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Abstract

Scarring of the vocal fold lamina propria can lead to debilitating voice disorders that can
significantly impair quality of life. The reduced pliability of the scar tissue — which diminishes
proper vocal fold vibratory efficiency — results in part from abnormal extracellular matrix (ECM)
deposition by vocal fold fibroblasts (VFF) that have taken on a fibrotic phenotype. To address this
issue, bioactive materials containing cytokines and/or growth factors may provide a platform to
transition fibrotic VFF within the scarred tissue toward an anti-fibrotic phenotype, thereby
improving the quality of ECM within the scar tissue. However, for such an approach to be most
effective, the acute host response resulting from biomaterial insertion/injection likely also needs to
be considered. The goal of the present work was to evaluate the anti-fibrotic and anti-inflammatory
capacity of an injectable hydrogel containing tethered basic fibroblast growth factor (bFGF) in the
dual context of scar and biomaterial-induced acute inflammation. An /n vitro co-culture system
was utilized containing both activated, fibrotic VFF and activated, pro-inflammatory macrophages
(M®) within a 3D poly(ethylene glycol) diacrylate (PEGDA) hydrogel containing tethered bFGF.
Following 72 hours of culture, alterations in VFF and macrophage phenotype were evaluated
relative to mono-culture and co-culture controls. In our co-culture system, bFGF reduced the
production of fibrotic markers collagen type I, a smooth muscle actin, and biglycan by activated
VFF and promoted wound-healing/anti-inflammatory marker expression in activated M®.
Cumulatively, these data indicate that bFGF-containing hydrogels warrant further investigation for
the treatment of the scarred vocal fold.
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1. INTRODUCTION

Scarring of the vocal fold lamina propria (LP) can result in voice changes ranging from
hoarseness to complete voice loss depending on the severity of the scar.1=3 In this often
debilitating condition, normal LP pliability is impaired by abnormal extracellular matrix
(ECM) deposition and its physical volume is reduced.! These changes in LP mechanical and
physical properties (pliability and volume) affect the vibratory efficiency of the scarred vocal
fold, reducing the quality of cycle-to-cycle closure of the paired vocal fold structures.

Chronic LP scarring has proven difficult to treat with current surgical techniques or standard
injectable fillers such as collagen and fat.1-34 Researchers are therefore actively exploring
alternative treatment routes, including the development of designer biomaterial implants for
functional LP regeneration.>=36 To date, most biomaterials developed for treatment of LP
scar have been screened /n vitro for their capacity to elicit desired ECM production from
VFF as the biomaterial degrades prior to /n vivo evaluation.2’-36 Although this approach has
yielded significant advances, it does not capture several aspects of the in vivo implant
environment which critically impact biomaterial-associated VFF ECM production. For
example, the VFF commonly used to assess various biomaterials /7 vitro are generally
“normal” or “non-fibrotic”.27-36 However, fibroblasts associated with chronic vocal fold
scar display fibrotic/myofibroblastic phenotypes.3” Furthermore, /n vitro culture formats that
include only VFF do not account for the fact that biomaterials induce an acute inflammatory
response upon implantation, leading to macrophage (M®) activation.38-40 This is significant
since M® phenotype has been shown to strongly impact resident fibroblast ECM production.
41-43 As such, biomaterials intended for treatment of vocal fold scar should be designed not
only to transition activated (myofibroblastic) VFF towards a more normal phenotype but
also to elicit desired phenotypes from activated, pro-inflammatory M®.

To address this challenge, biomaterials containing bioactive factors with anti-fibrotic and/or
immunomodulatory functionality could potentially be used for treatment of scarred LP.
Indeed, recent studies have investigated the anti-fibrotic influence of dexamethasone and
hyaluronic acid on VFF pre-stimulated toward a myofibroblast phenotype.1544 |deally, such
biomaterial additives would induce local myofibroblasts to take on a “normal” VFF
phenotype and promote pro-inflammatory M to alter their polarization toward an anti-
inflammatory/pro-tissue healing phenotype. A growing body of literature indicates that basic
fibroblast growth factor (bFGF) has direct anti-fibrotic effects on VFF and indirect anti-
inflammatory effects.8-1024.35.45-49 gpecifically, VFF treated with bFGF have consistently
shown reduced expression of a smooth muscle actin (a marker generally associated with a
myofibroblast phenotype) and increased expression of MMP-1 and hyaluronic acid synthase
2 (markers generally associated with an anti-fibrotic phenotype).?-10:46 |n addition, bFGF
has been shown to increase VFF expression of the anti-inflammatory molecule hepatocyte
growth factor (HGF).® Despite these generally noted beneficial effects, conflicting reports of
bFGF effects on VFF expression of the fibrotic markers collagen types I and 111 exist,
9.10,24,35,46-49 and bFGF is rapidly absorbed /7 vivo.50 Because of these limitations, clinical
success may require repeated dosing,>152 particularly in cases of scarring in older patients.
53 The disruption/damage to the vocal fold LP associated with repeated injections is known
to be deleterious to LP tissue and inductive of LP scar. Thus, a biomaterial which can locally
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retain therapeutic levels of growth factors such as bFGF for extended periods of time,
avoiding repeated intervention, would be desirable.*®

