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Differential effects of Hsp90 inhibition on corneal cells in vitro
and in vivo
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Kim3, Alexander T. Evashenk?, Yeonju Song?, Eva Rewinski3, Ariana Marangakis Price3,
Alyssa Hoehn3, Connor Chang?, Christopher M Reilly3, Santoshi Muppala3, Christopher J
Murphy34, Sara M Thomasy34#

1Department of Basic Sciences, College of Optometry, University of Houston, Houston, TX

°The Ocular Surface Institute, College of Optometry, University of Houston, Houston, TX

SDepartment of Surgical and Radiological Sciences, School of Veterinary Medicine, University of
California, Davis, Davis, CA

“Department of Ophthalmology and Vision Science, School of Medicine, University of California,
Davis, Davis, CA

Abstract

The transformation of quiescent keratocytes to activated fibroblasts and myofibroblasts (KFM
transformation) largely depends on transforming growth factor beta (TGFp) signaling. Initiation of
the TGF signaling cascade results from binding of TGFp to the labile type | TGF receptor
(TGFBRI), which is stabilized by the 90 kDa heat shock protein (Hsp90). Since myofibroblast
persistence within the corneal stroma can result in stromal haze and corneal fibrosis in patients
undergoing keratorefractive therapy, modulation of TGFp signaling through Hsp90 inhibition
would represent a novel approach to prevent myofibroblast persistence.

In vitro, rabbit corneal fibroblasts (RCFs) or stratified immortalized human corneal epithelial cells
(hTCEpi) were treated with a Hsp90 inhibitor (17AAG) in the presence/absence of TGFp1. RCFs
were cultured either on tissue culture plastic, anisotropically patterned substrates, and hydrogels of
varying stiffness. Cellular responses to both cytoactive and variable substrates were assessed by
morphologic changes to the cells, and alterations in expression patterns of key keratocyte and
myofibroblast proteins using PCR, Western blotting and immunocytochemistry. Transepithelial
electrical resistance (TEER) measurements were performed to establish epithelial barrier integrity.
In vivo, the corneas of New Zealand White rabbits were wounded by phototherapeutic
keratectomy (PTK) and treated with 17AAG (3x or 6x daily) either immediately or 7 days after
wounding for 28 days. Rabbits underwent clinical ophthalmic examinations, SPOTS scoring and
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advanced imaging on days 0, 1, 3, 7, 10, 14, 21 and 28. On day 28, rabbits were euthanized and
histopathology/immunohistochemistry was performed.

In vitro data demonstrated that 17AAG inhibited KFM transformation with the de-differentiation
of spindle shaped myofibroblasts to dendritic keratocyte-like cells accompanied by significant
upregulation of corneal crystallins and suppression of myofibroblast markers regardless of TGFp1
treatment. RCFs cultured on soft hydrogels or patterned substrates exhibited elevated expression
of a-smooth muscle actin (aSMA) in the presence of 17AAG. Treatment of hTCEpi cells
disrupted zonula occludens 1 (ZO-1) adherens junction formation. /n vivo, there were no
differences detected in nearly all clinical parameters assessed between treatment groups. However,
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rabbits treated with 17AAG developed greater stromal haze formation compared with controls,
irrespective of frequency of administration. Lastly, there was increased aSMA positive
myofibroblasts in the stroma of 17AAG treated animals when compared with controls.

Hsp90 inhibition promoted reversion of the myofibroblast to keratocyte phenotype, although this
only occurred on rigid substrates. By contrast, /77 vivo Hsp90 inhibition was detrimental to corneal
wound healing likely due to impairment in corneal epithelial closure and barrier function
restoration. Collectively, our data demonstrated a strong interplay /7 vitro between biophysical
cues and soluble signaling molecules in determining corneal stromal cell phenotype.

1. INTRODUCTION

Keratoablative surgical procedures such as laser-assisted in situ keratomileusis (LASIK) and
photorefractive and phototherapeutic keratectomies (PRK and PTK) that require wounding
of the central cornea are widely performed to correct refractive errors and treat anterior
stromal disorders. Upon corneal stromal wounding, changes in the microenvironment of the
wound promote transformation of the quiescent keratocyte to the activated fibroblast and
subsequently the differentiated myofibroblast (KFM transformation). The involvement of the
transforming growth factor (TGF) superfamily of cytokines in corneal wound repair is
widely agreed upon, yet the two common isoforms TGFa and TGFp have different roles in
this process. TGFa is a component of the pre-corneal tear film (van Setten and Schultz,
1994) and aids in corneal epithelial cell migration, proliferation, and inhibits expression of
differentiation marker Keratin 3 (Wilson et al., 1994). By contrast, TGFp1 is secreted from
corneal epithelial cells after wounding, which binds to TGF-f type | receptors (TGFBRI)
and type Il receptors (TGFBRII) in stromal cells, forming a stable complex that leads to
receptor-dependent phosphorylation of Smad proteins and ultimate induction of aSMA
expression, a potent marker for myofibroblast transdifferentiation (Hu et al., 2003; Zi et al.,
2012).

We have documented biophysical attributes (stiffness and topography) to profoundly
modulate fundamental corneal cell behaviors integral to corneal wound healing including
adhesion, migration, proliferation, differentiation and response to growth factors (Fraser et
al., 2008; Karuri et al., 2004; Karuri et al., 2006; Liliensiek et al., 2006; Pot et al., 2010;
Tocce et al., 2010). Using a rabbit model for PTK and corneal wound healing, we recently
demonstrated that /n vivo stromal stiffening precedes KFM transformation during stromal
wound repair (Raghunathan et al., 2017) and concomitantly demonstrated that stiffer
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substrates promote TGFp1-induced myofibroblast transformation of human and rabbit
stromal fibroblasts /n vitro (Dreier et al., 2013), supporting the critical role of
mechanotransduction in cell-matrix interactions. These findings suggest that prolonged
stiffening of the stromal microenvironment would increase the number and resident times of
myofibroblasts whose retention leads to the formation of stromal haze, impairing corneal
clarity and ultimately, patient vision. Currently, the standard of care is to treat patients with
mitomycin C intraoperatively to limit post-surgical fibrosis. However, there is a subset of
patients that go on to develop stromal haze despite this intervention. Thus, there is a need to
identify therapeutics that can reduce corneal stromal haze without compromising the
myofibroblast’s function of remodeling the stroma, and minimizing persistence of the
myofibroblasts in the wound space.

