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Purrose. Toll-like receptor 4 (TLR4) alerts cells to the presence of bacteria by initiating an
inflammatory response. We hypothesize that disruption of the ocular surface barrier in dry
eye enhances TLR4 signaling. This study determined whether dry eye enhances expression of
inflammatory mediators in response to topically applied TLR4 ligand.

MEetHODS. A single dose of lipopolysaccharide (LPS) or vehicle (endotoxin-free water) was
applied to the cornea of nonstressed (NS) mice or mice subjected to 5 days of desiccating
stress (DS). After 4 hours, corneal epithelium and conjunctiva were extracted to analyze
expression of inflammatory mediators via PCR. Protein expression was confirmed by
immunobead assay and immunostaining.

Resuurs. Topically applied LPS increased expression of inflammatory mediators IL-1f3,
CXCL10, II-12a, and IFN-y in the conjunctiva, and IL-1B and CXCL10 in the cornea of NS
mice compared to that in untreated controls. LPS in DS mice produced 3-fold increased
expression of IL-1B in cornea and 2-fold increased expression in IL-12a in conjunctiva
compared to that in LPS-treated control mice.

Concrusions. LPS increased expression of inflammatory cytokines on the ocular surface. This
expression was further increased in dry eye, which suggests that epithelial barrier disruption
enhances exposure of LPS to TLR4™ cells and that the inflammatory response to endotoxin-
producing commensal or pathogenic bacteria may be more severe in dry eye disease.

Keywords: conjunctiva, cornea, cytokines, dry eye, inflammation, lipopolysaccharide, TLR4,
toll-like receptors

Toll-like receptors (TLRs) are known as the “first responders”
of the immune system, recognizing pathogen-associated
molecules and then alerting immune cells to produce an
inflammatory response. TLRs have been linked to a number of
autoimmune diseases'2 and are known to be highly expressed on
tissues exposed to the environment, such as the gut and lung.?
TLRs are also expressed by epithelial and immune cells in the eye
and are involved in response to infection and induction of
inflammation on the ocular surface.* Dry eye (DE) is a common,

barrier disruption have been demonstrated in murine models of
dry eye,®1%15 which could lead to exposure of TLR4 in the
deeper layers of the corneal epithelium. Theoretically, this
could give commensal and pathogenic bacteria and their
products greater access to TLR4, contributing to the vicious
cycle of inflammation observed in DE. The purpose of this
study was to compare inflammation triggered by topically
administered LPS in nonstressed eyes with dry eyes that were
subjected to experimental desiccating stress.

potentially debilitating condition, with a prevalence reported to
be as high as 33%.> Evidence suggests that chronic dry eye is a
localized autoimmune disease® characterized by increased levels
of inflammatory and T-cell-associated cytokines on the ocular
surface.”® Of particular interest to the pathology of dry eye is
TLR4, a tolllike receptor subtype activated by lipopolysaccharide
(LPS), a component of gram-negative bacteria. LPS activation of
TLR4 leads to production of inflammatory cytokines, such as IL-
1P and TNF-0..2-1° These cytokines are elevated in DE,”'!! but it is
unknown whether TLR4 ligands stimulate their production. In
addition, increased conjunctival expression of TLR4 has been
reported in our mouse model of dry eye,'? yet, how this increased
expression relates to inflammation that develops in DE is unclear.
Despite correlations between TLR4 and DE, the role of TLRs in
dry eye disease has not been fully explored.

TLR4 is expressed mainly by wing and basal, not superficial,
corneal epithelial cells.!> Corneal epithelial apoptosis and

MATERIALS AND METHODS
Mice

Female mice (C57BL/06J strain) 6 to 8 weeks old were obtained
from Jackson Laboratory (Bar Harbor, ME, USA). Female
TLR4KO mice used in the study came from a colony established
in our vivarium that was started with (C.C3-Tlr4'P54/J strain)
mice purchased from Jackson Laboratory. Animal studies were
approved by the Institutional Animal Care and Use Committee
at the Baylor College of Medicine. All studies adhered to the
Association for Research in Vision and Ophthalmology State-
ment for Use of Animals in Ophthalmic and Visual Research.
Of the total number of animals used in each group, 5 to 6
were used for PCR, 4 for immunobead assay, 3 for immunoflu-
orescence (interleukin-12a [IL-12a]), and 3 for immunohisto-
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chemistry (IL-1f). The groups in the immunostaining experi-
ments were untreated plus LPS (UTHLPS), UT+water, desiccat-
ing stress day 5 (DS5)+LPS, and DS5+water. Additionally, 6 UT
and 2 DS5 controls without topical treatment were used in the
immunohistochemistry experiment. Three UT and 2 DS5
controls without topical treatment were used for immunoflu-
orescent staining. In the cell culture studies, 5 TLR4KO mice
and 7 C57BL/6J mice were used in total.

Murine Model of Dry Eye

Mice were exposed to desiccating stress (DS) to create a
murine model of dry eye, similar to methods previously
described.®1%1¢ DS was induced by housing the mice in an
environmentally controlled room with relative humidity <30%.
Mice were placed in customized cages with two sides
constructed of wire to allow exposure to air drafts created
by fans. Tear secretion was pharmacologically inhibited by
subcutaneous injection of scopolamine hydrobromide (0.5 mg/
0.2 mL; Sigma-Aldrich Corp., St. Louis, MO, USA) 4 times daily
(8:30 AM, 11:00 AM, 1:00 PM, and 4:30 PM). Mice were
exposed to DS5. Nonstressed (NS) control mice were housed
in a vivarium with 50% to 75% relative humidity, no exposure
to air drafts, and no scopolamine injections.