Poly(ethylene glycol) diacrylate (PEGDA) based hydrogels may be chemically modified
with growth factors or cytokines through tethering into the PEGDA network, providing a
convenient method for local growth factor retention. Proteins tethered into PEGDA hydrogel
networks are effectively inhibited from being internalized by cells.>*:5° This feature allows
for repeated signaling by a single bFGF molecule, enabling lower doses to be employed for
growth factors like bFGF that do not require cell internalization to effect changes in cell
behavior.>® Furthermore, PEGDA hydrogels degrade hydrolytically over a period of 3 -6
months,” slowly releasing tethered bFGF over this time frame and allowing for new tissue
to be deposited as the hydrogel structure degrades. This is in contrast to the release
associated with bFGF-loaded gelatin hydrogels previously examined in VFF literature, from
which the majority of release occurs within 14 days.1? Certain PEGDA hydrogel
formulations have also previously been shown to permit preservation of the vocal fold
mucosal wave with low phonation threshold pressures.>8 Thus, the present work was
designed to investigate the influence of a bFGF-containing PEGDA hydrogel on activated
VFF phenotype and M® polarization in 3D co-culture conditions. This format is
significantly different from previous /n vitro evaluations of bFGF effects on VFF in that it
contains activated VFF and activated M®. We envision that a liquid precursor solution
containing acrylate-derivatized bFGF and PEGDA can be injected into the injured vocal fold
LP and subsequently crosslinked into a hydrogel by trans-epithelial light exposure.5® This
hydrogel will then provide localized, extended exposure of the tethered growth factor(s) to
the resident VFF and M.

Figure 1 depicts the overall experimental design for the present study. In order to mimic
some of the complex conditions characterizing chronic scar and acute inflammation
following biomaterial insertion — such as the presence of activated VFF and M® — normal,
unactivated porcine VFF (VFF~) and unactivated RAW 264.7 murine M® (M® ) were
stimulated for 5 days utilizing “activation media” containing lipopolysaccharide (LPS) and
transforming growth factor-beta 1 (TGF-p1, Figure 1A). TGF-B1 has been previously been
established to induce normal VFF to take on characteristics of a myofibroblast phenotype,
16,37.60 with LPS stimulation potentially exacerbating this effect.5 Similarly, exogenous
delivery of LPS (commonly utilized to induce classical macrophage activation)38:41.62,63
combined with immunomodulatory TGF-1 is anticipated based on literature® to evoke a
pro-inflammatory macrophage phenotype similar to that seen in many biomaterial-treated

dermal wounds (loosely, a phenotype between the traditional M1 and M2 classifications).
65,66

In the present work, this activation protocol was first verified in 2D culture before moving
into more complex 3D studies, which utilized activated VFF (VFF*) and activated M® (M®
*) encapsulated within biocompatible” PEGDA hydrogels containing the cell adhesion
ligand RGDS as well as tethered bFGF (Figure 1B). Following encapsulation, VFF* and
Ma®™* were cultured within bFGF-containing hydrogels for 72 h in the sustained presence of
activation media (LPS/TGF-B1) to continue to mimic some of the complex conditions
characterizing chronic scar and acute inflammation following biomaterial insertion.
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2. MATERIALS AND METHODS

2.1 Polymer synthesis

PEGDA was prepared as previously described by combining 0.1 mmol mL~1 dry PEG (10
kDa, Fluka), 0.4 mmol mL~1 acryloyl chloride, and 0.2 mmol mL™1 triethylamine in
anhydrous dichloromethane with stirring under argon overnight.58 The resulting solution
was washed with 2 M K,CO3 and separated into aqueous and dichloromethane phases to
remove HCI. The dichloromethane phase was subsequently dried with anhydrous MgSQOy,
and PEGDA was precipitated in diethyl ether, filtered, and dried under vacuum. The extent
of PEG diacrylation was determined by 1H NMR to be ~95%.

Recombinant human bFGF (17 kDa; 13256-029, Life Technologies) and the cell adhesion
peptide RGDS (American Peptide) were reacted with acryloyl-PEG-N-hydroxysuccinimide
(ACRL-PEG-SVA) (3.4 kDa, Laysan Bio) at a 1:3 and 1:1 molar ratio, respectively, for 2 h
in 50 mM sodium bicarbonate buffer, pH 8.5.56:6% Recombinant human bFGF has previously
been shown to effectively interact with both murine’® and porcine’® cells. In addition, bFGF
is known to maintain its potency following reaction with an acrylate-derivatized PEG linker
and subsequent incorporation within a PEGDA hydrogel.”> ACRL-PEG-bFGF was purified
by dialysis, stored at =20 °C, and used within 24 h of storage. ACRL-PEG-RGDS was
purified by dialysis, lyophilized, and stored at —80 °C until use.

2.2 Cell culture

Cryopreserved porcine vocal fold fibroblasts (VFF) at passage 6 were obtained from Robert
Langer, ScD (Massachusetts Institute of Technology).” These cells had been isolated from
primary explants of the mid-membranous LP of 6-12-month-old pigs, an accepted animal
model for the human vocal fold LP.2:64 The discarded animal tissues were obtained from the
MIT Division of Comparative Medicine and with the approval of the MIT animal care
committee. The cryopreserved VVFF were thawed and expanded at 37 °C/5% CO5 in
Dulbecco’s Modified Eagle’s Medium (DMEM, Cellgro) supplemented with 10 % fetal
bovine serum (FBS, Atlanta Biologicals), 2 ng mL™1 bFGF (Invitrogen), 100 U mL™1
penicillin, and 100 ug mL~1 streptomycin (Gibco).