Prior reports demonstrate that the heat-shock protein 90 (Hsp90), a multifunctional
molecular chaperone that facilitates protein folding (Pearl and Prodromou, 2006) and
cytoskeleton stabilization by binding actin and tubulin (Czar et al., 1996), promotes the
stability of glucocorticoid (Jayaprakash et al., 2015; Kirschke et al., 2014; Xu et al., 1998;
Zhang et al., 2006) and TGFp receptors (TBRs) (Wrighton et al., 2008) among other
functions. Hsp90 consists of a highly conserved N-terminal domain (NTD), a middle
domain (MTD), and a C-terminal domain (CTD). Activity of Hsp90 has traditionally been
attributed to its ATP-dependent NTD(Pearl and Prodromou, 2006). A number of Hsp90
NTD inhibitors have been identified and several have entered clinical trials as anti-cancer
drugs acting through the disruption of ATPase activity of Hsp90. The most widely studied
NTD inhibitors are the geldanamycin analogs 17-Allylamino-17-demethoxygelanamycin
(17AAG) and 17-Dimethylaminoethylamino-17-demethoxygeldanamycin (17DMAG).
17AAG inhibition of Hsp90 has been shown to target the TGF- receptor complex for
ubiquitination and proteasomal degradation to prevent fibrosis in non-ocular systems (Noh et
al., 2012; Tomcik et al., 2014), but has gained limited attention in the cornea. Previously, we
demonstrated that low concentrations of 17AAG, promoted the formation of cell-cell
junctions and co-localization of E-cadherin and -catenin at adherens junctions
(Raghunathan et al., 2014) /n vitro, suggesting that Hsp90 may be a druggable target for
ameliorating development of recurrent corneal defects and promoting wound repair.
However, its effects on corneal stromal cells or its ability to promote stromal wound repair
remain unclear. Here we determine the effect of 17AAG on KFM transformation /n vitro and
in vivo using a rabbit phototherapeutic keratectomy model of corneal wound healing.

2. MATERIALS AND METHODS

2.1 In vitro studies

2.1.1 Fabrication of substrates—Polymeric substrates with biologically relevant size-
scale anisotropic topography (Planar (control), 1400nm pitch; pitch = groove + ridge width)
and hydrogels of different elastic moduli (5, 25 kPa) were fabricated as described previously
(Dreier et al., 2013; Thomasy et al., 2018; Wood et al., 2011). The choice of 1400 nm pitch
anisotropically patterned topography was based on our previous reports (Myrna et al., 2012;
Pot et al., 2010) wherein we demonstrated that this size scale topography suppressed
development of the myofibroblast phenotype even in the presence of TGFp. The choice of
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elastic moduli of the hydrogels were based on prior studies that identified representative
moduli of corneal stroma under normal (soft) and wounded (stiff) conditions (Dreier et al.,
2013; Thomasy et al., 2014).

2.1.2 Stromal cell culture—Primary rabbit corneal stromal cells were isolated as
previously described (Dreier et al., 2013) from freshly enucleated young rabbit eyes (Pel-
Freeze, Rogers, AR). Cells were cultured on tissue culture plastic, planar or anisotropically
patterned substrates, and hydrogels, in DMEM low glucose supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin/fungizone (P/S/F), in the presence or
absence of 10 ng/ml TGFB1, and/or 500 nM 17AAG. The dose of 17AAG required was
determined empirically by a dose-response curve where toxicity or gross alterations to
cellular morphologically was assessed by microscopic evaluation using phase contrast, MTT
viability assay (Sigma-Aldrich, St. Louis, MO), and calcein-AM/ethidium homodimer
labelling (ThermoFisher, CA). As a positive control for cell death, staurosporine was used.
Experiments were performed in triplicate.

2.1.3 Epithelial cell culture—Immortalized human corneal epithelial cells (hTCEpi)
(Robertson et al., 2005), kindly provided by Dr James V Jester (UC Irvine), were maintained
in EpiLife medium supplemented with EpiLife defined growth supplement (EDGS; Life
Technologies), 1% P/S/F (Life Technologies) and were used between passages 40-60. Cells
were cultured at 37°C and 5% CO,, until they reached 100% confluence, and the basal
growth media (GM) was replaced by stratification media (SM) containing DME/F12
medium (Invitrogen), 10% FBS, 10 ng/mL EGF, 1% P/S/F to induce differentiation and
stratification (Arglieso and Gipson, 2012). Stratification was optimized and verified as
described previously (Yanez-Soto et al., 2015). hTCEpi cells were then incubated with
DMSO control or 17AAG at varying concentrations to determine a non-toxic dose
(Mosmann, 1983). Subsequently, cells were cultured in Costar® 12mm Snapwell™
transwell inserts 0.4um pore size, polycarbonate membrane) for measuring transepithelial
electrical resistance (TEER) or cultured on glass coverslips for immunocytochemistry. Cells
were treated with 5 or 10 uM 17AAG for 24 h.

2.1.4 Transepithelial electrical resistance (TEER) measurements—Electrical
resistance of stratified epithelial cells in the presence or absence of 17AAG was measured
using the Millicell ERS voltohmmeter (Millipore-Sigma) following manufacturer guidelines.
Blank resistance was measured using a cell culture insert without cells. Five measurements
per sample were recorded with at least three samples per experiment. Resistance values were
normalized to blank controls and multiplied by the effective membrane area to arrive at the
final resistance of a unit area. Experiments were performed in triplicate.

2.1.5 Quantitative real time polymerase chain reaction (QRT-PCR)—Total RNA
was isolated using an RNA purification kit (GeneJET Plasmid Miniprep Kit; ThermoFisher
Scientific, CA) following the manufacturer’s instructions and equal amounts (60 ng) were
used for the gPCR reactions. qPCR was performed using a reagent kit (SensiFAST™ Hi-
ROX One-Step Kit; Bioline USA Inc, Taunton, MA) and commercially available and
validated aptamers for GAPDH (0c03823402); KERA (0c03396149); and ACTA2
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(0c03399251); COL3AI1(0c04096544); ALDHIAI (0c03396767_m1) in total volumes of
10 L per reaction (ThermoFisher Scientific, CA). The reverse transcription reaction was
performed (StepOne; ThermoFisher Scientific, CA) with the following parameters: 30
minutes at 50°C followed by 10 minutes at 95°C; 40 cycles of 60°C for 1 minute followed
by 95°C for 15 seconds. Relative expression of mMRNASs of interest were determined as
described previously (Raghunathan et al., 2013).

