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Abstract

The cornea of the eye differs from other mucosal surfaces in that it lacks a viable bacterial
microbiome and by its unusually high density of sensory nerve endings. Here, we explored the
role of corneal nerves in preventing bacterial adhesion. Pharmacological and genetic methods
were used to inhibit the function of corneal sensory nerves or their associated transient receptor
potential cation channels TRPA1 and TRPV1. Impacts on bacterial adhesion, resident immune
cells, and epithelial integrity were examined using fluorescent labeling and quantitative confocal
imaging. TRPA1/TRPV1 double gene-knockout mice were more susceptible to adhesion of
environmental bacteria and to that of deliberately-inoculated Pseudomonas aeruginosa. Supporting
the involvement of TRPAL/TRPV1-expressing corneal nerves, P, aeruginosa adhesion was also
promoted by treatment with bupivacaine, or ablation of TRPA1/TRPV1-expressing nerves

using RTX. Moreover, TRPA1/TRPV1-dependent defense was abolished by enucleation which
severs corneal nerves. High-resolution imaging showed normal corneal ultrastructure and surface-
labeling by wheat-germ agglutinin for TRPA1/TRPV1 knockout murine corneas, and intact barrier
function by absence of fluorescein staining. 2 aeruginosa adhering to corneas after perturbation

of nerve or TRPA1/TRPV1 function failed to penetrate the surface. Single gene-knockout mice
showed roles for both TRPA1 and TRPV1, with TRPA1~/~ more susceptible to 2. aeruginosa
adhesion while TRPV1~/~ corneas instead accumulated environmental bacteria. Corneal CD45+/
CD11c+ cell responses to 2. aeruginosa challenge, previously shown to counter bacterial adhesion,
also depended on TRPAL/TRPV1 and sensory nerves. Together, these results demonstrate roles for
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corneal nerves and TRPAL/TRPV1 in corneal resistance to bacterial adhesion 7 vivo and suggest
that the mechanisms involve resident immune cell populations.
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Introduction

While the cornea of the eye is routinely exposed to environmental debris, pathogens, and
allergens, it differs from other exposed tissue surfaces by lacking a stable viable bacterial
microbiome (1). This resistance is effective enough to rapidly clear even large inocula of the
potential pathogens Pseudomonas aeruginosa and Staphylococcus aureus (1-3). In contrast
to the intact cornea, corneal epithelial cells are exquisitely sensitive to bacterial adhesion and
virulence mechanisms when cultured /n vitro (4-7), underscoring the importance of /n vivo
factors in modulating the outcome of bacterial challenge.

The mucosal (tear) fluid bathing the corneal surface plays critical roles in this regard.
Similar to other mucosal fluids, tear fluid contains an array of antimicrobial factors such as
lactoferrin, lysozyme, and transferrin, in addition to B-defensins, cathelicidins and keratin-
derived antimicrobial peptides (8-13). Our published data have shown directly that tear
fluid can protect /n vitro grown corneal epithelial cells against the potential pathogen P,
aeruginosa, and that this translates to protection /n vivo (3, 11, 14, 15). We further showed
that its protective mechanisms extend beyond direct antimicrobial activity. Tear fluid inhibits
P, aeruginosa twitching motility, a property critical for virulence by this opportunist (11,
16), dependent on the tear fluid ingredient DMBTY1, also present in saliva (11, 17). Tear
fluid can also act directly on the host epithelial cells to enhance their resistance to bacterial
virulence (18), correlating with numerous changes to epithelial cell gene expression, with
specific upregulated factors (e.g. RNase7, ST-2) and microRNA regulation involved in

the mechanisms (19). Tear fluid treatment of corneal epithelial cells grown as multilayers
increases their transepithelial resistance and reduces their susceptibility to traversal by

P, aeruginosa (15), suggesting that integrity of tight junctions and/or normal cell sorting
critical to cell polarity and barrier function are involved, properties that confer appropriate
localization of surface associated mucins, and all of which contribute to epithelial defense
against P, aeruginosa (7, 20-23). Tear fluid, which contains over 700 biologically active
proteins, glycoproteins and lipids, is likely to exert these activities via receptors critical to
the epithelial-intrinsic defenses against 2 aeruginosa in vivo, which include MyD88, IL-1R
and/or TLRs (1, 20-24).

In vivo factors other than tear fluid can also modulate the susceptibility of corneal epithelial
cells to £ aeruginosa. They include the basement membrane (basal lamina) that lies below
the epithelium. Indeed, /7 vitro multilayers of corneal epithelial cells display enhanced
resistance to traversal by P aeruginosa if grown on a protein substrate mimicking the basal
lamina /n vivo, and correlating with a general enhancement of transepithelial resistance (28).
Another /n vivo contributor to countering bacterial adhesion to the epithelial surface is the
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rapid CD11c+/dendritic cell response that occurs in the absence of overt inflammation if an
infection-resistant cornea is challenged with £ aeruginosa (29).

Despite this progress, it remains unclear why the corneal lacks a microbiome. The adjacent
conjunctiva, also exposed to the surface and therefore also bathed in tear fluid, is routinely
colonized by Corynebacterium sp. and other non-pathogenic Gram-positive bacteria (30—
32). Further, the conjunctiva has even more ready access to CD11c+ cells and other
components of immunity, being armed with its own associated lymphoid tissue, blood
vessels and a rich supply of goblet cells - all absent from the immune-privileged cornea.

Another major difference between cornea and conjunctiva is in their distribution of sensory
nerves. While the conjunctiva is sparsely innervated, the density of sensory nerves endings
in the cornea exceeds all other tissue in the body (33-35). The potential for sensory nerve
involvement in the cornea’s intrinsic defense against bacteria was suggested by results of
our previous study in which we reported that healthy murine corneas respond to bacterial
challenge by mounting a CD11C+/dendritic cell response (29). In that study, we found the
response to be surprisingly rapid and to be absent after enucleation (29), a process that
separates the sensory nerve endings from their cell bodies residing in the trigeminal ganglion
of the brain (33, 34).