Cryopreserved RAW 264.7 murine M® (ATCC) were thawed and expanded in a monolayer
culture. Macrophages were maintained at 37 °C/5% CO» in maintenance media (DMEM
supplemented with 10 % FBS, 100 U mL™1 penicillin, and 100 pg mL~1 streptomycin).

2.3 Cell activation with LPS/TGF-p1

Prior to encapsulation, VFF and M® were cultured for 5 days with either maintenance
media [MM: DMEM supplemented with 10 % FBS, 100 U mI~1 penicillin, and 100 pg mI~1
streptomycin] or activation medium [AM: maintenance media supplemented with 1 ug mi~1
LPS from Salmonella enterica serotype enteritidis (Sigma Aldrich) and 5 ng mI~1 TGF-p1
(Millipore)]. LPS and TGF-B1 were chosen for use in AM to mimic the complex
microenvironment during chronic scar and acute inflammation.16:19.20.37.41,60 The activation
protocol is depicted schematically in Figure 1A.
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To confirm changes in cell phenotype resulting from 5 day activation, the phenotype of VFF
and M® cultured in AM [VFF* and M®™, respectively] was compared to that of VFF and
M cultured in MM [VFF~ and M® ). Specifically, mnRNA was isolated from M®* and
M® ~ (n = 4 per treatment group) using Dynabeads mRNA direct kit (Life Technologies). In
brief, kit lysis buffer was added to culture wells containing M®* or M® ~ and incubated for
10 min. After the incubation period, polyA-mRNA was isolated from each cell lysate using
20 uL of Dynabeads oligo (dT),5 magnetic beads. Following rinsing steps, the polyA-
mMRNA was released from the Dynabeads in 100 pL of 10 mM Tris-HCI by heating the beads
to 80 °C for 2 min. Remaining cell lysate (containing DNA and proteins) was collected and
stored at —20 °C for subsequent DNA and protein analyses. Protein lysates of VFF* and
VFF~ (n = 4 per treatment group) were similarly prepared.

2.4 Hydrogel fabrication and maintenance

Hydrogels were fabricated by first preparing a precursor solution containing 100 mg mL~1
10 kDa PEGDA and 1 mM ACRL-PEG-RGDS in phosphate-buffered saline (PBS, Gibco).
PEGDA molecular weight and concentration were selected to yield hydrogels with average
dynamic elastic moduli appropriate to vocal fold applications.2’:74 The concentration of
RGDS was chosen based on previous work with VFF.16:34 Photoinitiator solution (262 mg
mL~1 in 70% ethanol) was then added at 1 vol% to the precursor solution, after which the it
was passed through using a 0.2 pm Acrodisc® Filter Unit with a Mustang® E membrane
(Pall Life Science) for the purpose of sterilization and endotoxin removal. For hydrogels
including bFGF, sterile and endotoxin-free ACRL-PEG-bFGF solution was then added to
the precursor solution to achieve a bFGF concentration of 100 ng mI~1. This concentration
was chosen based off of previous /n vitro studies which demonstrated a therapeutic benefit
with soluble bFGF at 100 ng m|~1.9.10

VFF and/or macrophages that had been cultured for 5 days in AM were harvested and
resuspended in the various precursor solutions, each at ~1x10° cells mI~1. Two hundred pl of
the resulting suspensions were pipetted into a 48 well plate and polymerized by 6 min
exposure to longwave UV light (Spectroline, ~6 mW cm™2, 365 nm). Six different
experimental groups were prepared as shown in Figure 1B. Polymerized hydrogels were
transferred to BD Falcon culture inserts (12 mm diameter, 0.8 um pores) and immersed in
AM. After 24 h of culture at 37 °C/5% CO», a set of hydrogel discs was selected for
mechanical analyses. Fresh AM was added to each remaining hydrogel disc and the gels
were cultured for an additional 48 h.

2.5 Rheological testing

Punches (8mm in diameter) were prepared from the hydrogel discs harvested at 24 h and
were used to characterize the rheological behavior of the PEGDA network. Hydrogels were
blotted gently to remove excess media and were placed on the testing stage of an Anton-Paar
Physica MCR 301 rheometer fitted with an 8 mm diameter upper platen. The gap distance
between the upper and lower platen was adjusted to achieve a 100 um indentation depth
within each hydrogel. Dynamic oscillatory frequency sweeps were then conducted at room
temperature between 0.1 Hz and 30 Hz, with 10 measurement points per decade at a
constant shear stress of 2%. The PEGDA formulation utilized herein (10%, 10 kDa)
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displayed an average shear storage modulus of ~10.7 £ 0.2 kPa and a damping ratio of ~0.45
at 30 Hz (Supplementary Figure 1). These results are consistent with the shear storage
modulus and damping ratio values of ~8 kPa and 0.55, respectively, previously reported for
10% 10 kDa PEGDA hydrogels at 40 Hz.3* Shear storage modulus and damping ratio ranges
for the native vocal fold LP at similar strains and loading frequencies are 0.1-7 kPa and 0.6—
2, respectively.’>76

2.6 Endpoint analyses

Following 72 h of culture, hydrogels were transferred to 1.7 mL RNase-free conical tubes,
flash frozen in liquid nitrogen, and stored at —80 °C for subsequent gene and protein
analyses.