LPS Treatment

To determine whether TLR4 could be activated on the ocular
surface of untreated mice, NS mice were treated with ultrapure
LPS from Salmonella enterica serovar Minnesota mutant R595
(Invivogen, San Diego, CA, USA). Mice were treated topically
(5 pl/eye) with LPS dissolved in endotoxin-free water (Sigma-
Aldrich Corp.) at a dose of 1 png/pL or 10 pg/pL. The higher
dose of LPS (10 pg/pL) was used only in gene expression
experiments, not in experiments for protein analysis. Five
microliters of endotoxin-free water per eye was used as a
vehicle control. Mice were held in place for 1 minute to allow
eye drops to distribute. Untreated NS mice were used as
controls. After 4 hours, mice were euthanized for PCR or
immunostaining experiments. An additional experiment for
PCR analysis was conducted using this method and endotoxin-
free saline (NaCl 0.9%; Enzo Life Sciences, Farmingdale, NY,
USA) as the vehicle. For protein analysis using an immunobead
assay, conjunctiva was extracted after 24 hours.

To determine whether DE led to increased expression of
inflammatory cytokines after TLR4 activation, DS5 mice were
treated with 5 pL/eye LPS (1 pg/pl) or water on day 5 of
desiccating stress. Untreated NS and DS5 mice were used as
control groups. After 4 hours, mice were euthanized to extract
corneal epithelium and conjunctiva for RNA analysis. An
identical protocol was used for immunostaining experiments
of mice exposed to desiccating stress.

RNA Isolation

Corneal epithelium and conjunctiva were extracted to measure
gene expression of inflammatory mediators via PCR. Corneal
epithelium was scraped with a scalpel and conjunctiva was
surgically excised. Tissue samples from cornea and conjunctiva
were pooled separately from both eyes to give one cornea and
one conjunctiva sample per mouse. RNA was extracted using
the RNeasy Plus Micro kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s protocol. Concentration of
isolated RNA was measured using a Nanodrop 2000 spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA).
After RNA isolation, cDNA was synthesized using Ready-To-Go
You-Prime First-Strand beads (GE Healthcare Bio-Sciences,
Pittsburgh, PA, USA) as previously reported.!”
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PCR

After cDNA synthesis, PCR was run on a StepOnePlus real-time
PCR system (Applied Biosystems, Grand Island, NY, USA).
Gene expression was analyzed using the comparative thresh-
old cycle (AACy) method. Cy values for each gene were
normalized to the Cy values of the housekeeping gene for each
sample. The housekeeping gene used for these experiments
was hypoxanthine guanine phosphoribosyl transferase
(HPRT). Fold differences in expression were calculated after
comparing values for each gene to the those in the untreated
group. Each experiment in this study was completed with its
own specific group of untreated mice from the same batch of
mice used in that particular experiment. Primers (Life
Technologies, Grand Island, NY, USA) used in this study
included interferon-y (IFN-y; ABI assay ID MmO00801778_m1),
IL-1B (ABI assay ID MmO00434228_m1), IL-6 (ABI assay ID
MmO00446190_m1), IL-12a (ABI assay ID MmO00434165_m1),
CXCL10 (ABI assay ID MmO00445235_ml), tumor necrosis
factor-o. (TNF-o; ABI assay ID Mm00443260_g1), and HPRT
(ABI assay ID MmO00446968_m1).

Protein Isolation and Analysis

Conjunctiva was surgically excised for protein analysis. Two
conjunctiva samples were obtained for each treatment group.
Each sample contained pooled conjunctiva from 4 eyes/2 mice.
Tissue was extracted and placed in 100 pL of radioimmuno-
precipitation assay buffer (Sigma-Aldrich Corp.) treated with a
cOmplete, EDTA-free protease inhibitor cocktail tablet (Roche,
Basel, Switzerland). Excised tissue was chopped with surgical
scissors, sonicated, and kept on ice for 30 minutes. Afterward,
samples were centrifuged at 14,000 rpm for 20 minutes at 4°C.
Supernatant was stored at —80°C. Samples were normalized for
total protein concentration by using Pierce BCA protein assay
kit (Life Technologies). Then, concentrations of CXCL10 were
analyzed using an immunobead assay (EMD Millipore, Billerica,
MA, USA) according to the manufacturer’s instructions. The
assay was run using a Luminex 100 system (Luminex, Austin,
TX, USA).

Immunofluorescent Staining

Immunofluorescent staining was used to visualize IL-12a
protein in the conjunctiva after administration of LPS. Tissue
sections (one slide with 2 samples per animal) were fixed in
acetone at —20°C for 10 minutes. Then, nonspecific sites on the
samples were blocked for 60 minutes with 20% goat serum
(Sigma-Aldrich Corp.) in phosphate-buffered saline (PBS). The
primary antibody (IL-12a ab203031; Abcam, Cambridge, MA,
USA), diluted 1:100 in 5% goat serum in PBS, was then added
for 1 hour. After being washed with PBS, sections were
incubated with Alexa Fluor 488 AffiniPure goat anti-rabbit
immunoglobulin G (gG; H+L; product 111545144; Jackson
ImmunoResearch Laboratories Inc., West Grove, PA, USA)
diluted in PBS for 1 hour in the dark. Samples were washed and
then counterstained with propidium iodide. Slides without
primary antibody were used as a negative control. Pictures
were taken at 40X magnification using an Eclipse E400
microscope equipped with a digital camera (DS-QilMc; Nikon
Instruments Inc, Melville, NY, USA).

