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Abstract: The eyes provide themselves with immune tolerance. Frequent skin inflammatory diseases
in young blind people suggest, nonetheless, that the eyes instruct a systemic immune tolerance
that benefits the whole body. We tested this premise by using delayed skin contact hypersensitivity
(DSCH) as a tool to compare the inflammatory response developed by sighted (S) and birth-enucleated
(BE) mice against oxazolone or dinitrofluorobenzene at the ages of 10, 30 and 60 days of life. Adult
mice enucleated (AE) at 60 days of age were also assessed when they reached 120 days of life. BE
mice displayed exacerbated DSCH at 60 but not at 10 or 30 days of age. AE mice, in contrast, show no
exacerbated DSCH. Skin inflammation in 60-day-old BE mice was hapten exclusive and supported by
distinct CD8* lymphocytes. The number of intraepidermal T lymphocytes and migrating Langerhans
cells was, however, similar between S and BE mice by the age of 60 days. Our observations support
the idea that the eyes instruct systemic immune tolerance that benefits organs outside the eyes from an
early age. The higher prevalence of inflammatory skin disorders reported in young people might then
reflect reduced immune tolerance associated with the impaired functional morphology of the eyes.

Keywords: eye enucleation; skin contact hypersensitivity; blindness; neuro-immune interactions;
skin inflammation; T regulatory lymphocytes; skin-brain axis

1. Introduction

The eyes are the premier visual sensory organs. They, however, provide themselves
with immune tolerance when challenged with foreign antigens [1-8]. This property emerges
from a complex network of interactions established among the cellular and acellular
components within the eyes and between the eyes and the lymphoid organs across the
body [9-19].

Many assure that the immune tolerance induced by the eyes is intended to avoid
intraocular damage [20]. However, the fact that young people with congenital or acquired
after birth (fever, post-infection, accident, or surgery) blindness frequently develop inflam-
matory skin diseases [21,22], suggests that the eyes may help secure immune tolerance
across the body, that is, beyond eye boundaries. In support of this notion, it is known
that altering the photoperiod deteriorates delayed skin contact hypersensitivity (DSCH) in
rodents [1,2,8], light entering the eyes regulates immune function through an assortment of
mechanisms in a variety of animals, including humans [23], corneal nerve ablation disables
immune tolerance induced by mucosal surfaces after promoting the generation of contra
suppressor cells [10-17], and neonatal enucleation leads to increased macrophage phago-
cytic activity in the liver of adult rats [24]. It is also common to observe oculocutaneous
manifestations preceding multisystem inflammatory disorders [25,26].
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In mice, adult immune responses are conditioned early in postnatal development [27-29].
Immune tolerance, on the other hand, is set up by regulatory T lymphocytes early in
life [30,31]. It is known that immune tolerance induced by the eyes promotes the formation
of regulatory T lymphocytes [4-32]. Thus, it could be that the systemic immune tolerance
instructed by the eyes and the benefits it brings to the body are primed early in life. In this
work, we tested these premises by evaluating DSCH in adult mice that were enucleated
at birth or at 60 days of age. Mice enucleated at birth but not enucleated at adulthood
showed enhanced DSCH. These observations suggest that the eyes prime systemic immune
tolerance at an early age. Once this happens, such tolerance becomes permanent, providing
lasting benefits to the body, even if the eyes are absent later in life. Thus, upcoming
clinical studies must assess whether the systemic immunological tolerance of young blind
people with a higher-than-average prevalence of inflammatory skin disorders is indeed
impaired and whether adult individuals with late-onset blindness have immune tolerance
relatively preserved.