2.6.1 Gene expression

MRNA isolation: MRNA was extracted using Dynabeads mRNA direct kit (Life
Technologies). In brief, the hydrogels were placed in contact with 300 uL of lysis binding
buffer. The samples were then homogenized using a plastic RNase free pestle (Kimble
Chase) and incubated at room temperature for 15 min. Following incubation, the samples
were centrifuged for 5 min at 10,000 rpm and the polyA-mRNA in the supernatant was
extracted using 20 uL of Dynabeads oligo (dT),5 magnetic beads. To improve the yield of
extraction, a second round of polyA-mRNA extraction was performed. The mRNA-laden
Dynabeads were rinsed and transferred to 100 pL of a 10 mM Tris-HCI buffer, into which
the bound polyA-mRNA was released by heating the beads to 80 °C for 2 min. The mRNA
solution was then stored at —80 °C until further analysis. Remaining sample homogenate was
collected and stored at =20 °C for subsequent DNA measurement and protein analyses.

Quantitative RT-PCR (qRT-PCR): Hydrogels containing macrophages were analyzed for
expression of various markers associated with classically-activated, wound healing, or anti-
inflammatory macrophage phenotypes. Verified gRT-PCR primers for mouse inducible nitric
oxide synthase (iNOS), tumor necrosis factor (TNF), subunit beta of interleukin 12 (1L-12p),
interleukin-1 beta (I1L-1p), arginase-1 (Arg-1), vascular endothelial growth factor (VEGF),
interleukin-10 (IL-10), chitinase-3 like protein 3 (Chi3I3), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were obtained from Origene or Operon. Primer sequences are
provided in Table 1. A StepOne real time PCR system (Life Technologies) and the
SuperScript 111 Platinum One-Step gRT-PCR kit (Life Technologies) were utilized for the
gene expression analyses. At least 3 samples were assessed by qRT-PCR for each
experimental group, with each sample being evaluated in duplicate for each gene.
Approximately 3 ng of polyA-mRNA and 5 pL of 1 uM primer were added per 25 pL of
reaction mixture. Amplification during the PCR phase was monitored by measuring the
change in SYBR Green fluorescence using ROX dye as a passive reference. A threshold
fluorescence value at which each sample was in the exponential phase of amplification was
identified using StepOne software v2.0. The amplification cycle at which a given sample
crossed this threshold was recorded as the C; for that sample. For each sample, the
expression of each gene of interest relative to GAPDH was calculated using the AAC;
method. Melting temperature analysis was performed for each PCR reaction to verify the
appropriate amplification product. The associated melting temperatures are reported in Table

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Erndt-Marino et al.

Page 7

1. Given the presence of porcine VFF in the VFF/M® co-culture samples, the selectivity of
each mouse primer for the associated mouse mRNA was confirmed as detailed in
Supplementary Table 1.

2.6.2 DNA Assessment—-Briefly, DNA levels in sample homogenates from the mRNA
extraction process were measured using the Quant-iT" PicoGreen dsDNA Assay (Life
Technologies). Sample volumes representing equal amounts of DNA (750 ng) were
concentrated using 3000 MWCO Amicon filter units (Millipore) for western blot analyses.

2.6.3 Western blot—Changes in VFF phenotype following 72 h of encapsulation were
semi-quantitatively evaluated for each VFF-containing hydrogel via western blot analysis.
Antibodies for collagen type | (Col 1; clone NB600-448, Millipore), a smooth muscle actin
(aSMA; clone 1A4, Santa Cruz Biotechnology), and biglycan (clone ab49701, Abcam) -
proteins generally associated with a fibrotic/myofibroblastic VFF phenotype®10.16:44 _ yyere
examined. In addition, an antibody targeting the matrix metalloproteinase-1 (MMP-1; clone
N-17, SCBT) — a protein generally considered as anti-fibrotic’” — was utilized. An antibody
for the reference protein GAPDH (clone 6F7, Santa Cruz Biotechnology) was utilized as a
normalizer.

Samples containing equal amounts of DNA (750 ng for VVFF per lane) were treated with -
mercaptoethanol, heated at 95 °C for 10 min, and then loaded into a 10 or 12%
polyacrylamide gel. Sample proteins were separated by electrophoresis and subsequently
transferred to a nitrocellulose membrane (Thermo Scientific). After protein transfer, the
membrane was blocked with a 5% BSA solution (Fraction V, Fisher Scientific) in Tris-
buffered saline containing 0.1% Tween-20 (TBST; 25 mM Tris-HCI, pH. 7.5, 137 mM NacCl,
0.1% Tween 20) for 1 h at room temperature. Primary antibodies were diluted in TBST
containing 5% BSA and applied to the membranes overnight at 4 °C with constant rotation.
Bound primary antibodies were detected by the application of appropriate horseradish
peroxidase-conjugated or alkaline phosphatase-conjugated secondary antibody (Jackson
ImmunoResearch) for 1 h at room temperature, followed by the application of Luminol
(Santa Cruz Biotechnology) or Novex chemiluminescent substrate (Life Technologies),
respectively, for the development of signal. Chemiluminescence was detected using a
ChemiDoc™ XRS* System equipped with Image Lab™ Software (Bio-Rad Laboratories),
with exposure time controlled to avoid signal saturation. For each protein, band integrated
optical density was quantified using Adobe Photoshop.