Immunohistochemistry

Immunohistochemistry was used to analyze protein expression
of IL-1p. Briefly, tissue sections were fixed in acetone at —20°C
for 10 minutes. After washing in PBS, samples were incubated
with 0.3% hydrogen peroxide in PBS to quench endogenous
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peroxidases and washed again in PBS. Sections were then
treated with an avidin/biotin blocking kit (catalog SP-2001;
Vector Laboratories, Burlingame, CA, USA). After being rinsed
in PBS, the samples were blocked for 1 hour with 20% goat
serum (Sigma-Aldrich Corp.) in PBS. The primary antibody
(rabbit anti-mouse IL-1B; D4T2D; Cell Signaling Technology,
Danvers, MA, USA) was then diluted 1:50 in 5% goat serum in
PBS and applied to the samples for 1 hour. After being washed,
the secondary antibody, biotinylated goat anti-rabbit IgG
(product 550338; BD Pharmingen, Franklin Lakes, NJ, USA)
was applied to the samples for 30 minutes. Sections were
washed and treated with a Vectastain Elite ABC kit (catalog no.
PK-6100; Vector Laboratories) for 30 minutes. Then, the
sections were washed again and incubated with solution from
a Vector NovaRED peroxidase substrate kit (catalog no. SK-
4800; Vector Laboratories) for 15 minutes. The reaction was
terminated, and samples were washed in distilled water. Then
the sections were counterstained for 2 minutes with Mayer
hematoxylin (using Lillie modification) (ScyTek Laboratories,
Logan, UT, USA). After this, the sections were dehydrated in
ethanol and incubated in xylene. Finally, Permount (Fisher
Scientific, Pittsburgh, PA, USA) was applied, and a coverslip
was attached. Slides without primary antibody were used as a
negative control. Slides were examined and photographed at
X40 magnification, using an Eclipse E400 microscope
equipped with a digital camera (model DS-Fil; Nikon). A
second set of images were recorded at increased magnification,
using an A1P MP upright microscope with a motorized stage
equipped with a color camera (model DS-U3; Nikon) and a
100X/1.45 oil (plan apochromat OFN25 DIC; Nikon) objective.

Cell Culture

Cell culture studies were performed to identify which cell
types on the ocular surface responded to LPS stimulation. LPS
was added directly to either epithelial or dendritic cell (DC)
cultures in vitro.

For epithelial cell cultures, cornea or conjunctiva explants
were extracted from female C57BL/6] or TLR4KO mice.
Conjunctiva explants were cultured using methods similar to
those described previously.!'® Conjunctiva explants were
excised from the forniceal conjunctiva of 6- to 8week-old
female C57BL/6 mice or TLR4KO mice and left for 15 minutes
at 37°C in keratinocyte serum-free medium (KSFM) (Thermo
Fisher Scientific) supplemented with 3% fetal bovine serum,
1.25 pg/mL amphotericin B (product 15290-018; Thermo
Fisher Scientific), 0.5 pL/mL gentamicin (product 15750-060;
Thermo Fisher Scientific), and 5 nug/mL dispase II (product
04942078001; Roche). For cornea cultures, explants were left
for 30 minutes in supplemented hormone epithelium medium
(SHEM) containing Dulbecco modified Eagle medium/F12
medium (product D8437; Sigma-Aldrich Corp.) supplemented
with 5 ng/mL epidermal growth factor (EGF), 5 ng/mL insulin,
5 pg/mL transferrin, 5 ng/mL sodium selenite, 0.5 pg/mL
hydrocortisone, 30 ng/mL cholera toxin A, 0.5% dimethyl
sulfoxide, 50 pg/mL gentamicin, 1.25 pg/mL amphotericin B,
5% fetal bovine serum, and 5 pug/mL dispase II (Roche). Corneal
and conjunctival explants were then plated at one explant per
well in 24-well plates. Conjunctiva cultures received 500 pL/
well of KSFM with 80 ng/mL mouse EGF (BD Biosciences, San
Jose, CA, USA) and cornea cultures received 500 pL/well
SHEM. Culture plates were then placed in a 37°C incubator
with 5% CO,. After 3 days, cornea cultures received 500 pL of
fresh SHEM/well for a total of 1 mL medium/well; medium was
changed every 3 days. For conjunctiva cultures, wells received
another 500 pL of KSFM on day 7 for a total of 1 mL of
medium/well. On day 11, wells were left untreated or treated
with 1 pL of 1 ng/pL LPS dissolved in endotoxin-free water.
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After 4 hours, well contents were collected for PCR analysis.
One well was collected for each cornea sample. Two to three
wells were collected for each conjunctiva sample.

Direct stimulation of DCs by LPS was also tested in vitro.
DCs were cultured using previously published methods.!?2°
Briefly, DCs were isolated from C57BL/G] mouse bone marrow
and cultured for 10 days using RPMI 1640 medium (Thermo
Fisher Scientific). On day 10, cells were left untreated or
treated with 1 pL of 1 pg/puL LPS dissolved in endotoxin-free
water. After 4 hours, DC cultures were collected for PCR
analysis.

Statistical Analysis

All statistical analyses were performed using Prism version 6.01
software (GraphPad, Inc, La Jolla, CA, USA). Within each
experiment for PCR and immunobead assay analysis, 1-way
ANOVA was used to determine overall statistical significance,
and the Holm-Sidak multiple comparison test was performed to
find differences between groups. Two-way ANOVAs were used
to analyze statistical significance between experiments, with
Sidak multiple comparisons test used to analyze the signifi-
cance between groups of different experiments. For the PCR
experiments where saline was used as the vehicle and for PCR
analysis of the cell culture studies, an unpaired Student ¢ test
with Welch’s correction was used to determine statistical
significance among groups. For C57BL/G] mouse cell culture
experiments, the number of samples per group were 4 samples
per DC group, 4 samples per untreated conjunctiva cell group,
and 5 samples per LPS-treated conjunctiva cell group. For the
cornea, 2 untreated and 3 LPS-treated samples were used to
test for IL-1B. Six untreated and 4 LPS-treated cornea culture
samples were used to test for TNF-o.. Cy values were set at 40
for untreated DC samples that did not contain enough IL-1f to
quantify. For the TLR4KO mouse cell culture experiments, 5
samples were used in each cornea and conjunctiva group.

