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The maintenance of normal vision is dependent on preserving corneal transparency. For
this to occur, this tissue must remain avascular and its stromal architecture needs to be
retained. Epithelial transparency is maintained provided the uppermost stratified layers of
this tissue are composed of terminally differentiated non-keratinizing cells. In addition, it is
essential that the underlying stromal connective tissue remains avascular and scar-free.
Keratocytes are the source of fibroblasts that are interspersed within the collagenous
framework and the extracellular matrix. In addition, there are sensory nerve fibers whose
lineage is possibly either neural crest or mesenchymal. Corneal wound healing studies
have been undertaken to delineate the underlying pathogenic responses that result in the
development of opacification following chemical injury. An alkali burn is one type of injury
that can result in severe and long- lasting losses in ocular transparency. During the
subsequent wound healing process, numerous different proinflammatory cytokines and
proteolytic enzymes undergo upregulation. Such increases in their expression levels
induce maladaptive expression of sustained stromal inflammatory fibrosis,
neovascularization, and losses in the smooth optical properties of the corneal outer
surface. It is becoming apparent that different transient receptor potential channel (TRP)
isoforms are important players in mediating these different events underlying the wound
healing process since injury upregulates both their expression levels and functional
involvement. In this review, we focus on the involvement of TRPV1, TRPA1 and TRPV4
in mediating some of the responses that underlie the control of anterior ocular tissue
homeostasis under normal and pathological conditions. They are expressed on both
different cell types throughout this tissue and also on corneal sensory nerve endings. Their
roles have been extensively studied as sensors and transducers of environmental stimuli
resulting from exposure to intrinsic modulators and extrinsic ligands. These triggers
include alteration of the ambient temperature and mechanical stress, etc., that can
induce pathophysiological responses underlying losses in tissue transparency activated
by wound healing in mice losses in tissue transparency. In this article, experimental
findings are reviewed about the role of injury-induced TRP channel activation in mediating
inflammatory fibrotic responses during wound healing in mice.

Keywords: TRP, cornea, wound healing, nurotrophic keratitis, fibrosis
org January 2022 | Volume 12 | Article 7316741

https://www.frontiersin.org/articles/10.3389/fimmu.2021.731674/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.731674/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.731674/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:yokada@wakayama-med.ac.jp
https://doi.org/10.3389/fimmu.2021.731674
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.731674
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.731674&domain=pdf&date_stamp=2022-01-04


Okada et al. TRP in Inflammatory Fibrosis
RATIONALE FOR FOCUS ON TRPV1,
TRPA1 AND TRPV4 INVOLVEMENT IN
OCULAR BIOLOGY

There is accumulating evidence that TRPV1, TRPA1 and TRPV4
channels may serve as targets to improve therapeutic
management of chronic corneal injury and pain resulting from
chemical injury (1). One of our interests entails characterizing
their role in mediating responses to environmental challenges
that include those encountered during wound healing. These
studies are prompted by the realization that there is a lack of
treatment options to deal with chemical burn symptomology in a
clinical setting. Specifically, the current procedures have limited
effectiveness in treating the inflammation and scarring, which
detract from a favorable wound healing response. If these
responses to injury are severe, the only therapeutic option may
be surgical intervention, which also can have some limitations.
The results of these studies have shown that each of channels are
viable drug targets in animal and human studies

Initially it was hoped that a first generation of TRPA1, TRPV1
and TRPV4 antagonists could be developed for treating losses in
corneal transparency resulting from inflammation and scarring
induced by severe corneal injury. However, numerous animal
and human screening has shown that their systemic
administration induces hyperthermia alongside a risk of loss of
awareness of hot surfaces. However, second generation TRPV1
antagonists are now reported to be in clinical trials that lack this
hyperthermia effect (2). Despite these stumbling blocks in drug
development, there are indications that continuance of studies
on their roles in mediating responses to corneal injury may help
design agents that selectively block injury-induced TRP
channel activation.
CHARACTERIZATION OF TRP CHANNEL
EXPRESSION AND FUNCTION

Immunohistochemistry and Western blot analysis are used to
validate TRP channel presence and characterize their protein
expression levels. The validity of these findings depends on using
antibodies having adequate sensitivity and selectivity to
accurately characterize their contribution to a particular
phenotype. Prior to their use, their sensitivity and specificity
are evaluated using cell lines transfected with the antigen that is
expressed in a broad span of different human tissues. The
antibodies that are relied on generate Western blots in which
different investigators showed that their normalized expression
levels were reproducible in knockdown experiments using
different cell lines. Identifying their functional involvement in
mediating responses to relevant environmental challenges and
selective agonists and antagonists includes employing Ca2+

fluorescence cell imaging in combination with patch clamp
technology. Their response patterns are used to validate the
identity of a TRP channel subtype that responds to an
environmental challenge. A cautionary note is warranted since
sole reliance on functional blocking with an antagonist can be
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misleading. This is possible because its selectivity can be species
specific. This limitation is evident since in preclinical animal
studies an antagonist was effective whereas it had no inhibitory
activity in humans (2).
EXPRESSION LEVELS AND FUNCTIONAL
HETEROGENEITY OF TRANSIENT
RECEPTOR POTENTIAL (TRP) CHANNELS
IN THE CORNEA