Each target protein was then normalized to the corresponding levels of GAPDH. Given the
presence of mouse macrophage proteins in the VFF/M® co-culture samples, antibody
specificity for porcine proteins was confirmed utilizing mouse 3T3 control samples
(Supplementary Figure 2).

2.7 Statistical analyses

Data are reported as mean + standard deviation. Comparisons of sample means were
performed by one-way ANOVA or MANOVA, as appropriate. Homogeneity of variances
was confirmed with Levene’s test and Box’s test for ANOVA and MANOVA analysis,
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respectively. Tukey’s post hoc test (SPSS software) was utilized when there were more than
2 experimental groups (n = 3-8 samples per group), p < 0.05.

3. RESULTS

3.1 Verifying cell activation in 2D culture

As shown schematically in Figure 1, normal VFF (VFF™) and unactivated M® (M® ~) were
stimulated for 5 days utilizing “activation media” containing LPS and TGF-B1. This
stimulation regimen was intended to induce VFF~ to take on a myofibroblast-like phenotype
(VFF*) typical of scarred LP16:37.60 and M ~ to take on a pro-inflammatory macrophage
phenotype (M®™) similar to that seen in dermal wounds treated with RGD-containing
PEGDA hydrogels (loosely, a phenotype between the traditional M1 and M2 classifications).
65.66 Using these activated cells, we could subsequently assess the ability of the bFGF-
containing hydrogels to shift this fibrotic VFF phenotype and initial “M1/M2” macrophage
phenotype toward more anti-fibrotic and pro-healing phenotypes, respectively.

Prior to encapsulating these activated cells within PEGDA hydrogels, the activation state of
the VFF* and M®* was confirmed. Supplementary Figure 3 shows the production of
aSMA, biglycan, Col 1, and fibronectin — markers generally associated with a VFF
myofibroblast phenotype®10:16.44 _ by \VFF* relative to VFF~ as evaluated by western blot.
As anticipated based on previous work with VVFF,16:37.60.61 there was an overall increase in
the production of several myofibroblast markers by VFF* relative to VFF~ (p = 0.001;
Supplementary Figure 3). Similarly, Figure 2 shows the relative gene expression of several
markers associated with the diverse range of macrophage activation states by M®™ relative
to M® ~. Specifically, markers traditionally associated with the M1 (classically-activated)
phenotype and the M2 phenotype (including both wound healing and anti-inflammatory
markers) were assessed (Table 1).

Per these gene expression analyses, M®* cells displayed increased levels of pro-
inflammatory iNOS (~2.5 fold, p = 0.008) and TNF (~3.7 fold, p = 0.007) mRNA relative to
M® ~ (Figure 2). Furthermore, M®* expression levels of the wound healing marker Arg-1
(~68.3 fold, p < 0.001) and the anti-inflammatory marker IL-10 (~4.75 fold, p = 0.001) were
significantly higher than that of M® ~ (Figure 2). Notably, this LPS/TGF-B1 activation
pattern is distinct from LPS treatment alone (Supplementary Figure 4), a commonly utilized
method to activate macrophages towards a classically-activated phenotype.38:62:63 |n
particular, LPS/TGF-p1 treatment generally resulted in reduced expression of traditional M1
markers and increased expression of M2 markers relative to LPS stimulation alone. Taken
together, these data indicate that stimulation of macrophages with LPS/TGF-p1 yielded a
macrophage activation pattern with both classically-activated and wound-healing
characteristics, as is typical of the M® phenotype associated with the acute inflammation
seen in dermal wounds treated with RGD-containing PEGDA hydrogels.56

3.2 Evaluating cell response to tethered bFGF in 3D culture

Following confirmation of the activation of VFF and M® in 2D, VFF* and M®* were
encapsulated either alone or together within 3D PEGDA hydrogel discs containing the cell
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adhesion ligand RGDS, but either with or without tethered bFGF (Figure 1B). Following 3
days of culture in the continued presence of activation media, the phenotype of encapsulated
VFF and M® were analyzed via western blot and qRT-PCR, respectively.

3.2.1 VFF phenotype—Figure 3 displays the relative protein levels of Col 1, aSMA, and
biglycan — markers generally considered to be fibrotic®10.16:44 _ produced by: 1) VFF*
alone in PEGDA hydrogels without bFGF (VFF*), 2) VFF* alone in PEGDA hydrogels
containing bFGF (bFGF/VFF*), 3) VFF* in co-culture with M®* in PEGDA hydrogels
without bFGF (VFF*/M®™), and 4) VFF* in co-culture with M®™* in PEGDA hydrogels
containing bFGF (bFGF/VFF*/M®™). In addition, the relative protein levels of MMP-1 - a
marker generally considered as anti-fibrotic’” — across VVFF treatment groups are shown.
Representative western blot images are provided in Supplementary Figure 5.