RESULTS

TLR4 Activation in Nonstressed Mice

In the first set of experiments, LPS eye drops were
administered to nonstressed mice to determine whether
TLR4 activation on the ocular surface could lead to the release
of proinflammatory mediators. Gene expression was measured
via RT-qPCR 4 hours after application of LPS. In general, LPS
administration led to a dose-dependent increase in inflamma-
tory mediator expression on the ocular surface. Concentrations
of 0.1 pg/uL and 0.01 pg/puL were also tested (results not
shown). LPS concentrations of 10 pg/pL and 1 pg/pL led to
enhanced expression of certain genes (Figs. 1, 2). In most
cases, only small differences in expression were observed
between the 1 pg/pL and 10 pug/ul concentrations, indicating
that maximal TLR4 activation was reached at the 1 pg/pL
concentration; however, higher concentrations were not
tested. In the cornea, application of 1 pg/pL LPS significantly
increased expression of IL-1f (2.17 = 0.31-fold) and CXCL10
(36.93 = 7.75-fold) (Fig. 1). In the conjunctiva, a wider variety
of inflammatory mediators were induced. In addition, the
conjunctiva displayed more dramatic increases in gene
expression after LPS administration. For instance, 1 pg/pL
LPS enhanced IL-1B (21.27 = 9.61-fold) and CXCL10 (185 *
41.28-fold). IFN-y (13.45 * 4.49-fold), and 1-12a (3.99 = 0.27-
fold) were also significantly increased in the conjunctiva after
application of 1 pg/uL LPS. TNF-o (7.02 = 3.37-fold) and IL-6
(20.12 = 10.48-fold) were also increased after 1 pg/pL LPS, but
the results did not reach statistical significance. Increases in IL-
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Ficure 1. LPS increases mRNA expression of IL-1B and CXCL10 in the cornea. NS mice were treated with LPS or endotoxin-free water and
euthanized after 4 hours to analyze cytokine/chemokine expression. IL-1f3 and CXC10 expression in the cornea significantly increased after LPS
administration. Average of two experiments is shown (z = 3 per group in each experiment). Error bars are SDs. (@) Endotoxin-free saline was used
as an alternate vehicle for LPS. In this segment of the graph, bars depict one experiment (n =5 per group) and error bars are shown as SEM. LPS
administration led to a significant increase in IL-13 when dissolved in either water or saline. **P < 0.001; **P < 0.01.
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Ficure 2. LPS increases mRNA expression of inflammatory mediators in the conjunctiva. NS mice were treated with LPS or vehicle and euthanized
after 4 hours for gene expression analysis. LPS administration increased expression of multiple inflammatory mediators in the conjunctiva. Average
of two experiments is shown (n ~ 3 per group in each experiment). Error bars are SDs. (a) Endotoxin-free saline was used as an alternate vehicle
for LPS. In this segment of the graph, bars depict one experiment (z =5 per group), and error bars are SEM. ***P < 0.0001; **P < 0.001; *P <
0.01; *P < 0.05.
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Ficure 3. LPS increases protein expression of CXCL10 in the
conjunctiva. NS mice were treated with LPS. Conjunctiva was extracted
after 24 hours and analyzed for CXCL10 by using an immunobead assay.
LPS administration led to a significant increase in CXCL10 protein
expression. Error bars are SDs. *P < 0.05.

6 expression (38.97 * 6.44-fold) in the conjunctiva after 10
png/puL LPS did reach statistical significance (Fig. 2).

Because water may affect the ocular surface as a hypotonic
solution, endotoxin-free saline was evaluated as an alternative
vehicle to LPS. The choice of vehicle may affect gene
expression; however, the increase in IL-1B remained significant
when saline was used as the diluent. Figures 1a and 2a show
that 1 pg/pL LPS dissolved in saline led to a significant increase
in IL-1P in both the cornea and the conjunctiva.

TLR4 activation by LPS was verified by repeating identical
experiments in TLR4KO mice (results not shown). Non-
stressed TLR4KO mice were treated with 1 pg/pl LPS and
euthanized 4 hours later to measure expression of inflamma-
tory mediators by PCR. Increases in gene expression by LPS
were abolished or greatly diminished in TLR4KO mice. A slight
and nonsignificant increase in IL-1B was observed in the
conjunctiva of LPS-treated TLR4KO mice, which may suggest
noncanonical inflammasome activation by LPS.?!-22 Because no
significant increases in gene expression were observed, these
findings indicate the stimulatory effects of LPS are mediated by
TLR4-dependent pathways on the ocular surface.

In order to verify that increased gene expression of
inflammatory mediators also resulted in an increase in protein
expression, concentrations of CXCL10 were measured by an
immunobead assay in conjunctival tissue extracts obtained 24
hours after application of LPS. CXCL10 was selected because it
led to the largest increases in gene expression. A significant
increase (P < 0.05) in CXCL10 protein was found in the
conjunctiva of NS mice treated with 1 pg/pL LPS compared to
NS mice treated with vehicle (endotoxin-free water) (Fig. 3).

Protein expression was also verified by immunostaining
(Fig. 49). Nonstressed mice were given LPS (1 pg/uL) or vehicle
and euthanized after 4 hours. Inmunohistochemical staining
demonstrated that IL-1P increased in the cornea of NS mice
treated with LPS compared to NS mice treated with water (Fig.
4a). In Figure 4b, higher magnification (X100) was used to
display increased IL-1f specifically in the corneal epithelium of
NSHLPS mice. Immunofluorescent staining was used to detect
protein expression of IL-12a in the conjunctiva. Figure 4c
shows an increase in IL-12a-positive cells in NS mice treated
with LPS.

LPS was also tested in vitro to determine which cell types
may be responsible for the expression of inflammatory
mediators observed in the in vivo studies. Figure 5 shows the
effect of LPS when it is added to explant cell cultures from non-
stressed mice. Addition of LPS to cell culture medium led to an
increase in IL-1 and TNF-o in cornea (Fig. 5a), conjunctiva
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(Fig. 5b), and DC (Fig. 5¢) cultures. No increase in expression
was observed when lipopolysaccharide was added to cornea
and conjunctiva cultures from TLR4KO mice (results not
shown).

TLR4 Activation in Experimental Dry Eye

After TLR4 activation was demonstrated on the ocular surface
in nonstressed mice, the next set of experiments was designed
to determine whether TLR4 activation is enhanced during dry
eye disease. Mice were exposed to DS for 5 days, then an LPS
drop was administered to the eye. Corneal epithelium and
conjunctiva were extracted after 4 hours for analysis of gene
expression by RT-qPCR. Figure 6 demonstrates that TLR4
activation by LPS was greater during dry eye disease.
Compared to control NS eyes, LPS increased expression of IL-
1B (=3-fold) in the cornea and Il-12a (~2-fold) in the
conjunctiva of dry eyes.

