the presence of HA, mRNA expression of collagen
I a-2 (Coll), collagen III o-1 (Col3), and FN were measured by
the qPCR assay (Fig. 4). Before TGF-B1 stimulation, expres-
sion of Coll, Col3, and FN was significantly decreased in 2D
HA and 3D HA conditions compared to TCP and this
decrease was more marked in 3D HA versus 2DHA. After
TGEF-B1 treatment, Coll expression was significantly down-
regulated in TCP and 2D HA (p<0.0001), and in 3D HA it
was consistently at a lower level. Col3 expression was also
significantly downregulated by TGF-f1 in TCP and both HA
conditions (p<0.0001). FN gene expression was down-
regulated by TGF-B1 in TCP across all treatment levels
(p<0.0001), except for 0.1ng/mL. FN expression for both
HA conditions remained stable across all treatment levels,
except for 3D HA at 10 and 20ng/mL of TGF-B1, where
significant increases were observed (p <0.0001, respectively).

For analysis of ECM degradation, measurements of MMP1
and MMP2 were made utilizing zymogram, where bands
representing MMP1, latent, and active forms of MMP2 ac-
tivities were observed (Fig. 5). MMP1 (52 kDa) was higher in
3D HA than TCP and 2D HA (Fig. 5A). Intense banding for
the active form of MMP2 (65 kDa) was detected for 3D HA
(Fig. 5B). For pro-MMP2 (72 kDa), no significant differences
were observed for the three conditions. Both MMP1 and the
active form of MMP2 were enhanced in 3D HA, suggesting
that hVFF cultured in 3D HA could produce more MMP1
and MMP2 for degrading and remodeling ECM. There were
no significant differences for MMP1 and MMP2 activities
with various TGF-B1 dosages.

To further confirm our zymograph results, we analyzed
mRNA levels of MMPs, TIMP3, and their ratios with qPCR.
The presence of HA (2D and 3D) significantly upregulated
MMP1 and downregulated TIMP3 mRNA expression
(p<0.0001, Fig. 6) with a greater effect for 3D HA than 2D
HA (p values, respectively <0.05 and <0.01). MMP2 was
also downregulated by HA (p <0.0001), with 2D HA causing
a greater decrease than 3D. Subsequently, these outcomes
produced significantly high ratios of MMP1 to TIMP3 in 2D
HA (7.3-fold compared to TCP, p <0.0001) and 3D HA (14.9-
fold compared to TCP, p<0.0001). In 3D HA, the MMP2/
TIMP3 ratio was significantly increased 2.3-fold over TCP
and 2D HA (p<0.0001). Furthermore, TGF-B1 significantly
downregulated MMP1, MMP2, and TIMP3 expression across
all culture conditions (TCP, 2D HA, and 3D HA) in a
dose-dependent manner (p <0.0001), except for MMP2 in 3D
HA, which remained consistently at higher levels compared
to control (p<0.0001). Consequently, after TGF-1 (0.1 to
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hPH/a-SMA/nucleus

FIG. 2. Representative images of human vocal fold fibroblasts (hVFF) on TCP, two-dimensional (2D) hyaluronan (HA), and
in 3D HA in response to TGF-B1 by hPH/alpha smooth muscle actin (¢-SMA) double-immunofluorescence analysis.
Morphological analysis of hVFF cultured on the TCP surface without TGF-B1 showed a typical spindle shape (A) and on the
surface of HA cells showed the similar shape (B). However, hVFF were of smaller rounded morphology in 3D HA (O).
Double-immunostaining of the cells with 5ng/mL TGF-B1 treatment demonstrated strong expression of o-SMA along cell
axis on the TCP surface (D, red), low expression on HA (E) and in HA (F, red as arrow). Nuclei were counter-stained with

4’ ,6-diamidino-2-phenylindole (DAPI). Scale bar: 60 pm.
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FIG. 3. Quantitative real-time polymerase chain reaction
(qPCR) and Western blot analyses of a-SMA expression in the
hVEFF. Cells grown on TCP, 2D HA, and in 3D HA were treated
with various doses of TGF-1. After 24h, a-SMA mRNA levels
were analyzed by gPCR (A). Data are expressed as mRNA
expression for the a-SMA gene (ng/pL) relative to f-Actin (ng/
pL). Values represent meanSD of triplicated assays. *p <0.05;
*p<0.01. After 48h of TGF-P1 treatment, quantification of -
SMA protein levels of whole-cell lysates were analyzed by
Western blot analysis (B). The first lane (MW) was the protein
ladder. GAPDH (37 kDa) was used to demonstrate equal loads
of total protein amount in different lanes.
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FIG. 4. Effect of TGF-B1 on the gene expression of ECM
components. hVFF on TCP, 2D HA, and in 3D HA were
treated with various doses of TGF-f1 for 24h, and were
subjected to qPCR. Data are expressed as mRNA expression
for Collagen I (Col1), IIT (Col3), and fibronectin (FN) gene
(ng/pL) relative to p-Actin (ng/pL). Values represent
mean +SD of triplicated assays. *p <0.05; **p <0.01. (A) TGF-
B1l-inducible Coll mRNA levels. (B) TGF-Bl-inducible Col3
mRNA levels. (C) TGF-B1-inducible FN mRNA levels.
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FIG.5. Regulation of matrix metalloproteinase (MMP1 and
MMP2) activity by culture condition. hVFF grown on TCP,
2D HA, and 3D HA were starved for 24 h before the addition
of various doses of TGF-B1 for 48h. Equal amounts of cell
supernatant were analyzed by the Zymogram assay. (A)
MMP1 activity assay was performed by casein zymogram.
(B) MMP2 activities were assayed by gelatin zymogram.