As shown in Figure 3, the inclusion bFGF in the bFGF/VFF* group resulted in a significant
increase in Col 1 production (~1.4 fold, p = 0.028) relative to the VFF* group, although
there was no significant effect of bFGF on the production of aSMA or biglycan. While
MMP-1 levels appeared to be increased (~1.5 fold) in the bFGF/VFF* group relative to the
VFF+ group, this effect also fell below statistical significance (p = 0.077). The majority of
prior /n vitro studies assessing VFF response to bFGF have been performed using RT-PCR
as the assessment tool. In order to compare our observed bFGF effects to existing VFF
literature, we therefore conducted additional gene level analyses of Col 1, Col Ill, aSMA,
and MMP-1 (Supplementary Figure 6). Our gRT-PCR data were found to be consistent with

the cumulative results from VFF literature, despite the presence of TGF-B1 in our culture
medium.9-10,24,35,46-49

The inclusion of activated macrophages in the VFF*/M®™* group resulted in no significant
change in any of the analyzed protein markers relative to the VFF* group (Figure 3).
However, there was a significant decrease in biglycan production in VFF*/M®* relative to
bFGF/VFF* (~1.5 fold, p = 0.018). Several additional differences became apparent with the
incorporation of bFGF into hydrogels containing both VFF* and M®*. Specifically, in
contrast to the increase in Col 1 noted for the bFGF/VFF* group relative to the VFF* group,
there was a marked reduction in Col 1 levels (> 2.3 fold, p < 0.001) in the bFGF/VFFf/M®™*
group relative to the VFF*, bFGF/VFF*, and VFF*/M®* groups (Figure 3). Levels of
aSMA were reduced by at least a factor of 1.9 in the bFGF/VFF/M®™ relative to all
remaining treatment groups (p < 0.041). Biglycan levels were also significantly lower in the
bFGF/VFF*/M®* group relative to the both the VFF* (~2.0 fold, p = 0.001) and bFGF/VFF
* (~2.2 fold, p < 0.001) groups. However, while MMP-1 levels were ~1.7-fold lower in the
bFGF/VFF*/M®* group relative to the bFGF/VFF* group (p = 0.017), they were unchanged
relative to the VFF* only group. Cumulatively, these data indicate that bFGF may be capable
of reducing VFF production of “pro-fibrotic markers” (Col 1, aSMA, and biglycan) in the
dual context of chronic scar and biomaterial-induced macrophage activation (i.e. in VFF*/
M®™ co-culture).

3.2.2 M® phenotype—Figure 4 displays the relative gene expression of markers
representing the diverse range of M® activation in the following treatment groups: 1) M®*
alone in PEGDA hydrogels without bFGF (M®*), 2) M®* alone in PEGDA hydrogels
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containing bFGF (bFGF/M®™), 3) M®™* in co-culture with VFF* in PEGDA hydrogels
without bFGF (M®*/VFF*), and 4) M®* in co-culture with VFF* in PEGDA hydrogels
containing bFGF (bFGF/M®*/VFF*). Treatment with bFGF alone appeared to result in
minimal shifts in M®* gene expression for all markers examined except for the wound-
healing marker Arg-1, which was ~4 fold lower in the bFGF/M®™ group relative to the M®*
only group (p = 0.021). The inclusion of co-culture with VFF* also appeared to have limited
effects on M®™* gene expression for most markers examined, with the apparent increase in
IL-128 mRNA (~2.8 fold) falling below statistical significance (p = 0.096). However, there
was a substantial decrease in the mRNA levels of the pro-inflammatory marker iNOS (~3.1
fold, p = 0.010) in M®*/VFF* group relative to the M®* group (Figure 4).

In contrast to the influence of bFGF or VFF* alone on M®™* gene expression, Md*
treatment with both bFGF and VFF* resulted in significant shifts in the mRNA levels of
several M®* markers. In particular, there were significant decreases in the gene expression
of Arg-1 (=3 fold, p = 0.040) and IL-12p (~4.7 fold, p = 0.042) in bFGF/M®*/VFF* group
relative to M®* only group and M®*/VFF* group, respectively. Furthermore, there were
marked increases in the mRNA levels of the anti-inflammatory markers 1L-10 and Chi3I3 in
the bFGF/M®*/VFF* group relative to all other experimental groups (p < 0.001, Figure 4).
Combined, these data indicate that bFGF appeared to be capable of shifting M®* phenotype
toward a more anti-inflammatory phenotype in the dual context of chronic scar and
biomaterial-induced macrophage activation (i.e. in M®*/VFF* co-culture).