2.1.6 Immunocytochemistry—Immunocytochemistry was performed as described
previously (Dreier et al., 2013). Briefly, cells were fixed in 4% paraformaldehyde for 20
min, further permeabilized with 0.01% Triton X-100 in phosphate buffered saline (PBS, pH
7.4), blocked with 3% fish gelatin, immunolabelled with anti-a-smooth muscle actin
(aSMA; Sigma-Aldrich) and species appropriate fluorescent conjugated secondary antibody
(FisherScientific, CA), F-Actin was labelled with Phalloidin-594 (Life Technologies), and
nuclei were counterstained with DAPI (FisherScientific, CA). For each immunostained
sample, 5-10 random locations were imaged using a Zeiss Axiovert 200M (Carl Zeiss,
Germany) inverted fluorescence microscope. Due to the qualitative nature of imaging, no
quantitative measurements were performed at this time. As appropriate, representative
images from a single field of view for a single donor are illustrated in the results section(s).

2.1.7 Western Blotting—RCEF cells treated with/without 17AAG were lysed into RIPA
buffer, denatured using NUPAGE LDS sample buffer and run on denaturing 4-12% gradient
polyacrylamide gels (NUPAGE Bis-Tris gels, Life technologies, Grand Island, NY, USA)
and transferred onto nitrocellulose membranes. Blots were blocked using SuperBlock
(ThermFisher) for 1h, and incubated with anti-Hsp90 (Cell Signaling Technologies) or p-
actin (Abcam) overnight at 4°C on a rotating shaker. The membranes were washed thrice
with phosphate buffered saline with Tween-20 and incubated with corresponding HRP-
conjugated secondary antibody for 90 minutes at room temperature. The proteins were then
visualized using ECL detection reagents (SuperSignal West Femto Maximum Sensitivity
Substrate; Life technologies, Grand Island, NY, USA) on a ChemiDoc-1t2 810 Imaging
system (UVP, CA).

2.2 Invivo studies

The /n vivo studies were approved by the Institutional Animal Care and Use Committees of
the University of California-Davis (Protocols #17289, #20022) and were performed
according to the Association for Research in Vision and Ophthalmology resolution on the
use of animals in research.

2.2.1 Animals—Eighteen New Zealand White rabbits with a mean £ SD age of 3.4 £ 0.8
months and weight of 3.7 £ 0.8 kg were included.

2.2.2 Epithelial debridement and phototherapeutic keratectomy (PTK)—
Rabbits were sedated with 0.7 mg/kg midazolam and 0.1 mg/kg hydromorphone
intramuscularly for examinations, and as pre-medication; plus an additional administration
of 15-25 mg/kg ketamine IM to induce anesthesia prior to surgery. Inhalational isoflurane
was used only when needed for additional anesthesia during PTK. On the day of wounding
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(Day0; DO0), the central corneal epithelium was debrided (8 mm diameter) OD with an
excimer spatula (Visitec® Excimer Spatula, Lindstrom/Vorkas, Miami, FL, USA).
Fluorescein stain (Bausch & Lomb, Rochester, NY, USA) was used to confirm that all the
epithelium was removed. All rabbits then received a 6 mm diameter, 100 pum depth PTK
(corneal surgery excimer laser; EC-5000, Nidek, Freemont, CA, USA) on the right eye
(oculus dexter, OD). The left eye (oculus sinister, OS) remained unwounded to serve as a
control. Following surgery, all rabbits received buprenorphine 0.045 mg/kg subcutaneously
(SC) every 12 h (Buprenex 0.3 mg/mL injection solution, Reckitt Benckiser Group pic,
Slough, Berkshire,UK), and a drop of ofloxacin 0.3% ophthalmic solution OD every 12 h
until the cornea no longer retained fluorescein stain.

2.2.3 17AAG application—Rabbits were randomly assigned to 1 of 3 experimental
groups, and immediately after undergoing PTK, rabbits (6 rabbits per experimental group)
were treated topically in both eyes either with A. vehicle control only three times daily (25%
DMSO), B. 100 pM 17AAG three times daily or C. 100 uM 17AAG six times daily. The
concentration of 17AAG used for /n vivo experiments was chosen based on a prior dose
escalation study that determined 100 uM to be the highest tolerated dose without adverse
events observed using the SPOTs scoring system (Eaton et al., 2017). Power analysis
(p=0.05, power=0.973, t-test) indicated 6 animals would be necessary when differences of
the means between groups are moderate (0.5) and the standard deviations are large (0.2).

2.2.4 Clinical Characterization of Wounds

2.2.4.1 Baseline Examinations: Prior to surgery, baseline examinations were performed
on all rabbits which consisted of pre- and post-dilated examination using slit lamp
biomicroscopy [SL-15 portable slit lamp (Kowa American Corporation, Torrance, CA, USA)
and indirect ophthalmoscopy (Pan Retinal 2.2 Biolens; Volk Optical, Inc. Mentor, OH,
USA). Advanced diagnostics and imaging included: ultrasonic pachymetry (USP; AccuPach
VI pachymeter, Accutome, Inc, Malvern, PA, USA) and Fourier-domain optical coherence
tomography (FD-OCT; RTVue 100.Version 6.1 Optovue Inc. Fremont, CA, USA). Animals
were scored using the SPOTS scoring system (Eaton et al., 2017) and a previously described
semiquantitative scoring system for stromal haze (Raghunathan et al., 2017). External
photographs were obtained with a digital single lens reflex (DSLR) camera (Canon ROS 5D,
Canon Inc., Tokyo, Japan) at an aperture of #18 or f22 (Canon Macro Lens EF 100 mm
1:2:8) and flash setting at % (Canon Macro Twin Lite MT-24EX 58 mm), while fluorescein
images were taken with a previously described system (Kim et al., 2020).

2.2.4.2 Ophthalmic examination, imaging and scoring: Immediately after surgery on
D0, and once daily thereafter for 7 days as well as on days 10, 14, 21, and 28 both eyes were
examined using slit lamp biomicroscopy, scored using the SPOTSs system, central corneal
thickness measured with ultrasound pachymetry, external color and fluorescein photography
performed, and FD-OCT corneal images obtained (Eaton et al., 2017). Corneal
measurements (total, epithelial and stromal central corneal thickness, depth/thickness, and
width of stromal haze in the axial cornea) were generated manually by one operator from
each scan, using the caliper function integrated into the OCT software. If by D7, complete
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re-epithelialization had not occurred, slit lamp biomicroscopy and fluorescein stain/
photography were performed daily until complete re-epithelialization was noted.

2.2.4.3 Wound Healing: All fluorescein images were analyzed using a Java-based image
processing system (Image J, National Institutes of Health, Bethesda, MD, USA), to calculate
percentage wound closure as previously described (Park et al., 2015). Briefly, the outer and
inner borders of the wound were traced and the area inside the borders was calculated. The
area between these edges was the inwardly advancing newly epithelialized cornea.
Percentage wound closure at each time point was calculated as:

Wound area on day O — Area of inner circumference on day X
x 100
Wound area on day 0

% Wound closure =

2.2.4.4 Euthanasia and Harvesting: After examination on day 28, all rabbits were
euthanized using pentobarbital (200 mg/kg, 1V). The corneoscleral rim OD and OS were
removed and processed for immunohistochemistry.