2. Materials and Methods
2.1. Animals

Eight- to ten-week-old, outbred, timed, pregnant CD1 female mice were housed in
barriers in individual cages and maintained at temperature (21-23 °C), humidity (50%), and
light (day/night regular cycles, 7:00 light on/19:00 light off) controlled rooms located in the
Unidad de Modelos Bioldgicos, Instituto de Investigaciones Biomédicas (IIB), Universidad
Nacional Autéonoma de México (UNAM). Pregnant mice had free access to sterilized mouse
chow and clean water. The cages had sterilized pelleted hardwood bedding that was
changed twice weekly. Upon delivery, litters were divided into two groups. The first
cohort provided mice used to perform the developmental study. Mice from the second
cohort were raised until adulthood. In each case, the number of pups was adjusted to eight
per litter, keeping the original sex ratio constant for each one. Pups were weaned at the
age of 21 days. All males were housed in groups of five after weaning and kept in the
animal facility as already described. The experiments were conducted only on male pups.
Half of the pups from the litters dedicated to the development study underwent bilateral
enucleation six hours after birth. The other half remained sighted (S) but underwent the
same manipulations as their BE siblings, except for surgery. On the other hand, pups
dedicated to adult experiments were kept sighted until 60 days of age. Here too, half of the
adult males (A) underwent bilateral enucleation on postnatal day 61; the other half were
kept in sight.

For developmental studies, S and BE pups were cryo-anesthetized after being placed
on crushed ice for up to 12 min; this time, it interrupts neural transmission and has
no impact on the further development of the pups. Regularly, analgesia for hypothermia
induced by this method lasts approximately 10 min, enough time to conduct the enucleation
bilaterally. At the end of the procedure, each pup was placed on a thermal blanket until
it fully regained movement, color, and temperature. Full recovery usually occurred after
about 30 min, after which time the pups were returned to their mothers. Pups were always
monitored to avoid overheating and/or rapid overheating, as the latter could cause tissue
damage. We observed the behavior of each mother after returning her litters to her; no
evidence of rejection was observed in any case. Finally, bilateral enucleation in adult mice
was performed under anesthesia induced with ketamine and xylazine; sighted peers of
the same age underwent a similar manipulation but the surgery. Animal handling and
experimental procedures conformed to the rules and recommendations provided by the
NIH Guide for the Care and Use of Laboratory Animals (8th Edition) and were reviewed
and approved by the Comité Para el Cuidado y Uso de Animales de Laboratorio IIB,
UNAM (Protocol #80).
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2.2. Enucleation

Each pup was scrubbed once with a sterile gauze pad moistened in a 70% isopropyl
alcohol USP solution. The eyelids and orbital region of each pup’s face were cleansed three
times with a povidone-iodine solution with the aid of cotton swabs. Pups were transferred
to and placed in the surgical field. An incision along the inter-palpebral fissure was made
using a sterile stainless-steel scalpel blade (#11). The eyelids were carefully separated and
the eye exposed. Each eye was freed from the musculature and grabbed from behind by
carefully sliding a fine-tip precision tweezer from the edge to the back of the orbit. After
detaching the musculature and the optic nerve, the eye was carefully pulled outward,
plucking it from the orbit while avoiding squeezing it during the procedure. Commonly,
bleeding is minute and easily controlled with light compression. The blood clot effectively
sealed the incision. The procedure was repeated on the other side of the face. Sterile
operating room sheets were used to cover the surgical field, but none were used to cover up
the pups. The procedure was performed under stereomicroscopic guidance and followed
aseptic protocols during the execution of the operation. There was no postsurgical need to
use antibiotics or analgesics; morbidity and mortality are extremely low, especially if the
procedure is performed by experienced staff. Adult bilateral enucleation was performed
following the guidelines already described. No palpebral surgical incision was made. Eye
extraction was conducted as noted. Bleeding was controlled by light compression, and
ophthalmic ointments having lidocaine (lidocaine hydrochloride jelly USP 2%; Akorn, Lake
Forest, IL, USA) and erythromycin (0.5% Bausch and Lomb, Rochester, NY, USA) were
used to avoid infections and reduce discomfort after surgery. Lastly, hypothermia was
prevented by warming the mice with a thermal blanket until recovery. Adult S and AE
mice were returned to their home cages upon recovery.