The cornea is unique in that it contains the highest density of
sensory neurons in the entire human body. They are richly
endowed with functional thermosensitive TRPV1, TRPA1 and
TRPM8 activity. These ionic channels are activated by both
specific environmental challenges and injurious conditions at
the ocular surface. In chemical injury models, an alkali burn
induces corneal inflammation neovascularization and scarring
along with sensory transduction leading to pain and losses in
corneal transparency. As the treatment options can be limited to
performing corneal keratoplasty, determining their involvement
in mediating pathological responses has become an attractive
option since treatment for the most part is limited to merely
providing symptomatic relief in a clinical setting. These studies
suggest that future studies are warranted to determine if these
different TRP subtypes can serve as targets to improve
therapeutic management of chemical injury in a clinical setting.

An archetype TRP channel gene was first cloned from a blind
Drosophila mutant in 1989 (3). Sequence analysis revealed that its
RNA transcript has a molecular sequence of 4.1kb that encodes a
1,275 amino acid protein (3, 4). This channel is unique because it
does not have appreciable structural similarity with any other
known proteins. Subsequent studies showed that this channel is
indeed an archetype of a TRP channel superfamily that is
composed of 7 heterogeneous subfamilies made up of 28
different isoforms in mammals. Many of these different subtypes
have specific roles in mediating a host of responses to a wide
variety of ambient stresses such as changes in temperature,
membrane stretch, medium pH osmolality, and exposure to
exogenous modulators of kinase-induced changes in TRP
channel phosphorylation status (5–7). The vanilloid subfamily
contains 6 different TRPV subtypes. The characteristics of the
TRP Vanilloid 1 (TRPV1) isoform are better understood than
those associated with others in the same subfamily. These subtypes
are expressed throughout a wide variety of different human tissues
including peripheral nerve endings, brain and the spinal cord. It is
the predominant heat detector in peripheral sensory neurons that
innervate tissues throughout the body. This subtype is cation
permeable enabling Ca2+ influx that is enhanced above 42°C,
exposure to a hypertonic challenge, mechanical stretch, a
reduction in pH below 6.5, and by a variety of chemicals,
including capsaicin, piperin, resinferatoxin, olvanil, zingerone. In
addition, different types of tissue injury can induce increases in the
expression level of agents that induce the release of cellular
constituents that in turn stimulate TRPV1 activity. Two of these
constituents include bradykinin and nerve growth factor (NGF).
January 2022 | Volume 12 | Article 731674
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They both are released at sites of tissue injury and serve to increase
both pain sensitivity as well as thresholds for inducing hyperalgesia
(8). The satiety factor, oleoylethanolamide (OEA) can also activate
TRPV1. Agents such as bradykinin and nerve growth factor (NGF)
increase pain sensitivity thresholds that underlie hyperalgesia (8).
However, this response is dependent on prior protein kinase C
(PKC)-induced TRPV1 phosphorylation (9). Capsaicin is a
relatively selective TRPV1 channel agonist and its ability to
induce Ca2+ transients is used to determine functional TRPV1
expression. A model for how capsaicin selectively activates this
channel was derived based on extensive investigation using a
variety of experimental techniques including mutagenesis, patch-
clamp recording, crystallography, cryo-electron microscopy,
computational docking and molecular dynamic simulation (10).
Stromal fibroblasts express TRPV1 activity that is confirmed based
on accompanying rises in underlying ionic currents (11). These
capsaicin-induced responses precede increases in proinflammatory
cytokine release along with increases in a-smooth muscle
expression that induce myofibroblast transdifferentiation and
other phenotypic changes.

TRPA1 is one of the 28 different TRP subtypes that belongs to
the ankyrin subfamily. It is a broadly selective thermosensitive
cation channel activated by allyl isothiocyanate, AITC, a selective
agonist, which facilitates increases in intracellular Ca++, Na + and
K+ influx. It has been used as a model substance to characterize
TRPA1 since it is one of the most efficient activators of TRPA1
(12). Its activation is responsible for the pungent and
lachymatory effects of mustard, horseradish, and wasabi (13).
TRPA1 selectivity has been validated in numerous animal and
human derived tissues. AITC likely activates TRPA1 through a
mechanism involving direct covalent modification of specific
cysteine residues within the channel protein.