In a separate experiment using the same methods, protein
expression was analyzed in DS mice by immunostaining.
Figures 4a and 4b further support the hypothesis that LPS
administration leads to enhanced expression of inflammatory
mediators during dry eye disease. Enhanced protein expression
of IL-1P was observed in DS5 mice treated with LPS compared
to NS mice treated with LPS (Figs. 4a, 4b). Figure 4a shows
enhanced expression of IL-1f in the corneal stroma of DS5+LPS
mice, and Figure 4b demonstrates the same increase in the
corneal epithelium. In addition, an increase in IL-12a-positive
cells was noted in DS5 mice treated with LPS compared to DS
controls (Fig. 4¢).

DISCUSSION

Dry eye is a costly disease and is highly prevalent in the
elderly.> With an aging population and limited treatment
options available for dry eye, it is important to define all the
factors that can contribute to inflammation on the ocular
surface. Toll-like receptors are known to promote inflamma-
tion, but their role in dry eye has not been fully explored.

Previously published studies suggest a link between TLR4
and dry eye. TLR4 expression was found to increase in the
conjunctiva in our mouse model of dry eye.!? Moreover,
inhibition of TLR4 decreases expression of some inflammatory
mediators during experimental DE.?> However, additional
research is needed to understand inflammatory mediators
associated with TLR4 activation on the ocular surface.
Theoretically, commensal or pathogenic LPS-producing bacte-
ria, as well as endogenous TLR4 ligands, could make a
significant contribution to the inflammation observed in dry
eye. Importantly, gram-negative bacterial sequences have been
found in the normal ocular microbiome.?* Endogenous TLR4
ligands are thought to include extracellular matrix breakdown
components,? fibrinogen cleavage products,?® and heat shock
proteins.?” Heat shock protein 70 has been linked to DE,?® but
the presence of other endogenous TLR4 ligands has not yet
been fully investigated. Potentially, disruption of ocular surface
homeostasis in dry eye could lead to generation of endogenous
TLR4 ligands. Despite this possibility, the ability of TLR4 to
produce a proinflammatory response in the eye during normal
and diseased states has not been fully explored.

This study indicates that TLR4 is present on the eye and that
TLR4 activation can lead to increased production of proin-
flammatory mediators. In fact, LPS application to the ocular
surface can lead to the release of several inflammatory
mediators linked to dry eye. The greatest variety of inflamma-
tory mediators and most dramatic rises in gene expression
were noted in the conjunctiva (Fig. 2). This was expected, as
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Increased protein expression of IL-1B and IL-12a after LPS administration. (a) Immunohistochemical staining shows increased IL-1B

expression (red) in the central cornea (stroma) after administration of LPS (1 pg/uL) to nonstressed mice. Expression of IL-1B observed in DS5+LPS
mice is enhanced compared to that in NS+LPS mice. Hematoxylin was used as a nuclear stain (dark blue). (b) Higher magnification (X100) was used
to examine enhanced expression of IL-1 in the corneal epithelium of NSHLPS and DS5+LPS mice. (¢) Immunofluorescent staining demonstrates
that application of LPS (1 pg/uL) increases expression of IL-12a in the conjunctiva of nonstressed and DS5 mice. The white boxes indicate IL-12a-
positive cells (green), which are shown enlarged in the upper corners. Propidium iodide was used as a counterstain (red). Slides without primary

antibody are shown as negative controls. Scale bars: 20 pm.

the greater permeability of the conjunctival epithelium?® may
make TLR4-positive cells more accessible to LPS than in the
cornea. IL-6 is one proinflammatory cytokine that was
expressed in the conjunctiva after LPS treatment (Fig. 2). 1L-6
promotes the Th1l7 response, which is relevant in dry eye
pathogenesis.® In fact, Th17 cells contribute to corneal
epithelial barrier disruption during DE.® Additionally, TNF-o.
appeared to increase in a dose-dependent manner, though it
did not reach statistical significance. TNF-o. is also important in
Th17 differentiation®® and has been shown to stimulate MMP-9
production in vitro,3! which can lead to further corneal

epithelial disease. Both IL-6 and TNF-o. have been found to be
increased in mouse models of dry eye3? and in humans?? with
the disease.

In addition to generating Th17 pathway cytokines, LPS
administration also led to mediators associated with the Thl
response. Importantly, IFN-y was upregulated in the conjunc-
tiva after LPS treatment (Fig. 2). IFN-y is the defining cytokine
of the Thl response, which contributes to ocular surface
disease and tear dysfunction.® Upregulation of IFN-y by LPS is
important as IFN-y expression is increased in mice and humans
with DE.® Furthermore, IFN-y has been linked to goblet cell
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loss and is capable of inducing apoptosis in the conjunctival
epithelium.3* Increased production of IFN-y after treatment
with LPS is also significant, in part, because of the ability of
IFN-y to amplify the immune response. IFN-y increases
production of Thl chemokines (CXCL9, CXCL10, and
CXCL11), which, in turn, attract greater numbers of IFN-y-
producing cells.?> Also, IFN-y increases expression of CD80
and CD86 on dendritic cells, which is required for T cell
activation.>> Finally, IFN-y leads to increased IL-12 receptor
expression.>> Interestingly, IL-12a, the main cytokine respon-
sible for Th1 differentiation, was also significantly upregulated
in the conjunctiva after LPS stimulation (Fig. 2). Upregulation
of IL-12a, in conjunction with IFN-y, suggests LPS stimulation
can promote the Thl response that is critical to dry eye
pathology.