2.2.5 Immunohistochemistry—Immediately following euthanasia, the corneoscleral
rim from both eyes were removed using corneal section scissors, rinsed with balanced salt
solution, and placed in 10% neutral buffered formalin for at least 24 hours. These tissues
were routinely processed, embedded in paraffin wax, and sections cut at 4 microns. Sections
were then stained with hematoxylin and eosin or with primary antibodies. For
immunohistochemistry, paraffin from the embedded sections was dissolved with xylene and
tissue sections were serially dehydrated in ethanol. Antigen retrieval was performed in pH
6.0 citrate buffer at 95°C for 20 min. Sections were then blocked in ice cold 0.03 % (v/v)
H»05 in methanol. Immunohistochemical staining was performed for antibodies to a-SMA
(mouse monoclonal, 1:100 dilution; Sigma-Aldrich), IgG (mouse monoclonal, Dako, 1:100
dilution), or a-tubulin (mouse monoclonal, Dako, 1:100 dilution). Species appropriate
fluorophore conjugated secondary antibody labeling was performed (ThermoScientific,
Rockford, IL). Sections were counter stained with DAPI and mounted in MOWIOL with
2.5% (w/v) DABCO as anti-fade. Images were acquired using an Olympus FluoView
F\V1000 confocal microscope (Olympus, CA).

2.3 Statistical analysis

2.3.1 Invitro: For all in vitro experiments on tissue culture plastic, two-way ANOVA was
used to compare experimental groups with interactions between TGFg and 17AAG
treatment. For all /n vitro experiments conducted on topographically patterned/variably
compliant hydrogels, three-way ANOVA was used to compare experimental groups with
interactions between substratum, TGF@ and 17AAG treatment using GraphPad Prism 8.
Data are represented as bar plots (mean * standard error of the mean) with experimental
means (n=3) illustrated as individual points.

2.3.2 Invivo: Results from clinical evaluations and advanced imaging were analyzed
using descriptive univariate analysis where the mean and standard deviation are reported.
For epithelial and stromal wounding data, median scores for each time point were compared
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using a non-parametric two-way analysis of variance on ranks (two-way ANOVA,; Kruskal
Wallis). Data are represented as median + upper/lower limits.

3. RESULTS

3.1 Inhibition of Hsp90 changes stromal cell morphology in vitro

The RCFs were treated with vehicle control (DMSO) or 17AAG at varying concentrations
(100 nM to 1 uM) for 24 h after which cell viability was assessed using the MTT assay.
Significant loss of cell viability/proliferation was observed at a concentration greater than
equal to 750 nM (Supplementary Fig S1A). The maximum dose at which we did not observe
loss of cell proliferation was 500 nM and thus used in subsequent experiments. Prior to this,
the ability of 500 nM 17AAG to reduce Hsp90 expression was documented by Western
blotting. Indeed, Hsp90 protein expression was significantly lower than control group
(Supplementary Fig S1B). 17AAG treated cells, both in the presence or absence of TGFp1
exhibited a stellate morphology, typical of keratocytes (Figure 1A). Since Hsp90 is
ubiquitously expressed in many cell types and regulates multiple metabolic pathways, we
next determined if cell viability was affected by 17AAG using calcein-AM labelling. No
significant differences were observed between +TGFp and £17AAG interactions, although
staurosporine treatment, the positive control for loss of viability, demonstrated significantly
decreased calcein-AM signal labeling (Figure 1B).

3.2 Inhibition of Hsp90 reduced myofibroblast markers while upregulating keratocyte
markers

In the absence of 17AAG, TGFp1 treatment resulted in downregulation of keratocyte
markers (KERA and ALDH1AI) while a marker for myofibroblast (AC7AZ, the gene that
encodes aSMA) was significantly elevated (3-fold, p<0.05) (Figure 2A). No differences
were observed in Collagen Type 111 Alpha 1 Chain (COL3A1; a marker for myofibroblast
activation,) expression with TGFB1 treatment. In the presence of 17AAG, regardless of
TGFp1 treatment, significant upregulation of KERA and ALDH1A1 was observed (KERA:
> 3-fold, p<0.05; ALDH1A1:>5-fold, p<0.001) while mRNA expressions of COL3A1
(<0.5-fold, p<0.001) was significantly inhibited. ACTAZ expressions was dramatically
abrogated in the absence or presence of TGFB1 (<0.3-fold, p<0.001 or <0.7-fold, p<0.01
respectively) in RCFs co-treated with 17AAG. Expression of aSMA was validated by
immunocytochemistry, which demonstrated significant inhibition of its immunostaining in
RCFs stimulated with TGFp1 and co-treated with 17AAG (Figure 2B).

3.3 Inhibition of Hsp90 immediately after wounding differentially affects wound healing in
rabbits

Having confirmed the /n vitro potency of 17AAG to promote retention of a keratocyte
phenotype in the presence of TGFB we set out to determine if this /n vitro finding translated
in vivoto corneal wound repair. Using a previously validated rabbit PTK corneal wounding
model (Raghunathan et al., 2017), we evaluated the efficacy of 17AAG treatment to reduce
corneal stromal haze formation in the context of corneal wound healing. Specifically, we
evaluated the effect of 17AAG delivered topically either thrice daily or six-times daily
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compared with placebo control, over several days, with treatment starting immediately after
wounding.

Total conjunctivitis scores, obtained from the summation of conjunctival hyperemia and
chemosis scores, were increased 1-5 days post PTK, and returned to near baseline by day 10;
however, there were no differences (p=0.99) detectable between groups (Figure 3A). Total
uveitis scores obtained from the summation of aqueous flare, cell and iris hyperemia scores
over time was most evident on day 0 (day of the PTK) and returned rapidly back to baseline
by day 2 post-PTK. No significant differences (p=0.93) in uveitis score were observed
between groups (Figure 3B).

All epithelial wounds were healed by day 10, and wound healing rate did not significantly
differ between groups (Figure 3C, p=0.89). However, it should be noted that on day 14, one
rabbit from each of the 3x and 6x a day 17AAG treatment groups re-developed epithelial
defects. On day 21, one placebo rabbit and two additional rabbits from each of the 3x/day
and 6x/day 17AAG groups re-formed epithelial defects, making a total of 3 rabbits, or 50%
of the rabbits in each 17AAG treatment group with recurrence of epithelial defects (Figure
3D). On day 28 the placebo rabbit healed, and epithelial defects persisted in only one each
from 3x and 6x a day 17AAG groups. No significant changes in intraocular pressure were
observed between the groups (Supplementary Figure S2).