20ng/mL) treatment, significantly high ratios of MMP1 to
TIMP3 and MMP2 to TIMP3 were observed in 2D HA and
3D HA compared to TCP (Fig. 6D, E, p<0.0001).

Expression of TGF-f receptors

To further search the mechanism of TGF-f1-induced hVFF
function change on or in HA, the expression of type I and
type II TGF-B receptors (TGFBRI and TGFBRII) were
analyzed in hVFF using qPCR and immunocytochemistry,
particularly after TGF-B1 stimulation. Gene expression of
TGFBRI was significantly upregulated in 2D HA and 3D HA
conditions compared to TCP (p<0.0001), and in 3DHA it
was significantly increased after treatment of TGF-p1 in a
dose-dependent manner (p<0.0001, Fig. 7A). Although
TGFBRII gene expression was downregulated by TGF-p1 in
these three conditions, its expression levels were significantly
higher in both HA conditions than TCP (p <0.0001, Fig. 7B).
Thereby, the presence of HA (both 2D and 3D) led to the
significant increase of TGFBRI and TGFBRII gene expression,
chiefly after TGF-B1 treatment. However, the expression
patterns of TGFBRI and TGFBRII (Fig. 8A, B) were similar in
TCP, 2D HA, and 3D HA conditions with or without TGF-p1
treatment, although their cell sizes were judged to be different
(cells were enlarged in the presence of 5ng/mL TGF-f1).

Discussion

During recent years, it has become increasingly clear that
cells are not only influenced by biochemical cues, but also by
physical aspects, such as stiffness and geometry of the ex-
tracellular environment. These physical parameters have a
major impact on cell fate and function, with dramatic con-
sequences for tissue function. Most of our current knowledge
on cell behavior and differentiation is derived primarily from
studies on rigid and planar 2D tissue culture substrates that
are homogeneously coated with biomolecules. There is an
increasing demand for in vitro models that capture more of
the relevant complexity present in 3D models. In this in-
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FIG. 6. Effect of TGF-f1 on MMP1, MMP2, and TIMP3
mRNA expression. hVFF seeded on TCP, 2D HA, and 3D
HA were treated with various doses of TGF-B1 for 24 h, and
were subjected to qPCR. Data are expressed as mRNA
expression for MMP1, MMP2, and TIMP3 (ng/uL) relative to
p-Actin (ng/pL). The ratios of MMPs to TIMP3 were calcu-
lated by f-Actin normalized MMPs over f-Actin normalized
TIMP3. Values represent mean+SD of triplicated assays.
**p<0.01. (A) TGF-Bl-inducible MMP1 mRNA levels; (B)
TGEF-B1-inducible MMP2 mRNA levels; (C) TGF-B1-inducible
TIMP3 mRNA levels; (D) ratios of MMP1 expression to
TIMP3; (E) ratios of MMP?2 expression to TIMP3.

vestigation, we used a HA hydrogel to create a 3D cell cul-
ture environment to study the influence on the behavior of
hVFF and their response to the cytokine, TGF-B1. Using this
3D model, hVFF were shown to be smaller and rounded in
morphology, which is clearly different with the elongated,
spindle morphology seen in 2D conditions (ie, HA
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FIG.7. Effect of TGF-B1 on the mRNA expression of TGF-f
receptors. hVFF seeded on TCP, 2D HA, and in 3D HA were
treated with various doses of TGF-f1 for 24h, and were
subjected to qPCR. Data are expressed as mRNA expression
for type I (TGFBRI) and type II (TGFBRII) of TGF-B receptor
(ng/pL) relative to B-Actin (ng/pL). Values represent
mean+SD of triplicated assays. **p<0.01. (A) TGF-B1-
inducible TGFBRI mRNA levels. (B) TGEF-Bl-inducible
TGFBRII mRNA levels.

hydrogel, TCP, collagen, and Ma’crigel).14 This smaller,
rounded morphology phenomenon was been observed with
other 3D environments, including Matrigel,ls’14 collagen,35’36
and PEG-L-PA thermogel [a poly-(ethylene glycol)-b-poly (L-
alanina) gel].”” Investigations by Kumar and others®®** used
different features of the extracellular environment to observe
changes in cell morphology and related cell behaviors. They
found that the cell shape could be influenced by matrix
structure, stiffness, and molecular components.