In the cornea, the majority of the nerve fibers are polymodal (70%), and thus able to
respond to a wide range of stimuli including mechanical, thermal, and chemical cues.
These responses involve polymodal transient receptor potential (TRP) cation channels,

the majority being TRPV1 (Vanilloid) with TRPA1 (Ankyrin) expressed on a subset of
TRPV1-expressing C-fiber polymodal sensory neurons. Triggering these channels initiates
sensory transduction (34, 36, 37), and can also cause the local release of neuropeptides
thereby inciting or exacerbating inflammatory responses (38, 39). In the corneal epithelium,
the neuropeptides released include Substance P, Calcitonin Gene-Related Peptide (CGRP)
and Glial cell line-derived neurotrophic factor Family Receptor alpha3 (GFRa3) (38), with
GFRa3 expressed in the superficial layers of the corneal epithelium instead of CGRP.
Neuropeptides can have both direct and indirect impacts on other cell types in the vicinity
of the nerve endings, including epithelial and immune cells, which can in turn modulate
inflammatory responses (34, 40, 41). This involves receptors for neuromodulators on
immune cells, including dendritic cells and neutrophils (42). Not surprisingly, resident
immune cells (both dendritic and macrophages) in the cornea have been found in close
proximity to nerve fibers (43, 44) with functional significance for corneal physiology and
homeostasis (33, 34, 37).

Both TRPV1 and TRPA1 have been associated with the detection of noxious stimuli
and the development and modulation of inflammation in numerous different tissues and
disease states (38). For example, TRPA1 was shown to mediate inflammation in animal
models of dermatitis, colitis, and asthma (45-47). An additional and expanding area of
interest, however, is the role of TRP-expressing sensory neurons in detecting microbial
ligands (antigens) and modulating host inflammatory and immune defenses to infection
(48). TRPAL can be directly activated by bacterial components such as LPS (49, 50) and
pain associated with S. aureus infections /n vivo was shown to involve direct nociceptor
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activation involving the pore-forming toxin a-hemolysin and bacterial N-formylated
peptides (51). During S. aureus pneumonia, TRPV1-expressing sensory neurons modulate
neutrophil and y& T cell responses thereby promoting infection severity (52). Similarly,
during Streptococcus pyogenes necrotizing fasciitis, bacterial toxin-mediated release of
CGRP also suppressed neutrophil responses to promote bacterial survival (42). It was
also more recently shown that during 2 aeruginosa infection of the cornea, inflammation
is promoted by TRPV1, associated with CGRP-mediated recruitment of neutrophils with
reduced bactericidal activity (53). Clearly, the role(s) of TRPA1 and TRPV1 nociceptors
in modulating progression of infection and associated disease pathology via immune
cell recruitment/function is complex and further studies will help elucidate tissue and/or
pathogen specificity of their involvement.

The ability of TRP channels to directly respond to microbial ligands in milliseconds

would also make them an ideal first line of defense against pathogens. TRPV1-expressing
sensory neurons help defend the Gl tract against Salmonella enterica (serovar Typhimurium)
adhesion, invasion and dissemination via release of CGRP to promote protective levels of
resident commensal bacteria (54). However, less is known regarding the participation of
TRP-expressing sensory nerves in the intrinsic barrier function of other mucosal epithelia
against microbes during health, a function that is especially important for the cornea of the
eye for which clarity is essential for vision.

In this study, we explored the roles of corneal sensory nerves and TRP nociceptors in
corneal epithelial resistance to bacterial adhesion using multiple methods to inhibit their
activities. The results showed contributions for nerve fibers, TRPA1 and TRPV1. While only
TRPA1 was required to defend the cornea against 2 aeruginosa adhesion during health and
after superficial injury, TRPV1 was instead required to prevent adhesion to the healthy
murine cornea of environmental bacteria. Shedding light on the mechanisms involved,
corneal nerves and TRPA1/TRPV1 were found to modulate CD45+ and CD11c+ corneal
responses to bacterial inoculation, the latter previously shown to counter bacterial adhesion
to superficially-injured corneas /in vivo (29).

MATERIALS AND METHODS

Bacteria

Pseudomonas aeruginosa strain PAO1 expressing dTomato on plasmid p67T1 (PAO1-dtom)
(55) was used throughout the study. Inocula were prepared from overnight cultures grown
on tryptic soy agar plates supplemented with carbenicillin 400 pg/mL at 37 °C for ~16 h.
Bacteria were then suspended in Dulbecco’s Modified Eagle’s Medium (DMEM) (Lonsa,
Walkersville,MD) to a concentration of ~1011 CFU/mL measured by spectrophotometry and
concentrations confirmed by viable counts.

Murine models of bacterial adhesion

All procedures were carried out in accordance with standards established by the Association
for the Research in Vision and Ophthalmology, under the protocol AUP-2016-08-9021
approved by the Animal Care and Use Committee, University of California Berkeley, an
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AAALAC accredited institution. The protocol adheres to PHS policy on the humane care
and use of laboratory animals, and the guide for the care and use of laboratory animals.

Six to twelve week old male or female homozygous TRPA1™~/TRPV1~~ [double gene
knockout mice] and homozygous TRPV1~/~ or TRPA1™/~ [single gene knockout mice; (56,
57)] in the C57BL/6 background were used along with age and sex-matched wild-type
controls. In some experiments CD11c-yfp transgenic wild-type mice were used to visualize
CD11c+ cells (yellow) or m7ImG mice were used to visualize all cell membranes (red) (29).

The /n vivo model of bacterial adhesion was used as described previously (29). Mice were
anesthetized by intraperitoneal injection of ketamine (80-100 mg/Kg) and dexmedetomidine
(0.25-0.5 mg/Kg). Corneas were rinsed with PBS to wash away tear fluid. In one group,

one cornea was subjected to blotting with a Kimwipe™ tissue paper to enable bacterial
adhesion. Eyes were inoculated with 5 uL of 2. aeruginosa (~1011 CFU/mL) once every
hour for 4 h while under sustained anesthesia. After 4 h, animals were euthanized by a
further intraperitoneal injection of ketamine (80-100 mg/Kg) and xylazine (5-10mg/Kg)
followed by cervical dislocation. Eyes were enucleated, rinsed with PBS, and fixed in 2 %
paraformaldehyde (PFA) overnight at 4 °C, then imaged using confocal microscopy with a
60x [or 20x] water-dipping objective.

For ex vivo experiments, mice were euthanized as above without prior interventions, eyes
were enucleated and washed in PBS to exclude tear fluid. Some eyes were blotted with a
Kimwipe™ as above then all eyes were placed in a 200 uL suspension of P, aeruginosa
(~101 CFU/mL) in a 96-well plate and incubated for 4 h at 37 °C. Eyes were then

washed in PBS and imaged as above. Bacteria were identified and quantified by ImageJ

on maximum intensity projections (reducing a 3D image into a 2D image by projecting the
maximum intensity of each pixel to the z plane).