It is particularly interesting that application of LPS to non-
stressed mice leads to production of inflammatory mediators in
the cornea (Fig. 1), as well as the conjunctiva. There are some
conflicting findings in the literature as to whether?®37 or
not>®3° human corneal epithelial cells can respond to LPS in
vitro. Figure 5 demonstrates cultured mouse cornea epithelial
cells do respond to LPS in vitro. In vivo, wounded mouse
corneas have been demonstrated to respond to LPS stimula-
tion.#>41 This study suggests that normal, unwounded mouse
corneas can also respond to TLR4 activation in vivo.

In the cornea (and conjunctiva), LPS administration
significantly increased expression of CXCL10 and IL-1f in NS
mice (Fig. 1). Both the CXCL10 protein and mRNA are known
to increase in a mouse model of dry eye.!” Increased CXCL10
expression has also been found in human dry eye.%? Similarly,
IL-1B, a proinflammatory cytokine, is increased in mice with
experimental dry eye®® and in humans with the disease.!!
Blockade of IL-1 pathways during dry eye has been shown to
be efficacious in murine models of DE.¥%45 In the end, LPS was
found to enhance expression of cytokines and chemokines on
a nonstressed ocular surface, which demonstrates that TLR4
activation could contribute to homeostatic immune surveil-
lance.

The cell culture studies demonstrate that mouse cornea
and conjunctiva epithelial cells, as well as dendritic cells, can
respond to LPS on the ocular surface. The production of
inflammatory mediators observed in the in vivo studies may
be from a combination of direct and indirect stimulation.
Figure 5 suggests that direct activation of epithelial and
dendritic cells by LPS is possible. Indirect stimulation of
epithelial cells by LPS-stimulated DCs (or other immune cells)
may also contribute to production of proinflammatory
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Ficure 6. Expression of inflammatory mediators is enhanced during dry eye disease. LPS administration after 5 days of desiccating stress led to
increased expression of IL-1f (cornea) and 1L-12a (conjunctiva). Expression levels are higher in mice exposed to desiccating stress than in those in
nonstressed mice. DS and NS studies were separate experiments. Each series represents an average * SD of two experiments (n =~ 3 per group in
each experiment). Separate sets of NS untreated mice were used to calculate fold increase for each series (NS control represents two separate sets of

mice for each series). ***P < 0.0001; **P < 0.001; *P < 0.01.
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mediators. Figure 5 demonstrates that IL-18 and TNF-o, both
of which may stimulate additional mediator release from
epithelial cells, were upregulated in LPS-stimulated DC
culture. Indeed, IL-1f has been shown to increase production
of IL-1B and IL-6 in limbal epithelial stem cells,® and TNF-a
has been shown to increase CXCL10 production in human
corneal epithelial cells.*”

Although LPS stimulation can lead to inflammation in a
normal eye, this study suggests that TLR4 activation is
enhanced during dry eye disease. Figures 4 and 6 display
increased expression of IL-1B in the cornea after LPS
administration when mice are exposed to DS. This finding
supports our hypothesis that disruption of the corneal
epithelial barrier during DE leads to greater exposure of
TLR4 located in the wing and basal layers of the corneal
epithelium. TLR4 is then more accessible in the cornea, leading
to greater activation by LPS. Disruption of the corneal
epithelial barrier has been established in our mouse model.*®
However, other mechanisms are still a possibility, including
increased cell surface expression of TLR4 in the corneal
epithelium during DE.?* Nevertheless, enhanced expression of
IL-1 in the cornea during DE after LPS stimulation may impact
clinical severity. For instance, IL-1f has been shown to
upregulate MMP-9,3! which can lead to disruption of the
corneal epithelium.# In turn, this could lead to even greater
exposure of TLR4 and contribute to a damaging inflammatory
cycle.

Surprisingly, Figure 6 also shows that LPS administration
during DE increases expression of IL-12a in the conjunctiva. IL-
12a is a subunit of IL-12 and IL-35.5° More research needs to be
conducted to assess the biological activity of IL-35 on the
ocular surface. However, IL-12 is the main promoter of the Thl
response. Upregulation of IL-12 by LPS may indicate that TLR4
activation could be important in the early stages of dry eye
disease. Microbial stress may lead to enhanced release of IL-12
at the initiation of DE, amplifying the intensity of the disease.
TLR4 stimulation could potentiate the induction of the DE
immune response by changing the cytokine milieu and
activating Thl-polarizing dendritic cells. Additional research
is needed to determine the mechanism behind the increase in
IL-12a. In theory, it could be because of upregulation of TLR4
in the conjunctiva during DS.!?2 However, enhanced expression
of other cytokines was not observed. IL-12a is mainly released
from dendritic cells and macrophages. Considering this,
increased sensitivity of those cell types to LPS during DS is a
possibility that needs further investigation.

In conclusion, this study demonstrates that not only is TLR4
capable of producing a proinflammatory response on the
ocular surface but that response is enhanced during DE
disease. TLR4 activation during DE appears to be important,
especially in the initial stages of DE. In the cornea, disruption
of the epithelium may expose additional TLR4 molecules,
increasing susceptibility to LPS stimulation. In the conjunctiva,
enhanced expression of IL-12a after TLR4 activation may
promote Th1 differentiation, leading to more severe disease.
Further research into amplification of inflammation by TLR4
activation in DE is needed. The role of commensal bacteria and
endogenous TLR4 ligands in activation of TLR4 during DE also
needs further exploration. Despite this, the proinflammatory
reactions produced by TLR4 on the ocular surface illustrate
that TLR4 is a potential pharmaceutical target for dry eye
inflammation.

Acknowledgments

The authors thank Kevin Tesareski for completing histology and
sample preparations for the immunostaining experiments. We also
thank Mahira Zaheer for assistance with the immunobead assay.

IOVS | May 2016 | Vol. 57 | No. 6 | 2450

Presented in part at the annual meeting of the Association for
Research in Vision and Ophthalmology, Denver, Colorado, United
States, May 2015, and published previously as an ARVO abstract
(E4811).

Supported by National Institutes of Health/National Eye Institute
T32 Core Grants 5T32EY007001-39, EY11915 (SCP), EY002520,
and EY020799, an unrestricted grant from Research to Prevent
Blindness (SCP), the Oshman Foundation (SCP), the William
Stamps Farish Fund (SCP), the Hamill Foundation (SCP), and the
Sid W. Richardson Foundation (SCP).