The matrix structure influences the cell shape by physical
forces,®*” while matrix molecules could control the cell
shape by adjusting the distribution of cell-substrate contact
sites.®**" In our 3D experimen’cs,14 we found that near the top
surface of a HA gel or Matrigel, hVFF would spread out to a
flatten spindle shape (data were not shown), suggesting that
in 3D hVFF, the smaller and rounded morphology is caused
by the matrix structure-physical force. It has been reported
that cell behavior and function are related to their morpho-
logical features.*®3%*!*2 Glowacki et al. suggested that the
cell shape is an important factor for chondrocyte function.
These studies demonstrated that cells held in the rounded
phenotype proliferated slowly, incorporated low levels of
thymidine into DNA, and integrated large amounts of sul-
fate into glycosaminoglycans,” while chondrocytes that
retained a fibroblast-like shape were flattened, showed
more rapid growth, greater thymidine incorporation, and
lower sulfate uptake. It was concluded that the cell shape
played an important role in phenotypic expression and
behaviors. Other experiments by Folkman and Moscona
using bovine aortic endothelial cells showed similar find-
ings in that as cells were modified from the flatten to
spheroid shape, cell proliferation decreased.*> Kumar et al.
has demonstrated that the differentiation of human bone
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marrow stromal cells to osteogenic lineage is also mediated
by the cell shape.®® Clearly, cell morphology and cell
function are strongly linked;**** however, the relevant
underlying mechanism remain unclear.

Biomaterial stiffness is also very important for cell prolif-
eration and behavior.*® Increased stiffness of a matrix (PEG
gels) has been demonstrated to act as a physical barrier for
cells in 3D, impeding their proliferation and migration,*
Except of cell shape and matrix stiffness, Schor suggested
that the cell proliferation rate in 3D depended on the cell
types.*® In our previous work, we compared the proliferation
and function of vocal fold fibroblasts on TCP, 2D and 3D of
HA hydrogel and Matrigel,14 demonstrating that in 3D HA,
smaller, rounded fibroblasts proliferated at lower rates and
expressed less collagen I RNA compared to TCP and 2D HA.
Similar results were found with a 3D Matrigel condition. In
the current study, we examined the effect of TGF-B1 on hVFF
proliferation in 3D HA. We found that TGF-B1 enhanced
hVEFF proliferation rates—cell proliferation was greater when
cells were grown on TCP and 2D HA and less proliferative
when grown in 3D HA. Similar responses to TGF-f1 have
been observed in airway smooth muscle cells** and renal
fibroblasts.”” As per previous reports, the effect of TGF-B1 on
cell proliferation is complex, depending on the cell type and
conditions.**° Our results suggest that the cell shape may
play an important role in hVFF proliferation and function
with significant clinical significance—application of an HA
hydrogel into the wound bed may limit tissue fibrosis, which
would be expected to be secondary to increased cell prolif-
eration and excessive matrix production in the presence of
resident early elevated TGF-1.

Except for cell proliferation and excessive matrix deposi-
tion, fibroblast to myofibroblast differentiation is also widely
thought to be a critical event in the pathogenesis of human
fibrotic diseases via increased matrix synthesis and contrac-
tion of the tissue.”® Myofibroblasts are characterized by
a-SMA expression and the formation of «-SMA-containing
stress fibers.’'™>® TGF-p1 can induce fibroblast-to-myofibro-
blast differentiation.'>®” In 2008, Wells and Discher
determined that the matrix stiffness was related with TGF-
Bl-induced myofibroblast differentiation,®® in which they
showed that higher tension could increase the release of ac-
tive TGF-B1, resulting in myofibroblast differentiation. In the
present study, we observed that TGF-B1 induced myofibro-
blast differentiation in standard monolayer culture condition
at both the gene and protein levels. In the presence of HA,
both 2D and 3D, we did not observe myofibroblast differ-
entiation by the Western blot assay, suggesting that some
molecules of the HA hydrogel could inhibit TGF-B1-induced
myofibroblast differentiation instead of the matrix stiffness.
These results are consistent with Meran’s previous work,
which demonstrated that 2D HA mediated the cellular
response to TGF-B1, inducing fibroblast to myofibroblast
differentiation, '’ indicating that 3D culture did not induce a
different response.