This TRP subtype is present on both corneal nerves and on
corneal epithelial and endothelial cells as well as stromal
fibroblasts and macrophages that are induced to infiltrate into
the stroma in a corneal wound injury model. It is also expressed on
sensory neurons arising from the trigeminal, dorsal root and
nodose ganglia as well as a subpopulation of Ad- and C-fiber
nociceptive sensory neurons. TRPA1 responds to several pungent
compounds such as isothiocyanates, allicin and cinnamaldehyde.
There is suggestive evidence that TRPA1 activation may
contribute to inducing skin allodynia. This condition develops
during inflammation of the skin and it plays an important role in
eliciting histamine-insensitive itch neurons. TRPA1 is activated at
temperatures that fall below 17°C. This channel also serves as
mechano-sensitive and pain sensor mediator. Several lines of
evidence suggest that TRPA1 and TRPV1 mutually elicit
inflammation-induced noxious stimuli in sensory neurons (14).
TRPV1activation in turn alters the underlying mechanisms
controlling TRPA1 channel activation. Such crosstalk is
applicable to our studies in which we identified a dependence of
TGFb-1 driven fibrosis and inflammation on TRPV1 activation.
Another indication that crosstalk has physiological relevance
stems from our study in which it was shown that TGF-b
induced increases in inflammatory fibrosis are also dependent
on TRPA1 activation (15).
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TRPV4 ion channels are activated by a diverse array of
biochemical and biomechanical stimuli including mechanical
deformation osmotic stimuli, 27 to 35°C cannabinoids, and
arachidonic acid. These Ca2+-permeable cation channels are
ubiquitously expressed in numerous cell types including
macrophages (1). Macrophages express at least 3 different TRP
channels, and the properly balanced activation of all these
channels together is needed for normal macrophage function.
Deletion of any of these channels results in impaired macrophage
function and increased susceptibility to infection. Because several
of these TRP channels on macrophages are temperature sensitive,
they may comprise the link for hypothermia-related infectious
complications in trauma, and to a lesser degree, in elective surgical
patients. The results show that hypothermia induces effects on
monocytes through TRPA1 activation (16). Thermosensitive TRP
ion channels such as TRPA1 of sensory fibers influence immune
processes. Temperature lowering induces TRPA1 channel
activation and significantly stimulates antibody formation in the
spleen. Therefore, global loss of TRPA1 expression in the immune
system can augment losses in immune cell competence to inhibit
infection (17). TRPV4 is associated with transduction of moderate
temperature, regulatory volume decrease (RVD) and regulation of
stemness (1). TRPV4 is a key regulator of mechanically evoked
cellular volume regulation, barrier permeability and immune
interactions in lung, bladder, esophagus, skin, gut, kidney,
choroid plexus, retinal pigment, and ciliary body epithelia.
TRPV4-mediated calcium influx has been linked to cytoskeletal
reorganization, cell adhesion, formation of focal adhesions, and
adenosine triphosphate (ATP)-dependent modulation of afferent
excitation in epithelia. Studies that are relevant are those targeted
towards delineating the involvement of TRPV4 channel activation
in mediating corneal pain since it was shown that the
TRPV4-hemichannel-ATP signaling axis might modulate
corneal pain induced by excessive mechanical, osmotic, and
chemical stimulation.
TRP CHANNEL INVOLVEMENT IN
PATHOBIOLOGY OF THE SKIN

TRP channels are expressed in the skin in keratinocytes, sensory
neurons, melanocytes, and immune/inflammatory cells in
epidermis, dermis, and hypodermis. They maintain skin
homeostasis through mediating physiological processes that
include sensation. Both excessive or deficient TRP channel
activity can induce pathological conditions that arise from chronic
pain and itch, dermatitis, vitiligo, alopecia, wound healing, skin
carcinogenesis, and skin barrier compromise. Such insight has
prompted suggestions that altering TRP channel functionality
might provide therapeutic options for ameliorating disorders of
sensation, cutaneous homeostasis, and cancer. In normal wound
healing induced by injury. Fibrosis subsequent to the self-limiting
inflammatory phase hastens the wound closure. It entails increases
in collagen deposition, which is essential to restore normal tissue
structural integrity. The healing process involves a complex
interplay between the coagulation response, innate and adaptive
January 2022 | Volume 12 | Article 731674
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immune reactions, and activation of fibroblasts. Their combined
effects underlie regeneration of a normal tissue framework or
replacement with a fibrous scar. Furthermore, coactivation of
TRPV1 and TRPA1 channels induces chronic inflammatory skin
disease such as rosacea, which is associated with neurogenic
inflammation. These responses are elicited through primary
sensory nerve endings releasing both substance P and CGRP (18).
Numerous studies indicated that TRPV1 contributes to maintaining
the epidermal barrier function, but it can induce dermatitis in
rodents. TRPV1-like immunostaining is more pronounced which is
accompanied by mRNA expression upregulation in either the
epidermis or in several different human skin diseases, including
prurigo nodularis (19), rosacea (20), herpes zoster infection and
cancer (21).

TRPV4 is expressed in sensory processes and its expression levels
decline in premalignant skin lesions as well as basal and squamous
cell carcinomas (22). These functions stem from their activation on
keratinocytes. While their involvement on neurons is unclear.
TRPA1 plays essential roles in mediating pain, acute and chronic
itch perception. Genetic elimination of functional expression of
either TRPA1 or TRPV1 on sensory neurons, reduced IL31-induced
itch (23). Besides TRPA1 involvement in inducing pathological
processes related to itch and pain, its activation also contributes to
eliciting inflammation. Specifically, in a acetone-ether-water chronic
dry skin model (24) and also in several different models of contact
hypersensitivity (25), the mice with diminished TRPA1 expression
levels had thinner epidermal layers and lower levels of
proinflammatory cytokine expression levels.
CORNEAL STRUCTURES