Fluorescence in Situ Hybridization (FISH)

Labeling of bacteria on murine corneas without prior manipulation was performed as
previously described (1). Briefly, mice were euthanized as above, eyes enucleated and
fixed in 2 % PFA for 1 h with rotation at room temperature (RT). Fixed eyes were then
washed in 80 % EtOH, 95 % EtOH, and then PBS for 10 min each at RT. Eyes were
placed in hybridization buffer solution [NaCl (0.9 M), Tris-HCI (20 mM, pH 7.2) and
SDS (0.01 %)] and incubated at 55 °C for 30 min and then the 16S rRNA gene probe
below was added to a final concentration of 100 nM and incubated at 55 °C overnight.
Bacterial hybridization was performed using the universal 16S rRNA gene [Alexa488]-
GCTGCCTCCCGTAGGAGT-[Alexa488] (Eurofins Genomics) (58, 59). Eyes were then
transferred to wash buffer solution [NaCl (0.9 M) and Tris-HCI (20 mM, pH 7.2)] and
washed three times for 10 min each at RT before imaging on confocal microscope using a
60x [or 20x] water-dipping objective. Bacteria were identified and quantified by ImageJ on
maximum intensity projections.

Ablation of TRPA1 and TRPV1 sensory nerves

TRPA1 and TRPV1 expressing cells were selectively ablated using subcutaneous chronic
application of RTX as previously described (60, 61). One milligram of RTX was dissolved
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in 500 pL 96 % ethanol and diluted in sterile PBS. Mice were anesthetized with isoflurane
and then RTX injected subcutaneously at 20 pug/Kg body weight daily for 3 days. Control
mice were injected with PBS. To confirm ablation of TRPA1 and TRPV1 in the cornea, the
eye wipe test was performed in lightly anesthetized animals. Briefly, capsaicin solution (100
uM) was dropped into the eye and the number of defensive wiping movements for 1 min
was counted. To image CD11c+ cells, a 20x water-dipping objective was used and images
quantified with ImageJ.

Wheat Germ Agglutinin (WGA) labeling

Mice were anesthetized and one eye inoculated with bacteria as described above. After 4

h, mice were euthanized, eyes enucleated and rinsed in PBS. Eyes were then transferred to
Alex Fluor® 647 conjugate of wheat germ agglutinin solution (10 pg/mL, Invitrogen™) for
5 min at RT then washed 3 times with PBS. Eyes were then fixed in 2 % PFA overnight at
4 °C before imaging using confocal microscopy with a 60x water-dipping objective. Mean
fluorescence intensity and area covered on maximum intensity projections were quantified
using ImageJ.

Fluorescein staining

After induction of anesthesia, eyes were rinsed with PBS and stained with fluorescein as
previously described (1). Briefly, for wild-type mice, one eye was blotted with a Kimwipe™
tissue paper as a positive control. A 5 UL drop of fluorescein solution (0.02 %) was then
added to the ocular surface and corneal epithelial integrity examined using a slit lamp and
confocal microscopy with a 60x water-dipping objective. Mean fluorescence intensity and
area covered on maximum intensity projections were quantified using ImageJ.

Corneal nerve block

To suppress neuronal activation in the cornea, 0.5 % bupivacaine solution (62, 63) was
injected (5 pL) subconjuntivally in anesthetized mice with a Hamilton small volume syringe
and small hub 33 gauge needle. Then, 5 uL was topically applied onto the cornea. After 20
min, corneas were washed with PBS and bacterial inoculation performed as described above.

Confocal microscopy

Murine eyeballs were imaged ex vivo as previously described (24). Eyes were fixed

to a 12 mm glass coverslip with cyanoacrylate glue with cornea facing upward. The
coverslip with eyeball was placed in 46 mm Petri dish and filled with PBS to cover

the eyeball completely. Confocal imaging was performed using an Olympus F\V1000
confocal microscope [Olympus BX615Wi upright microscope with Olympus FluoView
1000 detection system equipped with Laser Diodes (LD) 405, 440, 559, 635 and an Argon
Laser 488/515]. The 488 nm laser used for detection of bacteria labeled with FISH, corneas
stained with fluorescein, 515 nm laser for CD11c-yfp, the 559 nm laser was used for
detection of red-fluorescent bacteria (PAO1-dtom) or red fluorescent cell membranes, and
the 635 nm laser for corneas stained with WGA or CD45+ antibody. In instances where
red-fluorescent cell membrane mice were not used, ocular surface reflectance (excitation
and emission at same wavelength) was obtained. For 60x images, four or more randomly
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chosen fields of each eye were imaged from the corneal surface. For 20x images, three
or more randomly chosen fields of each eye were imaged from the corneal surface. Three-
dimensional images were reconstructed from z-stacks using IMARIS software (Bitplane).

Statistical Analysis

RESULTS

Statistical analysis was performed using Prism (GraphPad Software, Inc.). Data were
expressed as mean + standard error of the mean (SEM). Statistical significance of
differences between means was determined using Student’s #-Test for two group
comparisons or one- or two-way ANOVA with Tukey’s multiple comparisons test for three
or more groups. For nonparametric data, the Mann-Whitney U test was used for two group
comparisons or the Kruskal-Wallis test for three or more groups. P values of less than 0.05
were considered significant. All experiments were repeated at least once.

Corneas of TRPA17~/TRPV1~~ mice are more susceptible to adhesion of environmental
bacteria and inoculated P. aeruginosa

To determine if TRPA1 and/or TRPV1 are involved in preventing bacterial adhesion
(microbiome) formation on the healthy corneal surface, untreated corneas of wild-type
mice were compared to TRPA1~/~/TRPV1~/~ mice for presence of resident bacteria. For
this purpose, FISH labeling /n situwas done using a universal 16S rRNA gene probe to
detect bacteria (1). Results revealed ~4-fold more bacteria present on corneas of TRPA1™/~/
TRPV1~~ mice versus wild-type (Fig. 1), suggesting that one or both contribute to
preventing adhesion of environmental bacteria.