Disclosure: K.T. Simmons, None; Y. Xiao, None; S.C. Pflugfeld-
er, None; C.S. de Paiva, None

References

1. Fischer M, Ehlers M. Toll-like receptors in autoimmunity. Ann
N Y Acad Sci. 2008;1143:21-34.

2. Thwaites R, Chamberlain G, Sacre S. Emerging role of
endosomal Toll-like receptors in rheumatoid arthritis. Front
Immunol. 2014;5:1.

3. Zarember KA, Godowski PJ. Tissue expression of human Toll-
like receptors and differential regulation of Toll-like receptor
mRNAs in leukocytes in response to microbes, their products,
and cytokines. J Immunol. 2002;168:554-561.

4. Redfern RL, McDermott AM. Toll-like receptors in ocular
surface disease. Exp Eye Res. 2010;90:679-687.

5. Pflugfelder SC. Prevalence, burden, and pharmacoeconomics
of dry eye disease. Am J Manag Care. 2008;14:5102-S106.

6. Stern ME, Schaumburg CS, Pflugfelder SC. Dry eye as a
mucosal autoimmune disease. Int Rev Immunol. 2013;32:19-
41.

7. Pflugfelder SC, Jones D, Ji Z, Afonso A, Monroy D. Altered
cytokine balance in the tear fluid and conjunctiva of patients
with Sjogren’s syndrome keratoconjunctivitis sicca. Curr Eye
Res. 1999;19:201-211.

8. de Paiva CS, Chotikavanich S, Pangelinan SB, et al. IL-17
disrupts corneal barrier following desiccating stress. Mucosal
Immunol. 2009;2:243-53.

9. Guha M, Mackman N. LPS induction of gene expression in
human monocytes. Cell Signal. 2001;13:85-94.

10. Kogut MH, He H, Kaiser P. Lipopolysaccharide binding
protein/CD14/TLR4-dependent recognition of Salmonella
LPS induces the functional activation of chicken heterophils
and up-regulation of pro-inflammatory cytokine and chemo-
kine gene expression in these cells. Anim Biotechnol. 2005;
16:165-181.

11. Solomon A, Dursun D, Liu Z, Xie Y, Macri A, Pflugfelder SC.
Pro- and anti-inflammatory forms of interleukin-1 in the tear
fluid and conjunctiva of patients with dry-eye disease. Invest
Ophbthalmol Vis Sci. 2001;42:2283-2292.

12. Redfern RL, Patel N, Hanlon S, et al. Toll-like receptor
expression and activation in mice with experimental dry
eye. Invest Ophthalmol Vis Sci. 2013;54:1554-1563.

13. Blais DR, Vascotto SG, Griffith M, Altosaar I. LBP and CD14
secreted in tears by the lacrimal glands modulate the LPS
response of corneal epithelial cells. Invest Opbthalmol Vis Sci.
2005;46:4235-4244.

14. Zhang X, Chen W, de Paiva CS, et al. Desiccating stress induces
CD4(H#) T-cell-mediated Sjogren’s syndrome-like corneal epi-
thelial apoptosis via activation of the extrinsic apoptotic
pathway by interferon-gamma. Am J Pathol. 2011;179:1807-
1814.

15. Zhang X, Volpe EA, Gandhi NB, et al. NK cells promote Th-17
mediated corneal barrier disruption in dry eye. PLoS One.
2012;7:€36822.

16. Coursey TG, Bohat R, Barbosa FL, Pflugfelder SC, de Paiva CS.
Desiccating stress-induced chemokine expression in the



Investigative Ophthalmology & Visual Science

Inflammatory Response to LPS in a Dry Eye Model

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

epithelium is dependent on upregulation of NKG2D/RAE-1
and release of IFN-gamma in experimental dry eye. J
Immunol. 2014;193:5264-5272.

Yoon KC, de Paiva CS, Qi H, et al. Expression of th-1
chemokines and chemokine receptors on the ocular surface of
C57BL/6 mice: effects of desiccating stress. Invest Opbthal-
mol Vis Sci. 2007;48:2561-2569.

Tukler HJ, Coursey TG, Corry DB, de Paiva CS, Pflugfelder SC.
IL-13 stimulates proliferation and expression of mucin and
immunomodulatory genes in cultured conjunctival goblet
cells. Invest Ophthalmol Vis Sci. 2015;56:4186-4197.

Lutz MB, Kukutsch N, Ogilvie AL, et al. An advanced culture
method for generating large quantities of highly pure dendritic
cells from mouse bone marrow. J Immunol Methods. 1999;
223:77-92.

Gandhi NB, Su Z, Zhang X, et al. Dendritic cell-derived
thrombospondin-1 is critical for the generation of the ocular
surface Th17 response to desiccating stress. J Leukoc Biol.
2013;94:1293-1301.

Kayagaki N, Wong MT, Stowe IB, et al. Noncanonical
inflammasome activation by intracellular LPS independent of
TLR4. Science. 2013;341:1246-1249.

Yang J, Zhao Y, Shao E Non-canonical activation of inflamma-
tory caspases by cytosolic LPS in innate immunity. Curr Opin
Immunol. 2015;32:78-83.

Lee HS, Hattori T, Park EY, Stevenson W, Chauhan SK, Dana R.
Expression of toll-like receptor 4 contributes to corneal
inflammation in experimental dry eye disease. Invest Oph-
thalmol Vis Sci. 2012;53:5632-5640.

Dong Q, Brulc JM, Iovieno A, et al. Diversity of bacteria at
healthy human conjunctiva. Invest Ophthalmol Vis Sci. 2011;
52:5408-5413.

Sorokin L. The impact of the extracellular matrix on
inflammation. Nat Rev Immunol. 2010;10:712-723.

Millien VO, Lu W, Shaw ], et al. Cleavage of fibrinogen by
proteinases elicits allergic responses through Toll-like receptor
4. Science. 2013;341:792-796.