The maintenance of the tissue integrity of the cornea and the skin is
critical for providing protection against pathogenic infiltration.
They enable this function through intrinsic mechanisms that
overcome a wide range of external threats. Such capability is
attributable to their ability to mediate rapid restoration of tissue
integrity and organ-specific function. The lacrimal gland secretes
the tear film which contains numerous biologically active growth
factors that stimulate corneal epithelial cellular proliferation,
migration, differentiation, and survival. One of them is epidermal
growth factor (EGF), which contributes to promoting epithelial
regeneration (26). Beneath the topmost superficial corneal epithelial
cell layer is an intermediate layer composed of 2–3 suprabasal wing-
shaped cell layers. Beneath this layer is the bottom basal
proliferating cells. In this process, proliferating basal cells move
upwards and continuously replace the wing cells and superficial cells
that are ultimately shed into the tears following undergoing
flattening and terminal differentiation. Like in the skin, various
collagen types (IV, VII, XII, XV, XVII, XVIII), heparin sulfate
proteoglycans, fibronectin, laminins and nidogens are present in the
corneal epithelial basement membrane. It is noteworthy that the
component makeup of this membrane is heterogenous since its
composition varies between the limbal region and the central
regions above Bowman’s layer (27–29). Furthermore, its makeup
undergoes time dependent changes during postnatal development.
Frontiers in Immunology | www.frontiersin.org 4
The cornea and the sclera form together the outer shell of the
eyeball. Normal vision is dependent on the maintenance of
corneal transparency and an optically smooth curvature at the
outer surface. The stroma accounts for up to about 90% of the
corneal full thickness in between the outer limiting epithelial and
inner limiting endothelial layers. It is a layer of avascular
connective tissue composed of collagen lamellae interspersed
within an extracellular matrix containing different proteoglycans.
Other constituent tissues, in addition to the epithelium and its
underlying basement membrane, include Bowman’s membrane,
stroma, Descemet’s membrane, and the endothelium.
Modulation of the stromal collagenous fiber diameter and its
structural organization fixed in a geometric array containing
keratocytes are critical factors in the maintenance of corneal
transparency. The sensory innervation of the eye originates at the
trigeminal ganglion. About 70% of the corneal sensory neuron
axons are polymodal nociceptors. Sensory nerves are mainly
detected in the anterior two thirds of the stromal thickness. The
high level of corneal innervation accounts for a sensitivity that is
300 to 400 times greater than that in the skin. Dense nerve
endings of numerous nerve fibers form networks at various levels
within the tissue (30–35). The thinly myelinated peripheral
axons that constitute about 15-20% of the innervation are the
only nerves that respond to mechanical forces whose order of
magnitude is close to that required to damage corneal epithelial
cells. A cold-sensitive thermal receptor group of nerve fibers that
compose 10-15% of the total neuronal population possess A-
delta and C fibers, which are transiently silenced on warming
(36–39). The maintenance of corneal anatomical integrity and
function is dependent on sensory nerve activity. Such control is
essential since losses in corneal sensory function impair corneal
epithelial function and tissue vitality as a consequence of declines
in both energy conserving metabolic activity and epithelial cell
proliferation. Such defects can in turn compromise the corneal
barrier function, which increases the likelihood of pathogenic
infiltration into the stroma and the development of neurotrophic
keratopathy (40, 41).
HEALING PROCESS OF
CORNEAL WOUNDS

There is much interest amongst basic scientists and clinicians in
clarifying the mechanisms underlying corneal wound healing since
this tissue is exposed to numerous environmental challenges that
can compromise tissue transparency. A very complex and highly
orchestrated sequelae mediated by cytokines, growth factors, and
chemokines underlie the wound healing response to compromise
of tissue structural intactness. These responses stem from an
integrated series of events involving epithelial-stromal-neural-
lacrimal gland-immune cellular interactions interwoven with the
corneal response to injury. Such effects orchestrate the corneal
wound healing response and contribute to both restoration of the
corneal anatomy and function as well as maintenance of its
homeostasis. Corneal disorders are encountered in a clinical
setting, that can delay the healing process. The treatment of
January 2022 | Volume 12 | Article 731674

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Okada et al. TRP in Inflammatory Fibrosis
these disturbances is somewhat limited in their efficacy because it is
merely directed towards providing symptomatic relief. Improved
therapeutic measures requires gaining insight into the underlying
causes of delayed epithelial wound healing. This endeavor
necessitates delineating how changes in environmental factors
affect corneal epithelial function. An alkali burn model is one of
the wound healing models designed to elucidate factors that affect
changes in wound healing outcome is. Such an injury induces
inflammatory/fibrosis, neovascularization, and opacification
resulting in losses in transparency followed by disruption of
visual acuity. On the other hand, in a less severe self-limiting
wound healing response to a less severe tissue injury, fibrosis
facilitates restoration of tissue integrity, which follows a self-
limiting acute inflammatory phase. These events are necessary
for reversing declines in a well-organized collagenous framework
that intersperses keratocyte distribution in a well-defined
extracellular matrix (ECM).