2.3. Ear Swelling Test

Even though we do not have reliable data on the natural frequency of inflammatory
skin disorders in mice, it is relatively common to induce DSCH in laboratory mice [33-37].
In mice, DSCH is elicited experimentally after challenging ear skin with low-molecular-
weight haptens, which have been used to sensitize abdominal skin days before [38]. Here,
we sensitized the abdominal skin with 100 pL of 4-ethoxymethylene-2-phenyl-2-oxazolin-
5-one (oxazolone; OXA; 2% in 100% ethanol; SIGMA-ALDRICH, St. Louis, MO, USA)
or with 25 uL of 2,4-dinitrofluorobenzene (DNFB; 0.5% diluted in acetone/olive oil; 4:1).
After five days of priming, mice were challenged by stroking OXA (1%) or DNFB (0.2%)
on the left ear. The right ear of each mouse, used as an internal control, was stroked with
ethanol or acetone-olive oil, correspondingly. Although both haptens induce DSCH, they
act through different immune pathways and cytokine cascades [39]. To assess the specificity
of the immune response for each hapten, 60-day-old S and BE mice were sensitized with
OXA or croton oil (10 uL; 0.8% diluted in acetone; SIGMA-ALDRICH) and challenged five
days later with DNFB or croton oil, respectively. For mice “sensitized” and “challenged”
with croton oil, the right ear was defied with acetone; croton oil elicits an irritant response
only [40]. OXA-DSCH tests were performed in 60-day-old S and BE mice and 120-day-old
S and AE mice. DNFB-DSCH tests were performed in 10-, 30-, and 60-day-old mice. In
every case, the thickness of both ears was measured with a spring-loaded micrometer every
24 h for five days, and the data are reported and plotted as the difference of the thickness
between the left and the right ears.

2.4. Ear Cytokine Inflammatory Profile

DSCH features local increments of pro-inflammatory cytokines. We assessed whether
the profile of proinflammatory cytokines associated with exacerbated DSCH in 60-day-old
BE mice was higher relative to S mice after priming and OXA challenge (n = 3/group in
a single assay). The mice were sacrificed 24 h after performing the test using CO,. The
ears were separated from their heads and mechanically homogenized in deionized water
at pH 7.4 (titrated, if needed, with NaOH 0.1 N) at 4 °C. The homogenates were then
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frozen on dry ice and thawed at 37 °C. Subsequently, they were sonicated and centrifuged
at 14,000 rpm for 5 min at 4 °C. The supernatants were collected, their protein content
quantified (Bradford’s assay; Bio-Rad, Hercules, CA, USA), and the concentration of pro-
inflammatory cytokines was estimated spectrophotometrically (at A 450 nm) by using the
Multi-Analyte ELISArray Kit, following the manufacturer’s instructions (SABiosciences,
Frederick, MD, USA).

2.5. Ear Skin Histology

DSCH is a process mediated by memory T lymphocytes. Here, lymphocyte infil-
tration was initially corroborated in Hematoxylin—Eosin (HE) stained material, followed
by immunostaining against the co-receptor CD8, a membrane glycoprotein featured by
memory T lymphocytes [41]. For HE (n = 6/group, three replicates comprising two mice
each), OXA-sensitized and challenged 60-day-old S and BE mice were euthanized at the
peak of the inflammatory response with pentobarbital (40 mg/kg body weight). Each
mouse was perfused through the heart with saline solution (0.15 M) followed by buffered
paraformaldehyde (4%; phosphate buffer 0.1 M, pH 7.4; PB). The left and right ears were
detached from their heads and immersed for 2 h in the same fixative. Small blocks of tissue
(3 mm?) were crafted from control and challenged ears. These blocks were dehydrated in
alcohol, defatted in xylene, and embedded in paraffin. Microtome sections (5 um thick;
10 sections per mouse) were mounted on glass slides (Super Frost, Thermo Fisher Scientific,
Waltham, MA, USA), dried, dewaxed, rehydrated and stained with HE, following a conven-
tional protocol sequence. Slides were finally dehydrated in alcohol, cleared in xylene, and
mounted with Cytoseal 60 (Thermo-Shandon (Cambridge, UK), Richard Allan Scientific
(Canton, MI, USA), and CTR Scientific (Monterrey, Mexico). For immunohistochemistry
(n = 9/group, three replicates comprising three mice each), mice were euthanized, and
their ears were dissected and processed as above. Ear tissue blocks were rapidly frozen in
2-methyl butane pre-chilled with dry ice. Cryostat sections (10 um thick; 10 sections per
mouse) were mounted on gelatin-coated glass slides, air-dried and stored at —70 °C until
use. On the day of the experiment, the sections were fixed in acetone at —20 °C for 15 min,
washed in PB and pre-incubated with blocking serum (3% goat serum diluted in PB) for
three hours at room temperature. The sections were incubated with primary antibodies
raised in rats against mouse CD8 (1:100; Chemicon, Temecula, CA, USA) diluted in blocking
solution (goat serum diluted 1:1000 in PB) for 18 h at 4 °C. After three washes in PB at room
temperature, sections were incubated with secondary antibodies raised in donkey against
rat IgG (1:1000 diluted in PB; Invitrogen, Carlsbad, CA, USA), labeled with Alexa Fluor
594, for 2 h at room temperature. After three washes in PB, slides were cover-slipped with
an anti-fade mounting medium (Vector Laboratories, Newark, CA, USA). All this material
was used to describe qualitatively the histological features of the skin and corroborate
(or not) the presence of immune infiltrates in OXA-challenged (left) or vehicle-exposed
(right) ears. The images were captured (60x) and digitized by using an upright, bright-field
Nikon Optiphot 2 microscope equipped with a Nikon Coolpix 900 digital camera (Nikon
Instruments Inc., Melville, NY, USA.