Using slit lamp biomicroscopy we observed the development of stromal haze (Figure 4A)
beginning around day 5 that steadily increased until the last day of the study, day 28.
Contrary to our hypothesis, the 6x/day 17AAG treatment group had greater haze than the
vehicle control group, with rabbits in the 6x/day 17AAG treatment group having a median
stromal haze score of 1.2 (Figure 4B,C), and in the vehicle control group having a median
stromal haze score of 0.89. Rabbits is the 3x/day 17AAG treatment group had a median
stromal haze score of 1.06, which was not different to the other groups.

Stromal haze measured by FD-OCT using the caliper tool to determine stromal haze
thickness, was in agreement with slit lamp biomicroscopy findings (Figure 4D). Advanced
imaging of stromal haze using FD-OCT was apparent by day 5 and continued to increase
until day 28 of the study. Unexpectedly, the 6x/day 17AAG treatment group, had greater
(p=0.033) haze thickness measured from the anterior to posterior stroma (median: 80 + 12
UM) than the vehicle control group (median: 57 £ 10 uM; Figure 4E,F). Rabbits in the
3x/day 17AAG treatment group had an intermediate haze thickness (median: 72 £ 14 pM),
which was not significantly different from the other groups. Next, using
immunohistochemistry we documented if a SMA expression corroborated our stromal haze
scoring and thickness measurements. Indeed, increased immunostaining for aSMA was
observed in 6x/day and 3x/day 17AAG compared with control groups (Figure 5).

3.4 Substratum properties differentially modulate Hsp90 inhibition responses in vitro

Since our /n vivo data was contrary to /in vitro data and our initial hypothesis; that rather than
inhibiting development of myofibroblasts, 17AAG treatment resulted in increased
myofibroblasts and stromal haze accompanied by corneal epithelial defects, we were curious
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if the effect of Hsp90 inhibition in RCFs was dependent (at least partially) on substratum
biophysical attributes.

To this end, informed by our previous studies, we cultured RCFs on either biologically
relevant topography (Myrna et al., 2012; Pot et al., 2010) or hydrogels of relevant stiffness
(Dreier et al., 2013). The 5-fold difference between 5 kPa and 25 kPa hydrogels represent
the difference between a normal and wounded corneal stroma in rabbits. Using gPCR we
documented changes in one keratocyte (KERA) and one myofibroblast (ACTAZ) marker. We
determined that on 1400 nm anisotropically patterned substrates, 17AAG, regardless of
TGFp1, overexpressed KERA expression significantly more than on planar surfaces (Figure
6A). While on planar substrates 17AAG inhibited ACTAZ expression, on 1400 nm pitch
anisotropically patterned substrates its expression was >3-t0-4 fold elevated with 17AAG
treatment compared with either vehicle control group or that on planar substrates.
Concurrently, on these topographically patterned substrates, a SMA immunostaining was
elevated with simultaneous treatment of 17AAG and TGFp1 (Figure 6B). Finally, on 5 kPa
polyacrylamide hydrogels, 17AAG treatment had no significant effect on KERA expression
irrespective of TGFB1 treatment (Figure 7). However, on the same gels, 17AAG treatment
resulted in significant overexpression of ACTAZ. On 25 kPa polyacrylamide hydrogels,
17AAG treatment resulted in significant upregulation on KERA expression irrespective of
TGFB1 treatment. Though, on the same gels, in the presence of TGFB1, 17AAG treatment
resulted in significant inhibition of AC7A2 mRNA. Together these data suggest RCFs would
become stimulated towards a myofibroblast phenotype on soft substrates; therefore, we
speculated that treatment with an Hsp90 inhibitor when the stroma exhibited the highest
stiffness post-wounding would lead to reduced persistence of myofibroblasts and AC7A2
expression.

3.5 Delayed initiation of treatment with an Hsp90 inhibitor at peak corneal stiffness does
diminish corneal stromal haze formation

In order to test our hypothesis that inhibition of Hsp90 initiated at a point when the stroma is
stiffer would be more effective in haze reduction, we began 17AAG treatments on wounded
eyes from the day the cornea was stiffest i.e day 7 after wounding (Raghunathan et al.,
2017). Contrary to our expectations, we observed that Hsp90 inhibition from day 7 onwards
did not decrease stromal haze formation during wound repair. We found no statistical
differences in conjunctival/uveal scores, percentage epithelial wound healing, stromal haze
score/thickness, between control and 17AAG groups (Supplementary Figure S3). However,
recurrence of epithelial defects occurred suggesting the muted efficiency of Hsp90 inhibition
may partially be due to lack of epithelial wound closure.

3.6 Inhibition of Hsp90 disrupts epithelial barrier function

Since stromal wounding was unaffected but reformation of epithelial defects occurred
regardless of when 17AAG treatment began, we determined whether epithelial barrier
function was compromised. For this, first, we incubated stratified hTCEpi cells, in a
transwell insert, with DMSO vehicle control, 5uM or 10 uM 17AAG. By measuring TEER,
we demonstrated significant loss of resistance with 17AAG treatment (Figure 8). This was
accompanied by a significant reduction in immunostaining for ZO-1 which localizes to tight
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junctions (Supplementary Figure S4). Collectively, these data demonstrate that continuity in
the epithelial barrier was lost with 17AAG treatment.

4. DISCUSSION

Hsp90 is an abundant molecular chaperone that functions by stabilizing proteins to regulate
a number of processes such as cell growth, survival, and differentiation (Pratt and Toft,
2003). Chaperone activity of Hsp90 is largely regulated by its ATPase-dependent activation
(Grenert et al., 1999). Geldanamycin has been demonstrated to bind to the N-terminal ATP/
ADP-binding domain of Hsp90 thus limiting its ATPase activity and subsequent function as
a molecular chaperone (Grenert et al., 1997; Roe et al., 1999). Wrighton et al (Wrighton et
al., 2008) identified TGFPRI and TGFPRII as Hsp90-interacting proteins and demonstrated
that Hsp90 inhibition with 17AAG increased ubiquitination and degradation of TGFf
receptors thus blocking the TGFp signaling pathway. Since the TGF pathway is critically
implicated in corneal wound healing response and KFM transformation (Fini, 1999; Folger
et al., 2001; Funderburgh et al., 2001; Jester et al., 1999; Kaur et al., 2009; Sakamoto et al.,
2000; Tandon et al., 2010), we evaluated the effect of disrupting the TGF signaling pathway
via Hsp90 inhibition in rabbit stromal cells in vitroand in vivo.