Even though there are therapeutic options that provide
symptomatic relief from pain and edema, as well as reduce
losses in corneal transparency in a clinical setting, they cannot
inhibit fibrosis. Another limitation is that they can induce side
effects and even toxicity. The cornea usually does not respond to
non-penetrating wounds and increases in neovascularizing agents
that are not large enough to induce increases in blood and/or
lymphatic vessel infiltration. If these maladaptive reactions are
induced, they would interfere with restoration of normal vision.
Therefore, preserving the avascular state of the cornea depends on
sustaining what is referred to as corneal angiogenic privilege. The
maintenance of this condition depends on the expression by this
tissue of soluble forms of the three major vascular endothelial
growth factor (VEGF) receptors. They are all assumed to act as
decoy receptors to trap the key angiogenic growth factors VEGF-
A, VEGF-C and VEGF-D. Such entrapment is thought to
contribute to maintaining corneal avascularity (42–44). During
the end of the epithelial healing response, hemidesmosomes are
generated, which anchor the newly formed cells to their
underlying layers (45, 46). In the skin, there are key factors
whose upregulation mediate the wound healing response to
injury. They include epidermal growth factor (EGF),
transforming growth factor b (TGFb), hepatocyte growth factor
(HGF) and keratinocyte growth factor (KGF) (47). Furthermore,
epitheliotropic factors are provided by corneal nerves. They
include substance P, calcitonin gene-related peptide (CGRP) and
nerve growth factor (NGF), amongst others (34, 48–52). Herpetic
disease or systemic diseases such as diabetic polyneuropathy can
induce neurotrophic keratopathy, which frequently delays
epithelial wound healing. Corneal perforation can arise from
severe injury and it may induce persistent and potentially sight-
threatening epithelial wounds. Epithelial wound healing is known
to be hastened through topical application of recombinant NGF
(52, 53). This favorable outcome is the basis for the ongoing
clinical trials setup to evaluate its efficacy in the treatment of
several diseases of the ocular surface. These conditions include dry
eye disease and neurotrophic keratitis. Furthermore, its
therapeutic benefit is being evaluated in promoting corneal
nerve regeneration after refractive and cataract surgery.
Frontiers in Immunology | www.frontiersin.org 5
However, the mechanism is still not understood that accounts
for how NGF eye drops induce a beneficial response to this
disease. Besides NGF, EGF, fibroblast growth factor (FGF), and
insulin-like growth factor (IGF), have also entered clinical trials
with promising results (54–56).

Following epithelial damage, stromal keratocyte apoptosis is
the first wound healing response that develops beneath the wound.
It is assumed that damaged epithelial cells release cytokines that
include: IL-1a, IL-1b, Fas ligand and TNFa (57–61). Initially,
keratocyte death renders the area beneath the wound site virtually
devoid of all cells. Subsequently, fibroblasts derived from
keratocytes proliferate and migrate from the periphery into the
wound site. Several growth factors, including TGFb, platelet-
derived growth factor (PDGF), FGF-2 and EGF undergo
upregulation during wound healing. During stromal healing,
fibroblast migration and activation are assumed to be mediated
by (62–65). TGFb and PDGF. They have also been identified as
the main growth factors involved in inducing to undergo fibroblast
transdifferentiation into myofibroblasts, which occurs in stromal
wounds (66–68). a-Smooth muscle actin (aSMA) upregulation is
a definitive biomarker of myofibroblast generation. This response
induces wound closure and contraction (69, 70). Other biomarkers
of myofibroblast formation include upregulation of vimentin and
desmin, which reduces tissue transparency. These changes in
growth factor expression patterns are in marked contrast to the
physiological milieu sustaining quiescent keratocyte
behavior (71, 72).
TRP INVOLVEMENT IN MEDIATING
CORNEAL WOUND HEALING

Our studies are focused on elucidating the roles of different TRP
isoforms in mediating wound healing in different injury models
induced by perforation, neovascularization, and an epithelial
defect inmice. The role was elucidated of TRPV1 cation
channel receptor activation in mediating primary repair in an
incision-wounded mouse cornea. Selective stimulation of TGFb1
by stromal incision activated TRPV1, which induced in turn
granulation tissue formation (73).

The roles of transient receptor potential TRPV1 and TRPA1
expression were determined on the development of injury-
induced neovascularization in the corneal stroma in mice
Their involvement was evaluated based on comparing the
individual effects of loss of their function on this response.
Immunohistochemistry and immunoreactivity detected the
active forms of TGFb1 and VEGF in the stroma at the site of
cauterization in mice lacking either TRPV1 or TRPA1 functional
expression. However, the losses in TGFb1 and VEGF
immunoreactivity seemed less marked in mice lacking TRPV1
(74). On the other hand, loss of TRPA1 expression suppressed
more markedly both stromal neovascularization and inhibited
macrophage infiltration. The roles of TRPA1 in mediating
injury-induced neovascularization was confirmed by showing
that the increases in both VEGF-A and TGF-b1 mRNA
expression levels were blunted more in TRPA1 than TRPV1
January 2022 | Volume 12 | Article 731674
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KO mice. However, in the macrophages their levels were
invariant, and their infiltration was inhibited. TRPA1 signaling
activation induced by injury may in turn inhibit VEGF-induced
neovascularization (75).
ROLES OF TRPV1 AND TRPV4 IN
REVERSING CORNEAL EPITHELIAL
DEFECTS

Following epithelial debridement, corneal epithelial wound closure
was delayed in TRPV1 and TRPV4 KOmice. Such retardation was
attributed to lower levels of proinflammatory cytokine expression
levels in the TRPV1 and TRPV4 KO than those in the WT mice.
Also, neurotrophic keratopathy is one of the refractory corneal
disorders that results from damage to the trigeminal nerves and
subsequent losses in corneal sensation. This condition precedes
various types of corneal disorders, including superficial
keratopathy, persistent epithelial defects, and corneal ulcers (41,
76–78). Disorders or abnormal repair of the tissue resulting from
impaired sensory innervation or function may impair restoration
of corneal epithelial homeostasis and promote instead persistent
neurotrophic keratopathy (79–81).