2.6. Substance P Antagonization

DSCH involves the exchange of immune cells back and forth between skin-challenged
sites and the nearby lymph nodes. The mobilization of specific memory T cells from the
lymph nodes to the skin during DSCH is favored by the substance P released from sensory
neurons [40,42-48]. To evaluate whether the exacerbation of DSCH in BE mice indeed
involved immune memory, we assessed whether ear swelling could be prevented or atten-
uated in S and BE mice after antagonizing the actions of substance P in the auricular lymph
node. Accordingly, sixty-day-old S and BE mice were OXA-sensitized and challenged
four weeks later (in a single assay with 3 animals per group). The left auricular ganglion
was bathed, by subcutaneous injection, with a solution containing cis-2-(Diphenylmethyl)—
N-[(2-iodophenyl) methyl]-1-azabicyclo [2.2.2] octan-3-aminutese oxalate salt (L-703,606;
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5 mg/mL in 120 uL saline; SIGMA-ALDRICH). The drug was administered thirty minutes
before applying the challenge. The right auricular lymph node was bathed with saline only.
Ear thickness was estimated 24 h later.

2.7. Dendritic Epidermal T Cells (DETCs) Number

Local DETCs downregulate skin inflammatory responses [49-54]. A differing number
of them could explain the exacerbation of DSCH in 60-day-old BE mice. Therefore, 60-day-
old S and BE mice (n = 9/group, three experiments with three animals each) were sacrificed
to explore whether the number of DETCs decreased in the ear skin after enucleation at birth.
After sacrifice, the ears were clipped from each mouse head and separated into medial
and lateral flaps. The outer flap was incubated in a solution containing 0.5 M EDTA for
2-3 h at room temperature until the epidermis separated from the dermis. The epidermal
sheets were washed in PB, fixed in 100% acetone at —20 °C for 15 min, and washed again
in PB. They were incubated first in blocking serum (3% bovine serum albumin diluted in
PB; BSA) for 2 h at room temperature, and then with primary antibodies raised in hamsters
against mouse CD3e (145-2C11; Chemicon), diluted 1:1000 in blocking serum, for 18 h
at 4 °C. After 3 washes in PB, the epidermal sheets were incubated with biotin-labeled
goat anti-hamster IgG secondary antibodies (1:1000; Vector) for 2 h at room temperature.
Once again, samples were washed three times in PB and incubated with biotinylated
peroxidase diluted in PB for three hours at room temperature (Vectastain Elite ABC Kit,
Vector Laboratories). Lastly, after three additional washes, epidermal sheets were incubated
with 3,3-diaminutesobenzidine and H,O;. The reaction was stopped one minute later by
thoroughly washing with PB. Epidermal sheets were mounted onto gelatin-subbed slides,
dried at room temperature, and cover-slipped with Cystoseal 60. The stained samples were
used to capture digital images across epidermal sheets. Ten fields were taken randomly
from each left and right ear per animal at 60x. The density of intraepithelial CD3¢ positive
T lymphocytes was estimated by counting manually the number of cells in 9 mm?. Images
were captured and digitized by using an upright Nikon Optiphot 2 bright-field microscope
equipped with a Nikon Coolpix 900 digital camera.