During the in vivo wound-healing process, fibrogenesis,
myofibroblast differentiation, cell proliferation, and excess
ECM deposition occur in parallel.’ Abnormal accumulation
of various ECM proteins is paramount for fibrosis forma-
tion.>>?® For various etiologies of injury and subsequent re-
pair, abnormal deposition of collagen is thought to have a
dual effect as excessive matrix deposition leads to fibrosis,
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which in turn impairs already attenuated tissue function.
Antifibrotic agents and biomaterials that target steps in col-
lagen synthesis and degradation pathways represent prom-
ising strategies for fibrosis diseases. Collagen I, III, and FN are
the main ECM components of the vocal fold lamina propria
and their accumulation is the main cause of vocal fold scar-
ring.**** Regulation of ECM production and degradation
could be considered a key factor in managing scarring. ECM
regulation is mainly divided into two parts—synthesis and
degradation. MMP1 and MMP2 are known to degrade a wide
range of ECM molecules, including type I and III collagen, FN,
elastin, and decorin. Although TIMP1 and TIMP2 play a key
role in maintaining the balance between ECM deposition and
degradation, TIMP3 is the only member of TIMP family,
which is found exclusively in the ECM,* inhibiting MMP
activity, causing excessive deposition of ECM, and resulting in
tissue fibrosis. In this study, we investigated ECM regulation
by analyzing ECM production and degradation in different
culture environments. In 2D and 3D HA unstimulated con-
ditions, ECM components (collagen I, IIl, and FN) were

o . .

o . .
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FIG. 8. Expression of TGF-p
receptors in hVFF

were detected by
immunocytochemistry
staining. TGFBRI (A, red) and
TGFBRII (B, green) were
observed in the cells on TCP
(a, d), 2D HA (b, e), and in 3D
HA (¢, f) conditions treated
with either medium alone

(@, b, o) or 5ng/mL TGF-f1
(d, e, f) for 48 h. Nuclei were
counter-stained with DAPIL.
Scale bar: 60 pm.

TGFBRI/nucleus

TGFBRIl/nucleus

downregulated. Notably in 3D HA, after TGF-B1 treatment,
collagen I and III expression remained at a lower level com-
pared to TCP and 2D HA. In addition, we found that 3D HA
increased MMP1 and MMP2 activity, and both 2D and 3D HA
significantly upregulated MMP1 and downregulated TIMP3
gene expression, which caused a marked increase of the ratios
of MMP1 to TIMP3 and MMP2 to TIMP3. 3D HA showed a
stronger response than 2D HA (Fig. 6). Lastly, our results
demonstrated that pro-MMP2 activities were similar in TCP,
2D HA, and 3D HA conditions, however, the levels of
MMP2 mRNA were different; 3D HA stimulated the trans-
formation of pro-MMP into active MMP2. Although TGF-f1
did not increase the activities of MMP1 and MMP2, it signif-
icantly upregulated their gene expression and increased ra-
tios of MMP1/TIMP3 and MMP2/TIMP3 in the 3D HA
condition. In all, these results indicated that HA regulated
fibroblast function through ECM synthesis, degradation, re-
modeling, and promotion of wound healing, and hVFF
showed a more significant response in 3D HA versus the 2D
HA environment.
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TGF-p1 functions through binding of the extracellular
domain of its type I receptor (TGFBRII),***” transphospor-
ylating the type I receptor (TGFBRI), activating its kinase,
and initiating downstream signaling. The inhibition or
modification of this pathway has been considered a prom-
ising therapeutic strategy to inhibit tissue fibrosis.®® In the
present study, it was found that the cellular response to TGF-
B1 was reduced or inhibited in the presence of HA, while the
gene expression of TGFBRI and TGFBRII were significantly
upregulated, the 3D environment to a greater extent than 2D,
although their distribution patterns were similar. This phe-
nomenon suggests that exogenous HA molecules might act
downstream of the TGF-B1 signaling pathway through
its receptors. Further investigation of this phenomenon is
warranted.

Conclusions

We have shown that in vitro 2D HA and 3D HA culture of
hVFF can suppress ECM production, enhance ECM degra-
dation and remodeling, and inhibit myofibroblast differen-
tiation in response to TGF-B1, compared to standard TCP
culture. 3D HA modulated greater TGF-B1 consequences
than 2D HA on the aforementioned processes without a
decrease in TGF-f receptor expression. We speculate that 3D
HA regulates cell function though a downstream pathway of
TGF-B1. Additionally, this study suggests that exogenous
HA could facilitate a decreased fibrotic response, improve
wound healing and prevent scar formation even in the
presence of TGF-B1. Future investigation is necessary to de-
termine possible regulation of TGF-p1 downstream signals
by exogenous HA.
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