We next asked if the cornea’s intrinsic resistance to potential pathogens also requires
either of these proteins. Thus, corneas of wild-type and TRPA1™~/TRPV1~/~ mice were
challenged with £ aeruginosa in vivo using previously described methods (29). Some
corneas were challenged without prior manipulation (healthy), others were superficially-
injured by gently blotting the epithelium with a KimWipe™ before inoculation (21, 24).
Previously, we showed that this blotting process increases the propensity for bacteria to
attach to the corneal surface, causes removal/death of superficial epithelial cells, increases
epithelial permeability to fluorescein, but does not allow bacteria to penetrate the epithelium
and cause infection (21, 24, 29, 64). Results showed that with and without tissue paper-
blotting, TRPA1~-/TRPV1~/~ corneas were more susceptible to 2 aeruginosa adhesion
than wild-type corneas (~2.2-fold and ~3.1-fold, respectively) (Fig. 2A, B). Irrespective of
whether or not blotting was done prior to inoculation, bacteria adhering to the corneas of
TRPA1™~/TRPV1~~ mice did not penetrate beyond the corneal surface (Fig. 2C) showing
that defenses that operate after adhesion were not compromised in these mice.

To further test the role of TRPA1 and TRPV1 neurons in bacterial adhesion we used a
pharmacological approach. RTX, a highly potent TRPV1 agonist, was utilized to ablate
neurons expressing TRPV1 from wild-type mice (60, 61). This treatment also ablates the
subset of nerves that co-express both TRPV1 and TRPAL. To confirm successful ablation
of TRPV1 nociceptors, the capsaicin eye wipe test showed that mice treated with RTX did
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not exhibit the paw wiping behavior demonstrated by vehicle control mice after topical
capsaicin application on the eye (Fig. 2D). Aligning with results obtained with TRPAL1~~/
TRPV1~~ mice, RTX-treated mice had an increased propensity to bind 2 aeruginosa for
both healthy (no blot) and blotted (superficially-injured) corneas (~3.7-fold and ~4.7-fold,
respectively) (Fig. 2F, G).

TRPA1~7/TRPV1~/~ impacts on bacterial adhesion are abolished after enucleation of the
eye (ex vivo) or suppressing nerve function in vivo using the local anesthetic bupivacaine

Enucleation of the eye separates the nerve endings in the cornea from their cell bodies
which reside in the trigeminal ganglion. Thus, experiments were performed ex vivoas an
additional method for considering the role of nerves and TRPA1™~/TRPV1~/~. Immediately
after enucleation, corneas of wild-type and TRPA1™~/TRPV1~/~ mice were inoculated with
P, aeruginosa with or without prior blotting. Results from ex vivo eyes contrasted with

the above /n vivo findings by showing no significant difference in 2. aeruginosa adhesion
between wild-type and TRPA1™-/TRPV1~/~ corneas for healthy (no blot) and blotted
(superficially-injured) conditions (Fig. 3A, B). Controls showed, as expected, an increased
susceptibility to 2 aeruginosa adhesion after blotting occurred both /n vivo and ex vivo
(Fig. 2A, B and Fig. 3A, B respectively) (21, 24, 29). While providing more support for

the involvement of TRPA1~/~/TRPV1~~ on corneal nerves in the mechanisms by which the
healthy cornea resists bacterial adhesion, these results also show that some defenses against
adhesion compromised by superficial injury are independent of regulation by intact corneal
nerves.

Next, we returned to the /7 vivo model and blocked the function of all peripheral nerves
using a subconjunctival injection of 0.5% bupivacaine hydrochloride (bupivacaine), a local
anesthetic. Controls confirmed that bupivacaine effectively reduced corneal sensitivity to
capsaicin (Fig. 3C). Epithelial integrity was also maintained as shown by resistance to
fluorescein staining after corneas were treated (Fig. 3D). Bupivacaine-treated corneas
showed a significant increase in £ aeruginosa adhesion after /in vivo challenge with

P, aeruginosa compared to vehicle controls under both healthy (~3.6-fold) and blotted
conditions (~3.5-fold) (Fig. 3E, F).

Epithelial integrity in TRPA1"/TRPV1~~ mice is similar to wild-type

To begin exploring mechanisms by which TRPA1™~/TRPV1~/~ contribute to preventing
bacterial adhesion, we next examined their importance for maintaining epithelial integrity. A
second reason to study epithelial integrity was to explore if corneal epithelial cells express
functional TRPV1 (65), in which case mutants lacking TRPV1 and RTX-treated corneas
would be expected to have epithelial abnormalities, with RTX potentially damaging any cell
expressing functional TRPV1 (60).

Fluorescein staining provides a useful indicator for disruption of epithelial tight junctions
or damage to the epithelial surface (21, 24). Thus, corneas of wild-type and TRPA1 ™~/
TRPV1~~ mice were compared for propensity to stain with fluorescein as evaluated
using slit lamp examination. Blotted wild-type corneas were used as a positive control.
As expected, fluorescein staining was observed on blotted, but not healthy (no blot)
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wild-type corneas. Staining was also absent on healthy (no blot) TRPAL~/TRPV1~/~
corneas, which appeared morphologically similar to wild-type (Fig. 4A). To rule out

subtle morphological differences, confocal imaging was used, also allowing the data to be
quantified. Results again showed significant fluorescein penetration only in blotted corneas
(Fig. 4A). Interestingly, when fluorescence intensity was quantified (Fig. 4B), the data
showed even less fluorescence for TRPA1™~/TRPV1~/~ corneas compared to wild-type
corneas, although this was not statistically significant. Providing additional evidence that
corneal epithelial integrity did not depend on TRPV1/TRPAL, and also showing that
functional TRPV1 is lacking from the corneal epithelium, corneas of RTX-treated mice
appeared normal and did not stain with fluorescein (Fig 2E).

To further explore impact on epithelial cells, TRPA1™~/TRPV1~/~ mouse corneas were
compared to wild-type for labeling with fluorescent-conjugated wheat germ agglutinin
(WGA). WGA binds to N-acetyl glycosamine and sialic acids. Thus, it can be used to
delineate apical cell morphology, labeling components of the ocular surface glycocalyx,
which is the membrane-associated mucin barrier that can function to protect the corneal
epithelium from microbes and other potential threats (66—69). Without blotting or bacterial
challenge, results showed WGA labeling patterns similar for wild-type and TRPA1 ™~/
TRPV1~~ mice (Fig. 5A). This was confirmed by quantification of mean fluorescence
intensity and area of labeling covered (Fig. 5B). P aeruginosa challenge had no significant
effect on WGA labeling for either wild-type or TRPA1™~/TRPV1~/~ mutants (Fig. 5A, B).