In vitrowe verified that treatment of RCFs with 17AAG suppressed expression of
downstream targets of TGFp pathway and markers of corneal myofibroblasts, in the
presence or absence of TGFB1. This was accompanied by an increase in expression of
biomarkers of corneal keratocytes, regardless of TGFp1 treatment or presence of serum in
the growth media. Congruent with these changes, the cultured stromal cells assumed the
stellate/dendritic morphology characteristic of keratocytes. The occurrence of repair
fibroblast phenotype and myofibroblast transformation in the presence of serum or TGFp1 is
associated with increased degradation of corneal crystallins (Stramer et al., 2001; Stramer
and Fini, 2004) as observed here in the absence of Hsp90 inhibition. On the other hand,
enhanced expression of these corneal crystallins is shown to decrease cellular light
scattering(Jester et al., 2012) essential for the maintenance of corneal transparency. In
aggregate, the data obtained from these /n7 vitro investigations strongly pointed to 17AAG
inhibiting myofibroblast generation and promoting retention of the homeostatic keratocyte
phenotype. These findings motivated pursuing /7 vivo investigations to test the hypothesis
that treatment with 17AAG would result in improving wound healing outcomes in rabbits
undergoing PTK.

Immediately after creating of corneal wounds with PTK, we treated corneal tissues with
vehicle control (DMSO) or 17AAG either three or six times daily over 28 days. Between our
control and 17AAG treated groups, we did not observe any difference in IOP measurements,
or incidence of conjunctivitis/uveitis, and percentage of epithelial wound closure. Although
our control treatment was comprised of 25% (v/v) DMSO, our results demonstrated that it
did not adversely affect the rate of wound healing. Further, in apparent contrast to our /n
vitro observations, we observed 17AAG treatment to result in a significant increase in
epithelial re-ulceration that was accompanied with stromal haze and persistence of aSMA
positive stromal cells (myofibroblasts). Formation of haze and myofibroblast occurrence in
control groups during stromal remodeling at later time points (e.g days 21/28) were
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consistent with earlier findings by us and others (de Medeiros et al., 2008; Netto et al., 2006;
Raghunathan et al., 2017; Torricelli et al., 2016; Wilson, 2002). Of importance, our rationale
for treatment of 17AAG immediately after wounding was due to the relationship between
stromal stiffening and myofibroblast occurrence. In a previous study (Raghunathan et al.,
2017), we showed that while corneal stromal stiffness was greatest 7 days after wounding,
the maximal number of myofibroblasts was documented on day 21 post PTK in rabbits.
Thus, we anticipated that 17AAG treatment preceding stromal stiffening would be
beneficial. This however was not the case in our first set of /7 vivo experiments.

Next, we determined if 17AAG modulated stromal cell fate as function of substratum
properties. Prior research from our group and others established that both topography and
stiffness influence stromal cell phenotypes and KFM transformation (Dreier et al., 2013;
Grinnell and Petroll, 2010; Karamichos et al., 2007; Kivanany et al., 2018; Lakshman and
Petroll, 2012; Myrna et al., 2012; Petroll et al., 2015; Petroll and Lakshman, 2015; Petroll
and Miron-Mendoza, 2015; Pot et al., 2010). Of key importance was our previous finding
that anisotropically patterned surfaces (1400 nm pitch) facilitated the suppression of
myofibroblast formation in the presence of TGFR1(Myrna et al., 2012; Pot et al., 2010) and
was thus our choice of patterned substrate in this study. As expected, in the absence of
17AAG, expression of ACTAZIaSMA was suppressed on topographically patterned surfaces
in the presence or absence of TGFP1. Interestingly, in the presence of 17AAG, while on
planar surfaces ACTAZaSMA expression was suppressed and KERA expression was
elevated, however, on topographically patterned surfaces, both AC7AZand KERA
expression was upregulated. This is likely due to a complex interaction between cytoskeletal
remodeling and substratum topography (Andersson et al., 2003; Au et al., 2007; Dreier et
al., 2012; Fraser et al., 2008; Petroll et al., 2015; Tabdanov et al., 2018; Teixeira et al.,
2003), further complicated by the inhibition of Hsp90 signaling. It is well accepted that
remodeling of the actin cytoskeleton, including changes in tropomyosin, occur in cells
undergoing contact guidance (Dalby et al., 2003; Dalby et al., 2008; Gunning et al., 2008).
aSMA incorporation into stress fibers stimulated by TGFB1 via tropomyosin has been
demonstrated (Prunotto et al., 2015). Additional studies have demonstrated that
geldanamycin treatment can activate stress fiber formation dependent on RhoGTPases and
ROCK activity in other cell culture models (Amiri et al., 2007). Together we infer that
alignment of stromal cells to the substratum topography is a potent stimulus that acts to
modulate stress-fiber formation and a SMA expression regardless of Hsp90 inhibition;
however, Hsp90 inhibition was sufficient to promote corneal crystallin expression (KERA).
That stromal cells retain the ability to form stress fibers is important considering they are
essential for remodeling the extracellular matrix during stromal wound repair (Mar et al.,
2001). Whether overexpression of KERA and a SMA together is beneficial or detrimental,
and the mechanisms by which this happens, remains to be seen.

Next, we investigated the ability of 17AAG to modulate KFM transformation as a function
of substrate stiffness. We observed that in the presence of 17AAG, on rigid plastic or stiff
hydrogels (25 kPa), KERA was upregulated while ACTAZwas inhibited. However, on soft
hydrogels (5 kPa) while KERA expression was inhibited regardless of TGFB1 [consistent
with (Dreier et al., 2013)] or 17AAG, ACTAZ expression was significantly greater in the
presence of 17AAG while TGFB1 did not elicit such a potent response. The softer 5 kPa
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hydrogels are better mimics of normal corneal tissue stiffness while 25 kPa hydrogels mimic
stiffer tissue in rabbits (Dreier et al., 2013; Raghunathan et al., 2017; Thomasy et al., 2014).
Together these suggest that Hsp90 inhibition, on substrates that represent ‘normal’ matrix,
potentiate a myofibroblast phenotype.