The absence of a suitable experimental mouse model may
account for the lack of an effective therapy for neurotrophic
keratopathy. To deal with this uncertainty, a stereotactic
procedure was used to damage and reduce the function of the
first branch of the trigeminal nerve in mice. The damage
established a mouse model of neurotrophic keratopathy that
simulates the condition described in clinical cases. Under
normal conditions, this mouse model possesses an unaltered
corneal appearance lacking any tissue inflammation and
opacification. However, sensory denervation altered the
epithelial debridement induced wound healing response was
impaired due to declines in stemness and cell proliferation of
the peripheral limbal epithelium. The role was confirmed of
TRPV4 function in supporting epithelial wound healing by
showing that TRPV4 transfection of a damaged trigeminal nerve
rescued the impaired epithelial wound healing response. Partial
recovery of the expression levels of the stem/progenitor cell
markers, cell proliferation and NGF upregulation in the
peripheral limbal epithelium documented the reversal role of
TRPV4 transfection. However, TRPV4 gene transfection failed
to promote nerve fiber regeneration. Nevertheless, these results
show that TRPV4 sensory function is essential to sustain the stem-
like peripheral/limbal cell phenotype that is the predominant
mechanism underlying corneal epithelial homeostasis.
CORNEAL ALKALI BURN

One of our areas of interest deals with characterizing how an
alkali burn induces corneal fibrosis in mice (15, 82, 83). In our
initial study dealing with this question TRPV1 knockdown
suppressed a profound decline in corneal transparency.
Frontiers in Immunology | www.frontiersin.org 6
Our initial study dealing with this question showed that the
loss of TRPV1 function blocked injury-induced profound
increases in inflammation and fibrosis. This suppression
suggested that blocking chemical-induced TRPV1 channel
activation could provide a therapeutic approach in lessening
inflammation-based corneal diseases. We resolved that the
wound healing response to an alkali injury stems from TRPV1
activation on resident stromal cells rather than on infiltrating
inflammatory cells. This was done by transplanting bone marrow
(BM) cells via tail vein infusion into recipient mice that had
received whole-body irradiation of 12 Gy before BM transfer (i.e.
BMT) (fromWTmice to KOmice or vice versa). The results that
were supportive of this notion showed that TRPV1 KO mice
receiving WT BM still had a better wound healing outcome
because they had both less inflammation and fibrosis than their
WT counterpart chimeras who received instead BMT from KO
mice (82).

We also showed the loss of TRPA1-induced signaling inhibits
chemical injury-induced corneal inflammation and fibrosis in mice
(Figure 1). These blunting effects resulting from the loss of TRPA1
function may be a consequence of a lack of TRPA1-induced
upregulation of TGFb1-related signaling cascades in stromal
keratocytes or fibroblasts. This difference accompanied decreased
activation of Smad3, p38 MAPK, ERK, and JNK. These results
suggest that drug-induced TRPA1 inactivation could be of
therapeutic value in treating inflammation-based corneal diseases.
This conjecture was supported by the findings showing that, the
corneal stromal wound healing response was improved in the
TRPA1(-/-) knockout (KO) mice. They had more transparent
corneas compared with those in the post-alkali burned. wild-type
mice. An examination of the corneal surface and eye globes
suggested the loss of TRPA1 suppressed post-alkali burn
inflammation and fibrosis/scarring, which was confirmed by
histology, immunohistochemistry, and gene expression analysis.
Therefore, a loss or blocking of TRPA1 activation reduces
inflammation and fibrosis/scarring in the corneal stroma during
wound healing following an alkali burn in mice. These results
suggest that there is crosstalk between the TRPA1- linked signaling
pathway axis and its counterpart linked instead to TGFb R
activation by TGFb. To confirmthat TRPA1 expression on the
resident fibroblasts is a critical factor driving fibrosis, we showed
that alkali burning in chimera mice receiving reciprocal BMT.
TRPA1 KO mice receiving WT BM still exhibited a KO-like
phenotype of healing with less inflammatory fibrosis (Figure 2).
On the other hand, such suppression was absent in the WT
counterpart chimeras who received instead BM transplants from
TRPA1 KO mice. These effects confirm that the phenotype in a
TRPA1 KO mouse is dictated by the expression patterns of
inflammatory/fibrotic mediators on resident cells rather than
those on the infiltrating inflammatory cells (15).