2.8. Skintl mRNA Expression

Skint1 is a protein that positively selects intraepithelial T lymphocytes while in the
thymus. It also helps target these cells to the epidermis during fetal development [55].
Skint1 is expressed by keratinocytes [56,57]. Because, on the one hand, keratinocytes in
BE mice are hypertrophic, and on the other hand, DETCs colonize the skin shortly after
birth [56], we thought that Skint1 expression might differ between S and BE mice. Sixty-
day-old mice of both groups (1 = 6/group, two experiments with two or three animals each)
were euthanized by using CO;. Their ears were separated from their heads and preserved in
TRIzol (Thermo Fisher Scientific). The samples were incubated with DNase, RNase-free, as
advised by the manufacturer (Invitrogen). RNA was reverse transcribed with SuperScript
II (42 °C for one hour). cDNA was amplified with Taq DNA polymerase (Invitrogen)
using the forward primer: cttcttcagatggtcacagca and the reverse primer: cctgttagagggttctga
(Skint1 GenBank entry: EF494889.1). Polymerase chain reaction was performed during
30 cycles (95 °C/30s, 55 °C/60 s, and 72 °C/60 s) using a T100 Thermal Cycler (Bio-Rad
Laboratories, Ciudad de México, México).

2.9. Analyses of Langerhans’ Cells Migration by Flow Cytometry

Langerhans cells play a central role in modulating the adaptive lymphocytic immune
response during the DSCH sensitization phase [58-62]. Facilitated migration of Langerhans
cells from the skin to the lymph nodes could explain the exacerbation of DSCH in BE mice,
especially since OXA-induced DSCH reduces lymphatic drainage while enhancing the
adaptive immune response [63]. Then, the thorax and abdomen of 60-day-old S (n =5
per time point) and BE (n = 8 per time point) mice were shaved and varnished with
200 pL of fluorescein isothiocyanate isomer 1 (FITC; 1%; SIGMA-ALDRICH) dissolved
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1:1 in acetone: dibutylphtalate [64]. Mice were euthanized with CO, 24, 48, 72 and 96 h
after FITC application. The inguinal, brachial, and axillary lymph nodes of each mouse
were obtained, pulled for minutes, and incubated in a solution containing collagenase
(1 mg/mL) and DNAse (0.02 mg/mL) in RPMI 1640 (Roswell Park Memorial Institute;
Gibco Thermo Fisher Scientific, Ciudad de México, México) for 20 min at room temperature;
EDTA (0.1 M) was added 5 min before the end of the incubation to inactivate collagenase.
Disaggregated lymph nodes were filtered through 70-pum-pore-diameter sieves. The FITC-
labeled cell suspension was recovered and washed in phosphate-buffered saline (15 mM
pH 7.4) supplemented with fetal bovine serum (2%) and NaN3 (0.02%) (PBS-BSA), pelleted
by centrifugation (1800 rpm) at 4 °C for 10 min, and incubated with normal mouse serum
(obtained from the animal facility at IIB) diluted 1:20 in PBS-BA for 30 min at 4 °C. FITC-
labeled lymphoid cells were identified using PE hamster anti-mouse CD11c (1:100; BD
Biosciences, Franklin Lakes, NJ, USA) and PE/Cy5 rat anti-mouse I-A/I-E (MHC-II; 1:100;
BioLegend, San Diego, CA, USA) monoclonal antibodies for 20 min at room temperature.
After washing with PBS-BSA, cells were fixed with 1% buffered paraformaldehyde for
20 min and washed. Cells were permeabilized with saponin (0.5%) diluted in PBS-BSA for
15 min at room temperature and incubated with Alexa Fluor 647 Rat anti-mouse CD207
antibody (1:100; eBioscience, San Diego, CA, USA) diluted in PBS-BSA. They were analyzed
on a FACSCalibur cytometer (BD Biosciences, Ciudad de México, México). Data were
analyzed with Cell Quest and Flow]O software both by BD Bioscience.

2.10. Statistics

Experiments and data collection were conducted double-blind after having the mice
randomly coded by people (non-participants) different from those involved in conduct-
ing either the experiments or the data collection and analyses. The validity of the null
hypothesis for the mean values obtained from the parameters considered was evaluated
by using pairwise, two-tailed Student’s ¢-tests (contact hypersensitivity analysis, DETCs
counting, and FITC+ Langerhans’ cells migration) or ANOVA (pro-inflammatory cytokine
measurements) by using GraphPad Prism 6.05 and 8.1.2 Software and Origin 9.1 Software.
A normality test was performed on the data set that corresponds to DETC counts. Values
of p < 0.05 were considered statistically significant. Results are expressed as mean &= SEM.
Graphs were made with both software programs mentioned before.