Kawai T, Akira S. The role of pattern-recognition receptors in
innate immunity: update on Toll-like receptors. Nat Immunol.
2010;11:373-384.

Li J, Roubeix C, Wang Y, et al. Therapeutic efficacy of trehalose
eye drops for treatment of murine dry eye induced by an
intelligently controlled environmental system. Mol Vis. 2012;
18:317-329.

Lawrence MS, Miller JW. Ocular tissue permeabilities. Int
Opbtbalmol Clin. 2004;44:53-61.

Singh RP, Hasan S, Sharma S, et al. Th17 cells in inflammation
and autoimmunity. Autoimmun Rev. 2014;13:1174-1181.

Li DQ, Lokeshwar BL, Solomon A, Monroy D, Ji Z, Pflugfelder
SC. Regulation of MMP-9 production by human corneal
epithelial cells. Exp Eye Res. 2001;73:449-459.

Xiao B, Wang Y, Reinach PS, et al. Dynamic ocular surface and
lacrimal gland changes induced in experimental murine dry
eye. PLoS One. 2015;10:¢0115333.

Lam H, Bleiden L, de Paiva CS, Farley W, Stern ME, Pflugfelder
SC. Tear cytokine profiles in dysfunctional tear syndrome. Am
J Opbthalmol. 2009;147:198-205.

Zhang X, Chen W, de Paiva CS, et al. Interferon-gamma
exacerbates dry eye-induced apoptosis in conjunctiva through

35.

30.

37.

38.

39.

40.

41.

42.

43.

44.

45.

406.

47.

48.

49.

50.

IOVS | May 2016 | Vol. 57 | No. 6 | 2451

dual apoptotic pathways. Invest Ophthalmol Vis Sci. 2011;52:
6279-6285.

Pflugfelder SC, Corrales RM, de Paiva CS. T helper cytokines in
dry eye disease. Exp Eye Res. 2013;117:118-125.

McNamara NA, Van R, Tuchin OS, Fleiszig SM. Ocular surface
epithelia express mRNA for human beta defensin-2. Exp Eye
Res. 1999;69:483-490.

Song PI, Abraham TA, Park Y, et al. The expression of
functional LPS receptor proteins CD14 and toll-like receptor 4
in human corneal cells. Invest Opbtbalmol Vis Sci. 2001;42:
2867-2877.

Ueta M, Nochi T, Jang MH, et al. Intracellularly expressed
TLR2s and TLR4s contribution to an immunosilent environ-
ment at the ocular mucosal epithelium. J Immunol. 2004;173:
3337-3347.

Zheng X, Bian E Ma P, et al. Induction of Th17 differentiation
by corneal epithelial-derived cytokines. J Cell Physiol. 2009;
2009 Sep 10;222:95-102.

Johnson AC, Heinzel FP, Diaconu E, et al. Activation of toll-like
receptor (TLR)2, TLR4, and TLR9 in the mammalian cornea
induces MyD88-dependent corneal inflammation. Invest
Opbthalmol Vis Sci. 2005;46:589-595.

Khatri S, Lass JH, Heinzel FP, et al. Regulation of endotoxin-
induced keratitis by PECAM-1, MIP-2, and toll-like receptor 4.
Invest Opbthalmol Vis Sci. 2002;43:2278-2284.

Yoon KC, Park CS, You IC, et al. Expression of CXCL9, -10, -11,
and CXCR3 in the tear film and ocular surface of patients with
dry eye syndrome. Invest Opbhthalmol Vis Sci. 2010;51:643-
650.

Narayanan S, Corrales RM, Farley W, McDermott AM,
Pflugfelder SC. Interleukin-1 receptor-1-deficient mice show
attenuated production of ocular surface inflammatory cyto-
kines in experimental dry eye. Cornea. 2008;27:811-817.
Okanobo A, Chauhan SK, Dastjerdi MH, Kodati S, Dana R.
Efficacy of topical blockade of interleukin-1 in experimental
dry eye disease. Am J Ophtbalmol. 2012;154:63-71.

Vijmasi T, Chen FY, Chen YT, Gallup M, McNamara N. Topical
administration of interleukin-1 receptor antagonist as a
therapy for aqueous-deficient dry eye in autoimmune disease.
Mol Vis. 2013;19:1957-1965.

Fok E, Sandeman SR, Guildford AL, Martin YH. The use of an
IL-1 receptor antagonist peptide to control inflammation in
the treatment of corneal limbal epithelial stem cell deficiency.
Biomed Res Int. 2015;2015:516318.

Mclnnis KA, Britain A, Lausch RN, Oakes JE. Human corneal
epithelial cells synthesize ELR(-)alpha-chemokines in response
to proinflammatory mediators. Ocul Immunol Inflamm.
2007;15:295-302.

de Paiva CS, Corrales RM, Villarreal AL, et al. Apical corneal
barrier disruption in experimental murine dry eye is abrogated
by methylprednisolone and doxycycline. Invest Opbthalmol
Vis Sci. 2006;47:2847-2856.

Pflugfelder SC, Farley W, Luo L, et al. Matrix metalloproteinase-
9 knockout confers resistance to corneal epithelial barrier
disruption in experimental dry eye. Am J Pathol. 2005;166:
61-71.

Li X, Mai J, Virtue A, et al. IL-35 is a novel responsive anti-
inflammatory cytokine-a new system of categorizing anti-
inflammatory cytokines. PLoS One. 2012;7:€33628.



	f01
	f02
	f03
	f04
	f05
	f06
	b01
	b02
	b03
	b04
	b05
	b06
	b07
	b08
	b09
	b10
	b11
	b12
	b13
	b14
	b15
	b16
	b17
	b18
	b19
	b20
	b21
	b22
	b23
	b24
	b25
	b26
	b27
	b28
	b29
	b30
	b31
	b32
	b33
	b34
	b35
	b36
	b37
	b38
	b39
	b40
	b41
	b42
	b43
	b44
	b45
	b46
	b47
	b48
	b49
	b50