4. DISCUSSION

In the present study, the capacity of tethered bFGF to transition myofibroblastic/fibrotic VFF
towards a “normal” phenotype as well as to elicit a more pro-healing phenotype from
activated, pro-inflammatory M® was evaluated /in vitro. We envision that these shifts in
phenotype will, over the long-term, improve the quality of VFF ECM deposition within the
scarred tissue region and thereby improve overall vocal fold function. To mimic the VFF
phenotype characteristic of chronic scarring and the M® phenotype characteristic of acute
inflammation following PEGDA-RGD hydrogel insertion, “normal” VFF and unactivated
M were treated with activation media containing both LPS and TGF-B1 for 5 days prior to
encapsulation. VFF treated with activation media displayed an overall increase in the
myofibroblast markers assessed relative to untreated VFF, in agreement with established
culture models involving VFF exposure to TGF-B1.16:37.60 |n addition, M treated with
activation media showed an increase in markers associated with pro-inflammatory activation
(iNOS and TNF) as well as wound healing and anti-inflammatory markers (Arg-1 and IL-10,
respectively) relative to untreated macrophages. However, LPS/TGF-B1 treatment also
generally resulted in reduced expression of traditional M1 markers and increased expression
of M2 markers relative to LPS stimulation alone. Taken together, these data indicate that
stimulation of macrophages with LPS/TGF-B1 yielded a macrophage activation pattern
between classically-activated and wound healing phenotypes. As desired, 879 this
macrophage phenotype resembled that associated with the acute inflammation following
treatment of dermal wounds with RGD-containing PEGDA hydrogels.56
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After confirming the activation of VFF and M® in 2D, these activated cells (VFF* and M®
*) were encapsulated within 3D PEGDA hydrogels either with or without tethered bFGF.
After 3 days of culture in the continued presence of activation media, western blotting
revealed that bFGF significantly increased VFF* production of the pro-fibrotic marker Col
1, while fibrotic markers a SMA and biglycan remained essentially unchanged relative to the
VFF* only group. Similarly, VFF* exposure to M®* had minimal impact on VFF*
phenotype for the markers examined. These data indicate that the effects of bFGF alone or
M®™ alone on VFF* phenotype appeared to be limited and neither strictly pro- nor anti-
fibrotic. The present results are in contrast to the general anti-fibrotic effects of bFGF noted
in the literature for VFF. In particular, bFGF has generally been observed to down-regulate
Col 1 expression®10:3546 and a. SMA productionl? by VFF. The differences between the
current results and existing literature could potentially be attributed to several factors (e.g.
differences in media formulation, bFGF exposure time, 2D vs. 3D culture, gene versus
protein level phenotypic assessment80). However, qRT-PCR analyses our bFGF/VFF* group
versus the VFF* only group (Supplementary Figure 6) yielded cumulative results consistent
with VFF literature, despite the presence of TGF-B1 in our culture medium,910.24.35.46-49 |,
particular, bFGF exposure was associated with a ~60% decrease a SMA mRNA and a ~80%
increase in MMP-1 mRNA levels.

Interestingly, bFGF appeared to exert a greater influence on VFF* behavior when applied to
VFF* in co-culture with M®*. Notably, VFF* in the bFGF/VFF*/M®* group produced
significantly lower Col 1 than the VFF" group and the VFF*/M®™* group. Furthermore,
protein levels of the fibrotic markers aSMA and biglycan — which were unaffected by bFGF
in the VFF* mono-culture group — were significantly reduced in the bFGF/VFF*/M®™* group
relative to both the VFF* group and the bFGF/VFF* groups. In contrast, VFF* expression of
the anti-fibrotic marker MMP-1 in the bFGF/VFF*/M®™ group remained essentially
unchanged relative to the VFF* only group. Thus, although tethered bFGF did not have
expected protein-level anti-fibrotic effects on VFF* in mono-culture, the present co-culture
results indicate that bFGF may have net anti-fibrotic effects in the dual context of chronic
scar and biomaterial-induced macrophage activation.

To gain insight into potential ways in which bFGF was achieving these effects on VFF*
phenotype in co-culture, we investigated the activation status of encapsulated M®™ utilizing
a panel of markers indicative of pro-inflammatory, anti-inflammatory, and wound healing
phenotypes. While the influence of bFGF on macrophage recruitment during wound healing
has been well studied,81-82 literature reports in which macrophages are explicitly stimulated
with bFGF are relatively scarce. Therefore, to the authors” knowledge, this is the first report
to study macrophage activation with respect to multiple potential phenotypes in response to
bFGF stimulation. As for the VFF™ data, bFGF alone did not appear to exert a strong
influence on M®* phenotype for the markers examined. Indeed, only Arg-1 expression was
altered in the bFGF/M®* group relative to the M®* group, with the mRNA levels of this
wound-healing marker being significantly reduced in bFGF/M®* group. Similarly, only
iNOS expression was significantly impacted by M®* co-culture with VFF* in the absence of
bFGF, with mRNA levels of this pro-inflammatory marker being significantly lower in the
VFF*/M®* group relative to the M®* group. This reduction in pro-inflammatory marker
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expression by M®* exposed to VFF™ is consistent with the reduction in pro-inflammatory
markers observed for activated macrophages co-cultured with scar VFF.4!

As for the VFF*, bFGF appeared to exert a greater influence on M®* behavior when applied
in co-culture. Specifically, the bFGF/M®*/VFF* group displayed significantly lower mRNA
levels of the pro-inflammatory marker I1L-12f and the wound healing marker Arg-1 mRNA
relative to the M®*/VFF* group and the M®* group, respectively. In addition, gene
expression of the anti-inflammatory markers IL-10 and Chi313 were markedly increased in
the bFGF/M®*/VFF* group relative to all other treatment groups. The implications of the
associated decrease in Arg-1 expression noted for the bFGF/M® and bFGF/M®*/VFF*
groups are difficult to interpret as increases in Arg-1 have been linked not only to wound
healing but also to fibrosis.83:84 However, the 1L-12p, IL-10, and Chi3I3 data for the bFGF/
M®*/VFF* group indicate that bFGF may be capable of transitioning M®* towards a more
anti-inflammatory phenotype in the dual context of scar and biomaterial-insertion. This shift
in M®* phenotype in the bFGF/M®*/VFF* group may partly underlie the observed anti-
fibrotic shift in VFF* phenotype in this treatment group. This interpretation would be
consistent with a previous study which found that certain anti-inflammatory cytokines can
decrease a. SMA expression by VFF pre-stimulated with TGF-p1.50