Collectively, these results suggest that corneas lacking both TRPA1 and TRPV1 maintain
significant epithelial or tight junctional integrity.

CD45+ and CD11c+ immune cell responses to P. aeruginosa also depend on TRPAL/TRPV1

When healthy or blotted mouse corneas are challenged with £ aeruginosa, a rapid CD11c+
(dendritic) cell response occurs (29). If the cornea is blotted to induce superficial injury
before inoculation, this response protects the cornea against bacterial adhesion. The rapidity
of this CD11c+ response and its absence ex vivo led us to hypothesize dependence on
corneal nerves, aligning with the known interdependence of corneal nerves and dendritic
cells (43, 44).

TRPA1=/TRPV1~~ mice were compared with wild-type for their CD45+ cell response
after P aeruginosa challenge. Bacterial inoculation of healthy corneas caused a significant
increase in CD45+ cells that was absent in TRPA1™~/TRPV1~/~ mice (Fig. 6A, B) showing
that one or both of these TRP nociceptors were required for corneal leukocyte responses to
bacterial inoculation.

Since TRPAL~~/TRPV1~~ mice with fluorescent immune cell reporters were not available,
we next utilized (CD11c+-yfp transgenic) mice to allow more specific detection and
quantification of corneal CD11c+ cells. RTX or bupivacaine were then used to study
TRPA1/TRPV1 and sensory nerve involvement respectively. For healthy (ho blot) corneas,
RTX attenuated the normal CD11C+ cell response to 2 aeruginosa challenge without a
significant impact on baseline CD11C+ cell numbers in uninoculated eyes (Fig. 7A, B).
Our previously published research showed that in addition to increasing the number of
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CD11C+ cells, P, aeruginosa inoculation of the cornea also changed their morphology,
significantly increasing perimeter measurements, reducing circularity and causing more
dendritic projections, as confirmed by quantification (29). For RTX treated mice, these
morphological changes did not occur after bacterial challenge (Fig. 7C). Similar results were
obtained when corneas were superficially-injured by blotting before bacterial inoculation,

in that RTX reduced the CD11C+ cell response in terms of cell numbers and eliminated
changes to cell morphology (Fig. 7D, E, F). Bupivacaine treatment closely mimicked the
effects of RTX in attenuating the CD11c+ cell response to £, aeruginosa in both healthy and
superficially injured corneas (Fig. 7G). These results provide evidence that the observable
CD11c+ cell responses occurring in £ aeruginosa-challenged corneas are also dependent on
TRP-expressing sensory nerves. Given that this response can counter P, aeruginosa adhesion,
it is likely to be a contributor to mechanisms by which corneal nerves/TRP-channels protect
the cornea against adhesion of bacteria, its involvement being an intermediary step.

TRPA1 and TRPV1 both contribute to intrinsic corneal resistance to bacterial adhesion

Since TRPV1 has been shown to respond to bacterial components and to modulate immune
responses during some infections, we next tested the hypothesis that TRPV1 rather than
TRPA1 was responsible for preventing bacterial adhesion to the cornea. This was done using
TRPV1~~ mice, which retain sensory nerve endings expressing TRPAL. The results showed
no significant differences between wild-type and TRPV1~/~ mice for healthy or blotted
corneas in susceptibility to 2 aeruginosa adhesion (Fig. 8A, B). Instead, TRPA1 ™/~ corneas
(able to express TRPV1) were more susceptible to 2 aeruginosa adhesion compared to both
wild-type and TRPV1~/~ mice closely mirroring our findings with TRPA1™~/TRPV1~/~
mice. This outcome occurred in both healthy and blotted corneas (Fig. 9A, B).

We next asked if TRPAL also contributed to the intrinsic resistance of the murine

cornea to adhesion of environmental bacteria (microbiome formation). Surprisingly, FISH
labeling experiments showed mice lacking TRPA1 resembled wild-type in lacking adhesion
of environmental bacteria (Fig. 10A, B). Instead, adhesion of environmentally-acquired
bacteria was detected on TRPV1~/~ mouse eyes, similar to TRPAL™~/TRPV1~~ mice.
These results suggested that mechanisms driving intrinsic resistance of the cornea to
adhesion of environmental bacteria differ from those protecting against £ aeruginosa
adhesion by involving TRPV1 rather than TRPAL.

DISCUSSION

While previous studies have investigated the role of Transient Receptor Potential (TRP)
cation channels in modulating infectious and inflammatory disease pathology, the data
presented in this report show a novel role for TRP nociceptors in intrinsic defense during
health. Here, we found that TRPA1 and TRPV1 associated with corneal nerves can
contribute to intrinsic resistance to bacterial adhesion in mouse corneas using multiple
methods, including use of; 1) TRPA1™~/TRPV1~/~ knockout mice, 2) RTX to ablate
sensory nerve endings expressing TRPV1 and co-expressed TRPA1, and 3) bupivacaine

to block sensory nerve function. The results showed that these perturbations led to
accumulation of environmental bacteria on the corneal surface, while also rendering healthy
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and superficially-injured corneas less resistant to adhesion by the potential pathogen

P, aeruginosa. Results from experiments using enucleated eyes or the local anesthetic
bupivacaine to inhibit nerve function revealed that TRPA1/TRPV1-associated protection
against bacterial adhesion to the cornea was nerve-dependent. Bacteria adhering to the
corneal surface did not penetrate into the epithelium under any condition examined, even
when there was pre-existing superficial injury. Loss of resistance to £, aeruginosa adhesion
as a result of TRPAL/TRPV1 deficiency or suppression of nerve function was found to
correlate with reduced CD45+ and CD11c+ cell responses to bacterial challenge, the latter
previously shown to counter bacterial adhesion to superficially injured corneas.

The method used to induce superficial injury involved blotting the corneal surface with
tissue paper. This procedure enhances susceptibility of the corneal epithelium to 2
aeruginosa adhesion without allowing adherent bacteria to penetrate beyond the surface,

a step required for infection to ensue (21). Our previous research has shown that blotting

in this manner makes the cornea susceptible to fluorescein staining (a form of epithelial
barrier function loss), removes corneal surface glycosylation, and damages residual surface
cells (21, 24, 61). The results of the current study showed that blotted corneas, already
more susceptible to P aeruginosa adhesion, became even more susceptible when mice

were TRPAL deficient (+/- TRPV1 deficiency) or if nerve function was suppressed.