In TRPV4-null cultured ocular fibroblasts, myofibroblast
differentiation was downregulated. IL-6 contributes to inducing
this response in WT fibroblasts since injury induced TRPV4
upregulation has a corresponding effect on IL-6 expression levels.
Therefore, the lack of IL-6 upregulation in TRPV4-null
fibroblasts may account for declines in myofibroblast
January 2022 | Volume 12 | Article 731674
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differentiation. On the other hand, TRPV4 activation induces
increases in tissue fibrosis through a signaling pathway that
interacts with a TGFb-dependent signaling pathway in a
mouse model of idiopathic lung disease (83). This result differs
from the current study in which TRPV4 gene ablation did not
alter TGFb1 signaling events controlling inflammation
and fibrosis.

In mouse chimeras, the absence of TRPV4 expression in both
corneal resident cells (mesenchymal cells) and infiltrating
macrophages accounts for the improved KO healing phenotype.
Reciprocal BMT transplants betweenWT or KOmice who received
KO or WT bone marrow, exposure to alkali induced less
inflammation in the KO than their WT counterpart (84). As
indicated above, the absence of TRPV1, TRPA1 suppresses
fibrosis and inflammation through inhibiting transactivation of
TGF -induced signaling events whereas in TRPV4 knockout mice.
Furthermore, interleukin -6 (IL-6)-induced fibrosis and
inflammation depend on stromal TRPV4 access and activation in
Frontiers in Immunology | www.frontiersin.org 7
a severe injury model (82). These undesirable effects in wild-type
mice may result in part from enhanced TGF-b1 or IL-6 stimulation
of its cognate receptor that augments phospho-p38MAPK signaling
and upregulates both Smad2/3 phosphorylation and a linked
cytokine response underlying inflammation and fibrosis. Taken
together, injury-induced increases in TRPV1, TRPA1 or TRPV4
activation on resident stromal fibroblasts initially mediates innate
immune responses, which provide an adaptive advantage against
pathogenic infiltration. However, if this response is dysregulated
resulting in persistent rather than self-limiting activation the
resulting proinflammatory cytokine storm can lead to blindness.
TRP CHANNEL FUNCTION IN LUNG,
LIVER AND INTESTINE

TRPV1, TRPM8, and TRPA1 are different channel subtypes
expressed on airway sensory nerve terminals and serve as
A

B

C

FIGURE 1 | Loss of TRPA1 function blunts inflammatory fibrosis responses to corneal injury.(A) Comparison of wound healing progression in wild-type (WT) and
TRPA1–null (KO) alkali-burned mouse corneas. At 5, 10, and 20 days after injury, the incidence and degree of opacification and surface irregularity in the healing
cornea was more prominent in the WT mice than the TRPA1 KO mice. (B) Hematoxylin and eosin (H&E) histological and immunohistochemical changes in burned
corneas at day 10. H&E staining shows that the burned corneas have a larger cell population (presumably inflammatory cells) and the WT cornea appear more
disorganized than their KO counterpart. The stromal thickness of the WT corneas is greater than in the KO corneas throughout the entire healing period.
Immunohistochemistry findings suggest that the density of the myeloperoxidase (MPO)-labeled polymorphonuclear leukocytes (PMNs) and F4/80-labeled
macrophages is larger in the WT cornea than in the KO cornea. During the wound healing process, there appear to be many more aPO)-labeled-positive
myofibroblasts in the WT mice than in the TRPA1 KO. Furthermore, the anti-apositive myofibroblasts in the WT mice than in the TRPA1 KO. Furthermore, the anti-
rger in the WT (C) Active TGFbpositive myofibroblasts in the WT mice than in the TRPA1 KO. Furthermore, the anti-rger in (C) Real-time RT-PCR analyses of MPO,
F4/80, han in the TRPA1 KO. Furthermore, the anti-rger in the WT c. Activepoint in the TRPA1 KO corneas than those in the WT corneas. Data represent mean ±
SEM from five specimens in each condition (bar). *P < 0.05. Reprinted from Okada et al with permission from Lab Invest.
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molecular detectors of thermal and chemical stimuli, their
activation induces pain, inflammation, and fibrosis in many
organs. They are activated by exogenous ligands such as
pepper, mint, and mustard plants and in turn induce acute or
persistent pain (85). Allergen-induced asthma stems from
TRPA1 upregulation which has a proinflammatory role in the
lungs of mice (86). Recently, it was reported that TRPV4
activation is defective and contributes to inducing idiopathic
lung fibrosis through promoting fibroblast transdifferentiation
into myofibroblasts in the airway epithelia of cystic fibrosis
patients and in mice (87, 88).