Since stiffer substrates promoted the keratocyte markers, we next determined whether
inhibition of Hsp90 inhibition at a time point when stroma is stiffest (i.e. day 7
(Raghunathan et al., 2017)) would promote wound healing. To do this, we treated rabbit
stromal wounds with 17AAG beginning day 7. Once again, we noticed no differences in
wound closure between control and 17AAG groups though an elevated rate of re-ulceration
persisted. Basement membrane disruption/dissolution often precedes corneal re-ulceration
(Matsubara et al., 1991), and re-establishment of an intact basement membrane is critical for
stromal repair (Fujikawa et al., 1984; Khodadoust et al., 1968; Laibson, 2010; Santhanam et
al., 2017; Torricelli et al., 2016; Torricelli and Wilson, 2014; Torricelli et al., 2013).
Coordinated reassembly of the basement membrane is a critical event that triggers the
orchestrated localization of junctional proteins to form an intact corneal epithelium (Suzuki
et al., 2000). Thus, we lastly determined if 17AAG treatment disrupted a functional
epithelial barrier /n vitro. Indeed, TEER measurements demonstrated significantly lower
resistance measurements accompanied with disruption of ZO-1 immunostaining in 17AAG
treated stratified corneal epithelial cells suggesting that the barrier integrity is compromised.
Whilst this appears to contradict our prior study (Raghunathan et al., 2014) where 17AAG
treatment facilitated junction formation, there are key distinctions. First, in the previous
study the concentration of 17AAG used was 45 nM compared with 5 or 10 M here. Second,
in the previous study 17AAG promoted junction formation in a monolayer of epithelial cells,
while here we showed disruption of barrier function in stratified cells. Lastly, in the previous
study our cells were cultured in serum-free defined growth media unlike stratification
medium with 10% serum here. These results collectively led us to conclude that a
dysregulation in corneal epithelial closure led to disruptions in stromal wound repair with
Hsp90 inhibition resulting in increased corneal haze. Lastly, we recognize that the
concentration of 17AAG used in our /n vivo experiments was >10 fold that we used in our /n
vitro experiments and this was dosed either 3 or 6 times daily over the course of 28 or 21
days. The dose chosen was determined from preliminary experiments as the highest
tolerated dose. We infer from our study that such a choice of dose may, in hindsight, not be
the best approach. Our goal in choosing this dose was to try and maximize our chances of
decreasing stromal haze while not incurring negative clinical signs i.e. conjunctival
hyperemia, intraocular inflammation, wound healing, etc. Future systematic studies
employing a design of experiments (Ferreira et al., 2007) approach may be essential to
identify appropriate concentration and time of intervention for 17AAG treatments in future
studies. We recognize the importance to determine a balanced dosage that is safe, efficacious
and administered at an appropriate time period.

5. LIMITATIONS

There are multiple studies which demonstrate the direct translation of Hsp90 inhibition /n
vitro effects with outcomes in experimental models, particularly with significant anti-tumor
effects (Menezes et al., 2012; Safavi et al., 2016; Sarkar et al., 2013; Shimamura et al., 2012;
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Tran et al., 2010). Therefore, the results obtained /n vivo were indeed unexpected and stood
in stark contrast to our /n vitro investigations, as the rabbits treated with 17AAG developed
more stromal haze than controls irrespective of dose frequency and time to initiation of
therapy. The standard pyramid in development of new therapeutics takes in vitro findings
with the expectation that it will translate to animal models and ultimately be of benefit to the
treatment of human disorders (Horrobin, 2003). It needs to be recognized that the great
majority of promising /in vitro findings fail to translate to successful therapeutics (Bachmann
and Ghosh, 2001; Cheung et al., 2009; Hjorth et al., 1985; Rubin, 2002). While the reasons
for the discrepant /n vitro and in vivo results remain undefined, there are multiple plausible
explanations to help resolve the discordant findings. Firstly, translation of /n vitro findings to
a full organism can be challenging, particularly due to the complexity of the /n vivo
environment. Mixed cell populations assembled to form complex tissues, including
epithelial and stromal cells of both the cornea and conjunctiva, have the potential to
modulate the host response to treatments. This can either lead to either a dampening or
exacerbation of a treatment effects, while other redundant signaling pathways may be
enabled /n vivo that override any effect seen /n vitro. Secondly, the dosing of 17AAG can be
challenging to compare between the /n vitroand in vivo environments. In the current study,
the cultured epithelial cells and stromal cells were treated constantly with the drug dissolved
in a carrier (DMSO) and constantly present in the culture medium for 24 hours in vitro,
while there was more of a pulsatile treatment strategy /17 vivo where 17AAG was applied 3-6
times daily with potential peak and trough concentrations within the cornea. Preliminary
dose escalation experiments identified the maximum tolerable dose as 100 UM and was thus
used in our studies. We did not test the efficacy of 17AAG at lower doses; however, the
results from our present study do suggest that a more mechanistic study is required to
determine the effects of 17AAG at various doses and various time points for intervention.
Further, we did not document the expression levels of Hsp90 (intra- and extracellular) /n
situ. Nevertheless, since geldanamycin compounds suppress TGFp signaling via Hsp90
inhibition, we documented its effect by analyzing targets of the TGFp signaling pathway.
Additional studies are required to document the mode of action of 17AAG in vivo.
Additionally, the half-life of 17AAG applied to the ocular surface in vivo is unknown, with
the potential to reduce its effect if degraded faster when administered topically /n vivo when
compared to treatment of cultured cells /n vitro. Further studies are required to quantitate the
resident times of drugs in the cornea and ocular surface. Lastly, we recognize that the rabbits
used in this study were relatively young (3-4 months old) animals. Thus their responses to
the frequent dosing or response to drugs may differ from adult animals. While rabbits this
age are commonly used for pre-clinical evaluation, additional studies are required to
document the effect of age.

6. CONCLUSIONS

In conclusion, we demonstrate comprehensively using /7 vitro and /n vivo approaches that
Hsp90 inhibition successfully promotes reverse transformation of myofibroblasts to a
keratocyte phenotype on rigid / stiff substrates /n vitro. However, on substrates mimicking
normal or softer corneas this is not true. Thus, screening of drug candidates for corneal
wound healing should be performed employing biologically relevant substrates. Using an in
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vivo PTK model in rabbit, we demonstrate that elevated doses of an Hsp90 inhibitor may
cause recurrent corneal erosions with persistent haze. Lastly, we show that Hsp90 inhibition
may break the epithelial barrier integrity; whether such a strategy may be used to promote
epithelial permeability to deliver drugs to the stroma warrants further investigations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Hsp90 inhibition facilitates retention of keratocyte phenotype regardless of

. On softer hydrogels, or anisotropically patterned topography, Hsp90

. In vivo, Hsp90 inhibition did not significantly modulate wound repair

. In vitro, Hsp90 inhibition resulted in disruption of epithelial barrier integrity

Highlights

TGF stimulus on rigid substrates and stiff hydrogels /n vitro.

inhibition promotes retension of myofibroblasts phenotype /n vitro.

although recurrent corneal epithelial defects were observed.

with little toxicity.
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Figure 1: Hsp90 inhibition alters stromal cell morphology without altering viability.
(A) Phase contrast images demonstrate a change in cell morphology from spindle shaped

fibroblast/myofibroblasts to stellate/dendritic keratocyte-like with 500 nM 17AAG treatment
in the presence/absence of 10 ng/ml TGFB1 treatment. Scale bar is 100 um. (B) Calcein-
AM/ethidium homodimer labelling demonstrates that 500 nM 17AAG did not detrimentally
affect cell viability. Scale bar is 100 pm. Staurosporine was used as positive control for loss
of cell viability while untreated cells were negative control. Images are representative ones
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observed from three independent experiments. Histograms are data from n =3 independent
experiments, with mean + standard deviation.
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Figure 2: Hsp90 inhibition upregulates keratocyte markers while suppressing myofibroblast
markers in vitro.