That outcome suggests that TRPA1/nerve-dependent defenses against adhesion differ from
those compromised by blotting. Indeed, corneas of TRPA1™~/TRPV1~~ mice, and those
treated with RTX or bupivacaine, contrasted with blotted corneas by not displaying visible
disruption to epithelial integrity, barrier function or surface glycosylation as shown by

the absence of fluorescein staining, obvious morphological changes, or alterations to WGA-
labeling. Separation of nerve/TRP-dependent defenses against £, aeruginosa from those
compromised by blotting aligns with our previous work showing that blotting still enhances
susceptibility to adhesion and traversal after enucleation, which severs nerves that innervate
the cornea (21, 24, 29).

Our prior research has identified multiple factors that contribute to preventing epithelial
traversal when P, aeruginosa is able to adhere to the corneal surface. They include TLR5,
IL-1R, antimicrobial peptides, SP-D and other factors compromised by calcium chelation
that probably include deeper layer cell-to-cell junctions (3, 21, 29). Given that multiple
factors are able to counter traversal, there is likely be a significant amount of redundancy
among them. Thus, a role for nerves/TRPAL in defense against traversal cannot be ruled out
by our results that showing lack of traversal when they are compromised.

In addition to increasing £ aeruginosa adhesion to corneas, TRPAL/TRPV1 deficiency or
inhibiting nerve function also suppressed the infiltration of CD45+ and CD11c+ cells that
otherwise occurred when mouse corneas were challenged with £ aeruginosa. Previously,
we showed that the CD11c+ cell response can counter 2 aeruginosa adhesion to mouse
corneas (29). Together these findings suggests that intrinsic resistance to 2. aeruginosa
adhesion at the surface of the corneal epithelium involves communication between corneal
sensory nerves and immune cells. A role for nerves in relaying information between the
surface of the multilayered corneal epithelium to immune cells that reside deeper within
the cornea aligns with the anatomy and known function of corneal nerves, that extend
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to the epithelial surface and can quickly transfer information across significant distances.
Other studies have shown that TRP channels on nerves can respond to various stimuli

by releasing neuropeptides, including Substance P and CGRP, leading to an influx and
activation of immune cells (38-40, 70, 71). TRP channels have also been shown able to
directly sense bacterial components, causing release of immune mediators that modulate
macrophages, dendritic cells, T lymphocytes and innate lymphoid cells (49-51). These
published studies contribute to our understanding of how nerves interface with microbes
and immune cells to drive inflammation during infection pathology. However, the present
study instead aims to understand how the healthy, uninflamed cornea counters bacterial
adhesion to resist infection, another topic with potential for development of novel infection
management strategies. Disease pathogenesis and maintenance of health reflect opposite
outcomes of bacterial challenge. While they appear to involve some overlapping factors,
including sensory nerves and immune cells, the mechanistic details must differ. Thus, this
area warrants separate investigation with experiments designed to ask different questions.

Use of homozygous single gene knockout mice showed distinct roles for TRPA1 and
TRPV1 in countering bacterial adhesion, with TRPA1 reducing adhesion of 2 aeruginosa,
and TRPV1 instead hindering adhesion of environmental bacteria. This suggests that
triggering of these distinct channels leads to different responses to modulate conditions

at the epithelial surface, one that routinely hinders environmental microbes and the other
only occasional to counter adhesion of a potential pathogen. The commensals around the
mouse cornea deterred by TRPV1 are mostly Gram-positive and few in number, while the
P, aeruginosa challenge we found to be countered by TRPA1 involves a Gram-negative
potential pathogen introduced in much larger numbers. Thus, there are various possibilities
for that specificity that will need to be deciphered, including commensal versus pathogen,
Gram-type and inoculum size.

One difference between routine exposure to commensal bacteria and challenge with 2
aeruginosa is that the latter induces an immune cell response above baseline. It is also
possible that continued resistance to 2 aeruginosa adhesion in the absence of TRPV1 is

also influenced by their increased susceptibility to the adhesion of commensals. Moreover,
hindering adhesion of different microbes might instead (or additionally) reflect that TRPAL
and TRPV1 appear to be triggered by different bacterial factors (49-51). More research will
be required to determine the relative roles of TRPV1 and TRPAL in modulating baseline and
reactive immune cell responses during health, and consequences at the epithelial surface in
the context of bacterial challenge.

Previously, we showed that ability of the cornea to resist adhesion of environmental bacteria
depends on IL-1R and MyD88, associated with antimicrobial activity of corneal lysates,
and that this is unaffected by induction of experimental dry eye (1, 25, 72). Research by

us and others has shown that antimicrobial peptides constitute an important component

of corneal defense against bacteria (8-10, 26, 73—76). Routinely-expressed antimicrobial
peptides are potential candidates for mediating TRPV1-dependent prevention of commensal
adhesion. However, TRPAL activation might also alter antimicrobial peptide expression to
more specifically target pathogens. It will be of value to explore if antimicrobial peptides
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contribute to TRPAL or TPV1 defense against bacterial adhesion and if so, the cell types
involved in their expression.

There is controversy as to whether TRPV1 is expressed on cell types other than sensory
neurons (77). Indeed, mRNA expression of TRPV channels and TRPV1-agonist responses
have been reported in corneal epithelial cells /n vitro (58). However, our findings showing
that the corneal epithelium remains healthy after treatment with RTX, a potent TRPV1
agonist that damages cells expressing TRPV1 (60), suggests that functional versions of
TRPV1 are not present on murine corneal epithelial cells /n vivo, or that non-neuronal cells
are less susceptible to calcium overload-induced death due to their non-excitable nature
and lack of voltage-gated sodium and calcium channels. More research will be needed to
understand the significance of our findings in the context of this earlier publication.