Furthermore, it was recently shown that TRPV4 expression
was upregulated in pulmonary fibrotic tissues and cells (83). In
agreement with this finding, TRPV4-deficient mice were found to
be protected from fibrosis with less lung collagen accumulation,
myofibroblast differentiation and lower mortality. Also, TRP
channel activation on sensory neurons has a role in inducing
the cough reflex in chronic lung diseases. This realization has
prompted suggestions that these ion channels may be appropriate
targets to treat such symptomology.
Frontiers in Immunology | www.frontiersin.org 8
Recently, TRPV4 expression was found to be elevated in hepatic
fibrotic tissues and TGF-b1 expression levels were also upregulated
in-stimulated hepatic stellate cells (89). Furthermore, TRPV4 was a
direct microRNA-203 target, which in turn promoted TGF-b1-
induced hepatic stellate cell proliferation (89). Also, TRPA1 is highly
expressed in the intestinal lamina propria and in the stenotic
intestinal regions of Crohn’s disease (CD) patients, which
increased TRPA1/heat shock protein 47 double-positive cells
accumulation in the stenotic intestinal regions of CD patients. On
the other hand, the anti-inflammatory actions of TRPA1 may
protect against intestinal fibrosis. If such an effect is confirmed,
drug targeting TRPA1 expression may be provide a novel approach
to improve management of highly incurable inflammatory/fibrotic
disorders, especially CD.
POTENTIAL DRUG TARGETS

The protective role is still not clear of TRP expression in
maintaining corneal homeostasis by offsetting the damaging
A

B

FIGURE 2 | Time dependent healing of an alkali-burned cornea in a bone marrow transplanted (BMT) mouse. (A) A wild-type (WT) mouse is injected with bone
marrow (BM) from a WT mouse (WT -to-WT) at 10 and 20 days after alkali burning. The responses are compared with those occurring in a WT mouse that receives
instead BM from a TRPA1-null (KO) mouse (KO -to-WT). This manipulation results in greater opacification and neovascularization than in the KO mouse that receives
instead BM from a WT mouse (WT –to-KO) group. (B) H&E histology shows increases in cell density in the swollen stroma of a KO-to-WT cornea as compared with
a WT-to-KO tissue. Immunohistochemistry indicates that the cornea of a WT-to-KO mouse has less stromal immunoreactivity as compared with the KO-to-WT
tissue. Scale bar, 100 mimmunoreactivity as compared with the KO-to-WT tissuLab Invest.
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effects of environmental stresses on tissue function. On the
other hand, their involvement in inducing corneal
pathogenesis requires clarification. Our studies identified
TRPV1, TRPA1 and TRPV4 as potential drug targets to treat
sight compromising corneal injuries caused by a chemical burn
in mice (15, 82, 83) (Figure 3). Their individual roles were
clarified based on showing that severe injury of gene silenced
littermates induced chronic immune responses and stromal
fibrosis that were all remarkably attenuated resulting in
hastening of a much more favorable wound healing outcome.
However, in these gene silenced mice, the wound healing
response to epithelial defects was delayed because transient
activation of these TRPs subtypes in wildtype mice promotes
cell proliferation and migration. These diametrically opposed
effects on the time required for completion of the wound healing
response hinders designing drugs, which can selectively activate
epithelial TRPV1 and TRPV4 channels to accelerate re-
epithelialization, but at the same time inhibit stromal TRPV1,
TRPA1 and TRPV4 activation and suppress chronic
inflammation as well as fibrosis. Overcoming this complication
depends on determining if it is possible to design agents that can
target specific sites that solely modulate a response of interest. In
other words, meaningful drug development awaits delineating
Frontiers in Immunology | www.frontiersin.org 9
whether there are specific sites on TRP channel structure that
elicit each of these responses. Some progress has been reported in
this regard by identifying site specific domains on TRP channels
whose occupancy induces a specific response. Specifically, it is
now possible with different novel TRPV1 antagonists to
selectively inhibit pain induction without inducing a rise in
body temperature. Unlike these novel antagonists, which are
currently being evaluated for possible clinical use, systemic
inhibition of TRP channel function with more extensively
characterized antagonists causes body temperature to rise even
though they inhibit inflammation and myofibroblast
transdifferentiation.

The roles of systemic TRPV1, TRPA1 or TRPV4 channels in
mediating control of functions related to corneal wound healing
were confirmed based on characterizing the effects of loss of
function on the responses underlying injury-induced corneal
wound healing. With TRPV1 and TRPA1, it was possible to
document drug selectivity based on showing that antagonist
administration had effects that were similar to those induced in
each of the knockout models. Furthermore, our results suggest
that each of the signaling pathways linked to TRPV1, TRPA1 and
TRPV4 activation interact with one another during the wound
healing process. Finally, such interactions can also involve
A

B

FIGURE 3 | TRPA1 antagonist (HC-030031) treatment improves alkali burn-induced wound healing response in wild-type (WT) mice. (A) In WT mice, wound healing
progression is compared at 5, 10 or 20 days after injury in the presence and absence of HC-030031. At each time point, corneal transparency restoration is
markedly improved in the mice treated with this antagonist. At day 20, corneal transparency is restored in an antagonist treated mouse, but not in an untreated
mouse. (B) The immunohistochemical staining patterns and the H&E stained histology are shown of burned corneas at day 10. The stromal organization is more
poorly preserved in the untreated mice than in the antagonist treated mice. The infiltration levels of MPO-labeled neutrophils and F4/80-positive macrophages are
lower in the antagonist treated mice than in the untreated counterpart. Similarly, the ahe immunohistochemicastaining are also less in the antagonist treated cornea
than in their untreated counterpart. Scale bar, 100 Lab Invest.
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crosstalk with signaling pathways mediating IL-6 and TGFb
control of responses that underlie the development of
inflammatory/fibrosis (Figure 4).
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