(A) Relative mRNA expression of keratocan (KERA), collagen 3A1 (COL3AI), aldehyde
dehydrogenase 1A1 (ALDH1AI) and aSMA (ACTA2) by rabbit corneal stromal cells
treated with DMSO (vehicle control) or 500 nM 17AAG in the presence/absence of 10
ng/ml TGFp1 for 3 days. (B) Representative fluorescence images of RCFs immunolabelled
for expression of aSMA, F-actin, and counterstained with DAPI. Images are representative
of three independent experiments. Bar plots represent data expressed as mean + standard
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error in mean (SEM) along with individual data points from n = 3 independent experiments.
Two-way ANOVA followed by Tukey’s multiple comparisons was performed to establish
statistical significance. *p<0.05, **p<0.01, ***p<0.001 compared with DMSO control.
#p<0.05 comparing +TGFP1 with —TGFB1 cells within the same treatment group (i.e.
17AAG vs DMSO).
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Figure 3: Hsp90 inhibition immediately after PTK wounding does not improve stromal wound
healing.
(A) Conjunctivitis score determined by the presence of conjunctival congestion, chemosis

and discharge, (B), Uveitis score determined by the presence of aqueous flare, anterior
chamber cell and iridal hyperemia (C), percentage epithelial wound healing determined by
the quantitative assessment of fluorescein staining in the PTK treated eye, and (D)
percentage of rabbits with epithelial re-ulceration over 28 days. Data are mean * standard
deviation from n = 6 animals.
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Figure 4: Hsp90 inhibition immediately after PTK wounding results in increased stromal haze
formation.

(A) Representative clinical images demonstrating stromal haze in both control and 17AAG
treated groups when compared with baseline, (B) stromal haze scoring using the SPOTs
system in rabbits over the course of treatment, (C) average stromal haze score as a function
of treatment, and (D) representative long axis lens views of the central cornea taken at
baseline and Day 21 in both control and 17AAG treated rabbits demonstrated a thickened
band of hyperreflective section in the anterior stroma consistent with clinical stromal haze
formation, (E) Quantitative analysis of the stromal haze documented using FD-OCT over
time in control and 17AAG treated rabbits, (F) Average stromal haze thickness as a function
of treatment group, are illustrated. Data are mean * standard deviation from n = 6 animals.

Exp Eye Res. Author manuscript; available in PMC 2022 January 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raghunathan et al. Page 28

Placebo 6x 17AAG 3x 17AAG 6x

ook

OD Day 21

150000

100000

50000

Arbitrary units (R.F.U)

ot gt G* G* st ot
o o O O O <

& <\??' <\V?' & J\V? .\V?

Q\‘b N N

oD 0sS

Figure 5: Hsp90 inhibition results in increased immunostaining of aSMA positive stromal cells.
Representative immunohistochemistry images from rabbit cornea on day 21, after PTK

wounding, demonstrating the incidence of myofibroblasts (a¢ SMA staining, red) in control
and 17AAG treated animals. Nuclei are stained with DAPI (blue) Bar plot demonstrates
mean + standard deviation of relative fluorescence intensity quantified for aSMA
immunolabel from n = 6 animals per group. One-way ANOVA followed by Tukey’s multiple
comparison test was performed to establish statistical significance. ***p<0.001,
****n<0.0001 compared respective groups indicated.
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Figure 6: Substratum topography modulates cellular response to Hsp90 inhibition and TGFp1
treatment.

(A) Relative mRNA expression for KERA and ACTAZby RCFs cultured on either planar or
1400 nm pitch anisotropically patterned substrates and treated with DMSO (vehicle control)
or 500 nM 17AAG in the presence/absence of 10 ng/ml TGFp1 for 3 days. (B)
Representative immunocytochemistry image demonstrating immunolabeling for aSMA
(green), F-Actin (red), and DAPI (blue) in RCFs under various treatment conditions. Bar
plots represent data expressed as mean + standard error in mean (SEM) along with
individual data points from n = 3 independent experiments. Three-way ANOVA followed by
multiple comparisons was performed to establish statistical significance. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 compared with DMSO control. #p<0.05, ##p<0.01 comparing
+TGFB1 with ~-TGFB1 cells within the same treatment group (i.e. 17AAG vs DMSO),
&p<0.05, &&p<0.01, &&&p<0.001 comparing cells on 1400 nm patterned topography with
cells on planar substrates for same treatment group (zTGFp).
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Figure 7: Substratum stiffness modulates cellular response to Hsp90 inhibition and TGFp1

treatment.

Relative mRNA expression in RCFs, cultured on either tissue culture plastic (TCP) or

polyacrylamide hydrogels of various elastic moduli (5 kPa vs. 25 kPa), treated with DMSO

© DMSO
A 17AAG

o DMSO
A 17AAG

(vehicle control) or 500 nM 17AAG in the presence/absence of 10 ng/ml TGFB1 for 3 days.
Bar plots represent data expressed as mean + standard error in mean (SEM) along with
individual data points from n = 3 independent experiments. Three-way ANOVA followed by
multiple comparisons was performed to establish statistical significance. *p<0.05, **p<0.01,

***p<0.001, ****p<0.0001 compared with DMSO control. #p<0.05, ##p<0.01 comparing
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+TGFB1 with —-TGFB1 cells within the same treatment group (i.e. 17AAG vs DMSO),
&p<0.05, &&p<0.01, &&&p<0.001 comparing cells on hydrogels with cells on tissue
culture plastic substrates for same treatment group (xTGFp).
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Figure 8: Hsp90 inhibition disrupts barrier function of stratified corneal epithelial cells.
Transepithelial electrical resistance (TEER) measured in stratified corneal epithelial cells

treated with DMSO (vehicle control) or 17AAG (5 uM, 10 uM) over 24 h. Bar plots
represent data expressed as mean + standard error in mean (SEM) along with individual data
points (duplicate) from n = 3 independent experiments. One-way ANOVA followed by
Dunnett’s multiple comparison test was performed to establish statistical significance.
***n<0.001 compared with control group.
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