In conclusion, this study demonstrates a novel role for nerves in defending healthy /n vivo
epithelia against adhesion by both commensals and a potential pathogen. They further show
the involvement of both TRPA1 and TRPV1, and that these two channels modulate activity
against distinct bacterial types. In addition to contributing to our understanding of ocular
surface homeostasis, these findings may also have implications in a clinical context in
humans where local anesthetics are routinely applied to the ocular surface in optometric

and ophthalmological settings. While this research raises many questions while answering a
few, the results reveal a form of pattern recognition driven by sensory nerves to help direct
appropriate responses to specific microbes at an epithelial surface that maintain homeostasis.
In the murine cornea, this contributes to maintaining the absence of a microbiome and
deterring the adhesion of potential pathogens. As technologies evolve, it may be possible to
determine the extent to which these findings also apply to the human cornea. Furthermore,
little is known about what determines microbiome composition at distinct locations within a
host, only that they differ within and among hosts. Whether pattern recognition by sensory
nerves and associated TRP channels participate in determining microbiome composition at
body sites other than the cornea remains to be determined.
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TRPA1*/TRPV1*

Figure 1.
FISH reveals increased adhesion of environmental bacteria on corneas of TRPA1~~/

TRPV1~/~ mice compared to wild-type (WT). A. Quantification of bacteria detected on
healthy corneas of WT versus TRPA1™~/TRPV1~/~ by FISH labeling using a universal 16S
rRNA gene probe (~ 4-fold difference). Data are expressed as the mean + SEM number

of bacteria per field of view (area of 211um by 211um). * P < 0.05 (Student’s t-Test). B.
Representative confocal images showing FISH labeling (green, arrows) of environmental
bacteria on WT and TRPA1~/~/TRPV1~~ corneas. Upper panels show bacteria (arrows)

in the context of the cell membranes of m7/mG mice (red). Lower panels show the same
bacteria (green) without cell membrane fluorescence. Scale bar = 50 pum.
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Figure 2.
Inoculated P, aeruginosa shows significantly greater adhesion to mouse corneas lacking
TRPAL and TRPV1 nociceptors compared to controls. A. Quantification of bacteria
adhering to murine corneas per field of view after inoculation of ~ 1x1011 CFU/mL
every hour for 4 h on both intact (no blot) and tissue-paper blotted corneas. TRPA1 ™~/
TRPV1~/~ corneas showed significantly greater bacterial adhesion than WT (~ 2.2-fold)
with blotting causing a greater difference from WT (~ 3.1-fold). Data are expressed as the
mean £ SEM number of bacteria per field of view. * P < 0.05 (Two-way ANOVA). B.
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Representative images of 2 aeruginosa (green) adhering to the murine cornea (red) under
each condition. Scale bar = 50 um. C. Optical slices of the XZ axis showing that bacteria
remained surface-associated (green, arrows) and did not penetrate the corneal epithelium
(red). Scale bar = 20 pm. D. Quantification of eye wipes over 1 min after capsaicin (100
uM) was dropped onto lightly anesthetized control and RTX-treated mice. RTX-treated
mice did not wipe their eyes after capsaicin application versus controls (mean of 34 wipes/
min). * P < 0.05 (Mann-Whitney U Test). E. Corneal fluorescein staining observed by slit
lamp examination in blotted control eyes compared to the absence of staining in intact (no
blot) control or RTX-treated corneas indicating normal epithelial integrity. F. Quantification
of bacteria adhering to corneas of RTX-treated mice versus WT controls after 4 h of 2
aeruginosa inoculation. Intact corneas (no blot) of RTX-treated mice showed significantly
greater adhesion than WT (~ 3.7-fold). After blotting, a greater difference was observed
between RTX-treated mice and WT (~ 4.7-fold). Data are expressed as the mean + SEM
number of bacteria per field of view. * P < 0.05 (Two-way ANOVA). G. Representative
images of P, aeruginosa (green) adhering to the murine cornea (red) under each condition.
Scale bar = 50 pm.
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TRPA1TRPV1*

Bupivacaine

Bupivacaine

Evidence for corneal nerve involvement in preventing £, aeruginosa adhesion to the murine
cornea. A. Quantification of bacteria adhering to the murine cornea ex vivo after inoculation
with ~1x101 CFU/mL P aeruginosa on healthy (no blot) and blotted corneas. Ex vivo,
equal numbers of £ aeruginosa adhered to TRPA1™/~/TRPV1~/~ corneas compared to WT
under both healthy and blotted conditions after 4 h. More bacteria adhered to blotted
corneas as expected. ns = not significant (Two-way ANOVA). B. Representative images of
P, aeruginosa (green) adhering to the cornea (red) in each condition. C. Bupivacaine-treated
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WT mice showed a significantly diminished response to capsaicin lasting for 4 h compared
to mice treated with vehicle control. * P < 0.05, ** P < 0.01 (One-way ANOVA with
Tukey’s multiple comparisons test). D. Fluorescein staining of a blotted WT mouse cornea
under the slit lamp. Staining was absent in WT mouse corneas treated with either vehicle
control or bupivacaine indicating normal epithelial integrity. E. Bupivacaine-treated WT
mouse corneas /n vivo showed significantly increased adhesion by £ aeruginosa versus
vehicle controls under healthy (~ 3.6-fold) and blotted (~ 3.5-fold) conditions. * P < 0.05, **
P < 0.01 (Two-way ANOVA). F. Representative images of £ aeruginosa (green) adhering to
the cornea (red) in control and bupivacaine-treated mice. Scale bar = 50 um.
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Figure 4.
Intact TRPA1~"/TRPV1~/~ mouse corneas do not stain with fluorescein. A. Fluorescein

staining under a slit lamp (upper panels) was evident in blotted corneas of WT mice but
absent in healthy corneas (no blot) of WT and TRPA1™/~/TRPV1~/~ mice. Confocal images
(lower panels) also show that healthy (no blot) corneas of TRPA1~/~/TRPV1~/~ and WT
mice have little fluorescein staining (and no fluorescein penetration) indicating epithelial
integrity was intact compared to blotted WT positive controls. Upper confocal panel images
are 3D reconstructions of corneal images (Scale bar = 50 um) and lower confocal panel
images are 10 UM XZ stacks (Scale bar = 40 um). B. Quantification of mean fluorescence
intensity of fluorescein staining in Z-projection of confocal images. Data expressed as the
mean + SEM. **** P < 0.0001, * P < 0.05 (One-way ANOVA with Tukey’s multiple
comparisons test).