3. Results
3.1. Skin Contact Hypersensitivity Is Exacerbated in Adult Mice Enucleated at Birth

We postulated that systemic immune tolerance provided by the eyes and the benefits
it brings to the body are primed early in life. This concept was verified by combining
birth or adult bilateral enucleation with DSCH assessment at different ages. Accordingly,
60-day-old BE mice developed an exacerbated DSCH response after being challenged with
either OXA (Figures 1a and 2a) or DNFB (Figure 2). For DNFB, this response was unseen at
PD10 or PD30 (Figure 2) and was absent in AE mice when sensitized and challenged with
OXA 60 days after enucleation (Figure 3). Thus, these results circumstantially support the
prediction made and further suggest that once DSCH is strengthened and consolidated by
the age of 60 days, it endures.

Ear swelling during DSCH must be accompanied by inflammation. We then corrobo-
rated that inflammation does occur in the ears of OXA-sensitized S and BE mice. First, we
showed that the ears in both groups of mice increased the availability of proinflammatory
cytokines at the peak of DSCH when challenged (Figure 1b). Although cytokine availability
varied individually within and between groups of mice, as a population, BE mice tended to
exhibit higher concentration values for nine of the twelve proinflammatory cytokines tested
(Figure 1b). Definitive results, nonetheless, will require increasing the sample size. Despite
this shortcoming, the inflammatory cytokine profile observed in BE mice is comparable to
the one previously reported for delayed-type hypersensitivity [65-67]. This circumstance
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supports the idea that the exacerbated DSCH in 60-day-old BE mice involves adaptive
immunity and does not simply result from a non-inflammatory edema.
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Figure 1. Adult mice enucleated at birth display an exacerbated delayed skin contact hypersensitivity
(DSCH) response. (a) Time-lapse graph that depicts the progression of the ear’s inflammatory
response observed in oxazolone (OXA-sensitized, sighted (S) or birth-enucleated (BE) 60-day-old
mice after being challenged with OXA. Notice that DSCH is exacerbated after enucleation at birth.
Data represents the mean + SEM; Pair-wise Student’s t-test: * p < 0.05. (b) Bar graph that shows
the concentration of pro-inflammatory cytokines in supernatants obtained from the ears of OXA-
sensitized and challenged 60-day-old S or BE mice as determined by ELISA. The availability of
proinflammatory cytokines tended to be higher in BE mice. Data represent the mean + SEM; ANOVA
test: * p < 0.05. Representative photomicrographs of ear sections of OXA-sensitized S mice stained
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with hematoxylin and eosin after being challenged with ethanol (c) or OXA (d). Representative
photomicrographs of ear sections of OXA-sensitized BE mice stained with hematoxylin and eosin after
being challenged with ethanol (e) or OXA (f). Notice that the lymphocytic infiltration occurs in OXA-
challenged ears but not in ethanol-defied ones. Also, lymphocyte infiltrates are greater in BE mice.
(8) A representative photomicrograph showing the presence of CD8" lymphocytes in the infiltrates
observed in OXA-sensitized and challenged BE mice, thus confirming that ear swelling is not a
non-inflammatory edema. Scale bar = 30 um. Data for (a,b) can be found in Supplementary Material.
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Figure 2. The eyes instruct systemic immune tolerance early after birth. Time-lapse graph that
depicts the progression of the ear’s inflammatory response observed in dinitrofluorobenzene (DNFB)
sensitized and challenged 10- (a) PD10), 30- ((b) PD30) and 60- ((c) PD60), day-old sighted (S) or birth
enucleated (BE) mice. Note that, in BE mice, exacerbation of the delayed skin-contact hypersensitivity
response occurs up to PD60. Data represent the mean + SEM; Pair-wise Student’s t-test; * p < 0.05.
Data for (a—c) can be found in Supplementary Material.