Overall, the current results are encouraging and support the primary goal of this study — the
initial development of an injectable PEGDA-based hydrogel with tethered bFGF with the
potential to reduce/modify chronic LP scar through modulation of VFF and M® phenotypes.
However, it should be noted that vocal fold LP scar and acute inflammation following
biomaterial insertion represent a complex set of processes that are mediated by a number of
factors, only a subset of which were captured within the present culture format.
Furthermore, while beneficial effects were noticed with the bFGF tethered to the PEGDA
network, potential differences in cell response between soluble and tethered growth factors
were not investigated. In addition, the use of cells from two separate species (porcine
fibroblasts versus mouse macrophages) likely reduced the efficacy of fibroblast-macrophage
cross-talk in co-culture. Another potential issue with the current co-culture format is the
possibility of heterotypic cell interactions, which render it difficult to definitively state
whether the effects were caused by paracrine and/or heterotypic cell-cell interactions.

5. CONCLUSION

We have evaluated the capacity of bFGF tethered within PEGDA hydrogels to reduce the
myofibroblastic VFF phenotype associated with vocal fold LP scar utilizing an /in vitro 3D
co-culture system. Activated VFF and M® were employed in order to recapitulate key
aspects of the complex microenvironment associated with biomaterial-treatment of scarred
LP. Interestingly, while the protein level influence of bFGF appeared to be limited in mono-
culture, bFGF incorporated in VFF/M® co-culture resulted in reduced production of Col 1,
aSMA, and biglycan from activated VFF and increased anti-inflammatory cytokine gene
expression from activated M®. Cumulatively, these results suggest that bFGF-containing
PEGDA hydrogels warrant further investigation for the treatment of the scarred vocal fold
LP.
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Overall experimental design for the study. (A) First, scar and biomaterial-induced vocal fold
phenotypes (VFF* and M®™) were experimentally created through treatment of VFF~ and
M® ~ with activation media (AM) containing TGF-B1 and LPS for 5 days. (B) Following
confirmation of this activation protocol in 2D, more complex 3D studies were performed.
The experimental groups analyzed to determine if bFGF tethered to PEGDA hydrogels can
transition VFF* towards a more normal phenotype in the presence of M®™* are depicted
schematically.
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Figure 2.
Gene expression of a panel of markers representing pro-inflammatory, wound healing, or

anti-inflammatory phenotypes in macrophages after 5 day activation with LPS/TGF-p1 (M®
*) relative to M® ~. * denotes a significant difference, p < 0.05.
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Figure 3.
Relative protein levels of fibrotic tissue markers (Col 1, aSMA and Biglycan) and the anti-

fibrotic marker MMP-1 in VFF following 72 h culture in various 3D PEGDA hydrogel
experimental groups. *,#,$ denote a significant difference from the VFF*, bFGF/VFF*, and
VFF*/M®* groups, respectively.
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Relative gene expression of a panel of markers representing pro-inflammatory, wound
healing, or anti-inflammatory phenotypes in M® following 72 h culture in various 3D
PEGDA hydrogel experimental groups. *,#,$ denote a significant difference from the M®*,

bFGF/M®*, and M®*/VFF* groups, respectively.
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Primer sequences used for gqRT-PCR analysis of genes associated with macrophage polarization.

Macrophage Function

Gene Marker

Primer sequence
Forward (F), Reverse (R)

Melting Temp (°C)

Classically Activated

Inducible nitric oxide synthase (iNOS)
Tumor necrosis factor (TNF)
Interleukin-12 beta (1L-12p)

Interleukin-1 beta (IL-1pB)

F: GAGACAGGGAAGTCTGAAGCAC
R: CCAGCAGTAGTTGCTCCTCTTC

F:GGTGCCTATGTCTCAGCCTCTT
R:GCCATAGAACTGATGAGAGGGAG

F:TTGAACTGGCGTTGGAAGCACG
R:CCACCTGTGAGTTCTTCAAAGGC

F.TGGACCTTCCAGGATGAGGACA
R:GTTCATCTCGGAGCCTGTAGTG

82.4

83.6

79.2

81.8

Wound Healing

Arginase-1 (Arg-1)

Vascular endothelial growth factor (VEGF)

F: GCCTTTCAAGGAGCTGTGCAAAA
R: GAGCAAAAGGCTGAGCTTCAAGC

F: CTGCTGTAACGATGAAGCCCTG
R: GCTGTAGGAAGCTCATCTCTCC

81.9

85.0

Anti-Inflammatory

Interleukin-10 (IL-10)

Chitinase 3-like 3 (Chi3I3)

F: CCACAGACCTTCCAGGAGAATG
R: GTGCAGTTCAGTGATCGTACAGG

F: CTCTTCTGCCTGCTGCACTTTG
R: ATGGGCTACAGGCTTGTCACTC

82.9

79.0

Reference

Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)

F: GCAGTGGCAAAGTGGAGATT
R: CGCTCCTGGAAGATGGTGAT

83.3
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