FASEB J. Author manuscript; available in PMC 2022 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wan et al. Page 25

A

WT TRPA1/TRPV1"
+ P. aeruginosa

Wt TRPA1*/TRPV1* P ;
. aeruginosa

Fluorescence Intensity Area
2000 60000+ —
g = ns
gL ns ns ns
g2 15004 -~
i " s € 400007 . T
S E 10004 T =
T2 © 20000-
1
§5 so0f - <
=
o o
WT TRPA1"/TRPV1' WT TRPA17/TRPV1'
P. aeruginosa - + - + P. aeruginosa - + - +

Figure5.
Wheat germ agglutinin (WGA) labeling of TRPA1~~/TRPV1~/~ mouse corneas is similar

to wild-type. A. Representative maximum intensity projections of WGA labeling (green)
and P, aeruginosa adhesion (red) to the intact epithelium (i.e. no tissue paper blotting) of
wild-type and TRPA1~/~/TRPV1~/~ corneas. Similar WGA labeling was observed across

all conditions, and 2 aeruginosa adherence (red) can be observed in TRPA1™~/TRPV1~/~
corneas. B. Quantification of WGA mean fluorescence intensity and area of WGA labeling.
No significant differences were observed for either measurement between WT or TRPAL~/~/
TRPV1~/~ mice with or without inoculation with 2 aeruginosa indicating a normal epithelial
surface and response to bacteria. Data are expressed as the mean + SEM. ns = Not
Significant (One-way ANOVA with Tukey’s multiple comparisons test).
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Figure 6.

TRPA1™-/TRPV1~~ corneas show reduced CD45+ cell infiltration after bacterial challenge
compared to WT mice. A. Quantification of CD45+ cells in healthy (untreated) corneas of
control and TRPA1~~/TRPV1~~ mice at baseline and at 4 h after 2 aeruginosa challenge.
A significant increase in CD45+ cells was observed after £ aeruginosa inoculation in

control mice that was not observed in TRPAL1/~/TRPV1~~ mice. * P < 0.05, ns = Not
Significant (One-way ANOVA with Tukey’s multiple comparisons test). B. Representative
images (maximum intensity projections) of CD45+ cells in the central murine cornea in each
condition. Scale bar = 50 um.
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Figure7.
RTX and bupivacaine attenuate CD11c+ cell infiltration of the murine cornea in response to

P, aeruginosa. A. Quantification of CD11c+ cells in healthy (untreated) corneas of control
and RTX-treated CD11c-YFP mice at baseline and at 4 h after 2 aeruginosa challenge.
A significant increase in CD11c+ cells was observed after 2 aeruginosa inoculation in
control mice that was not observed in RTX-treated mice. * P < 0.05, ns = Not Significant
(One-way ANOVA with Tukey’s multiple comparisons test). B. Representative images
(maximum intensity projections) of CD11c+ cells in the murine cornea in each condition.
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C. Morphological analysis of CD11c+ cells using MorpholibJ tools for 3D segmentation

in ImageJ and parameters related to z-projections used (perimeter and area) to exclude
artifacts due to lower z resolution. Graphs show the distribution of individual cells based

on their area and perimeter with a linear regression fit. The upper panel shows a significant
difference between curves (P < 0.0001) in control mice with 2 aeruginosa inoculation
causing increased cell perimeter. The lower panel shows no significant difference between
curves (P = 0.078) after £ aeruginosa inoculation in RTX-treated mice. D. Quantification of
CD11c+ cells in blotted corneas of control and RTX-treated CD11c-YFP mice at baseline
and at 4 h after 2 aeruginosa challenge. A significant increase in CD11c+ cells was
observed after P aeruginosa inoculation in controls that was not observed in RTX-treated
mice. * P < 0.05, ** P < 0.01, ns = Not Significant (One-way ANOVA with Tukey’s
multiple comparisons test). E. Representative images (maximum intensity projections) of
CD11c+ cells in blotted corneas in each condition. F. Morphological analysis of blotted
corneas showed a significant difference between curves (P < 0.0001) in controls with 2
aeruginosa inoculation causing increased cell perimeter, but no difference in curves (P =
0.104) in blotted RTX-treated corneas after £ aeruginosa inoculation. G. Quantification

of corneal CD11c+ cells in control and bupivacaine treated mice at baseline and after 2
aeruginosa inoculation for 4 h for healthy (untreated) and blotted corneas. For both untreated
and blotted corneas, £ aeruginosa inoculation caused a significant increase in CD11c+ cells.
Bupivacaine treated corneas showed no response to bacteria. * P < 0.05, ns = Not Significant
(One-way ANOVA with Tukey’s multiple comparisons test).
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Figure 8.

TRPV1~/~ corneas show similar bacterial adhesion to WT /nvivo. A. Quantification of 2
aeruginosa adhesion to healthy and blotted murine corneas after inoculation of ~1x1011
CFU/mL every hour for 4 h. Under each condition, there was no significant difference in
bacterial adhesion between TRPV1~/~ corneas and WT. As expected, more bacteria adhered
to blotted corneas. ns = Not Significant (Two-way ANOVA). B. Representative images of £
aeruginosa (green) adhering to the murine cornea (red) in each condition. Scale bar = 50 um.
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Figure9.
TRPA1~/~ corneas show significantly greater bacterial adhesion compared to WT in vivo. A.

Quantification of bacterial adhesion to healthy and blotted murine corneas after inoculation
of ~1x101! CFU/mL every hour for 4 h comparing TRPA1™~ mice to WT. Healthy
TRPA1~/~ corneas showed ~3.8-fold greater adhesion than WT, and blotted TRPA1™/~
corneas showed a ~5.1-fold increase over WT. * P < 0.05 (Two-way ANOVA). B.
Representative images of 2 aeruginosa (green) adhering to the murine cornea (red) in each
condition. Scale bar = 50 pm.
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Figure 10.
FISH reveals increased adhesion of environmental bacteria on healthy corneas of TRPV17/~

mice compared to WT and TRPA1~/~ mice. A. Quantification of viable bacteria detected
on healthy corneas of WT (none detected), TRPA1™~ (1 + 1 bacteria/field of view) and
TRPV1~/~ (6 + 4 bacteria/field of view) by FISH labeling using a universal 16S rRNA gene
probe. Data are expressed as the mean £ SEM (area of 1600 um by 1600 pm). ** P <

0.005 (Two-way ANOVA), WT vs. TRPA1-/- was not significant (Two-Way ANOVA). B.
Representative confocal images of WT, TRPA1™~ and TRPV1~/~ corneas (red) after FISH
labeling of any environmental bacteria detected (green, arrows). Scale bar = 50 um.
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