Ears from OXA-sensitized S (Figure 1d) and BE (Figure 1f) mice not only showed
proinflammatory cytokine profiles but also displayed lymphocyte infiltrations after be-
ing challenged with OXA (Figure 1c) but not with ethanol (Figure le). Qualitatively, the
infiltrates appear “denser” in BE mice and have abundant lymphocyte clumps (compare
dermal infiltrates in Figure 1d,f), a histological landscape suggesting that memory T cells
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were mobilized and recruited in the challenged ear [66,67]. In support of this possibility, we
found that CD8" T lymphocytes are part of the infiltrates (Figure 1g) and that the substance
P antagonist L-703,606 prevented DSCH in OXA-challenged, sensitized, 60-day-old BE mice
(Figure 4). Although we did not document the arrival of CD4* helper/regulatory T cells to
OXA-sensitized ears, it is known that IL12, IL6 and IL4 cytokines, which were found to be
elevated in OXA-sensitized BE mice, govern CD4" lymphocyte dynamics and differentia-
tion during skin contact hypersensitivity reactions [68]. So, it is reasonable to expect that
they were also present in the lymphocyte infiltrations of OXA-sensitized /challenged ears.

50

N
o
1

w
o
1

A Ears thickness (0.01 mm)

-
o
1

S AE

Figure 3. Mice enucleated at 60 days of age do not exhibit the exacerbation of the delayed skin
contact hypersensitivity (DSCH) response when tested at 120 days of age. Bar graph that depicts
the magnitude of the skin contact hypersensitivity response in oxazolone (OXA) sensitized and
challenged, 120-day-old sighted (S) or enucleated mice. In the latter group of mice, enucleation was
performed at 60 days of age. Notice that both S and adult enucleated (AE) mice’s ears inflame to a
similar extent, relative to the thickness of the contralateral ears that were brushstroked with ethanol
only. Thus, adult enucleation does not cause DSCH to overreact as it does after neonatal enucleation.
Data represent the mean + SEM; Pair-wise Student’s ¢-test: non-significant. Data for this figure can
be found in Supplementary Material.
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Figure 4. The antagonization of substance P prevents the exacerbation of delayed skin contact hyper-
sensitivity (DSCH) responses in birth-enucleated (BE) mice. Bar graph that depicts the magnitude of
DSCH in oxazolone (OXA) sensitized and challenged 60-day-old BE mice following the irrigation of
the auricular lymph node with L-703,606, a drug that antagonizes substance P binding to the NK-1
receptor. Note that L-703,606 prevents DSCH from progressing after the OXA challenge, suggesting
that effector T lymphocyte migration and recruitment are hindered and that efferent neural mecha-
nisms are involved. Data represent the mean £ SEM; Pair-wise Student’s t-test; * p < 0.05. Data for
this figure can be found in Supplementary Material.
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Lastly, DSCH induced by OXA or DNFB in 60-day-old S and BE mice was specific
since no DSCH was observed when OXA and DNFB-sensitized S or BE mice were cross-
challenged with these haptens (Figure 5a) or when they were sensitized and challenged
with croton oil (Figure 5b). In addition, the fact that the kinetics of the response for each
hapten in both mouse groups differed (compare Figures 1a and 4c) supports the specificity
of DSCH responses observed and agrees with the conclusions that OXA and DNFB induce
DSCH through distinct mechanisms [39,67,69,70].
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Figure 5. Delayed skin contact hypersensitivity (DSCH) responses, whether exacerbated or not, are
hapten-specific. (a) Time-lapse graph that depicts the progression of the ear’s inflammatory response
observed in oxazolone (OXA) sensitized and challenged 60-day-old sighted (S) or birth enucleated
(BE) mice. The graph also shows the progression of DSCH in 60-day-old S and BE mice that were OXA
sensitized but unchallenged or OXA sensitized but challenged with dinitrofluorobenzene (DNFB).
Notice that none of the last four groups developed DSCH. (b) Time-lapse graph that depicts the
progression of the ear’s inflammatory response observed in croton oil-sensitized and challenged
60-day-old S or BE mice. Croton oil alone elicits a long-lasting irritant response of similar magnitude
in both groups of mice. Data represent the mean + SEM; Pair-wise Student’s t-test: * p < 0.05. Data
for this figure can be found in Supplementary Material.

3.2. Shifts in DETC Density Do Not Explain Exacerbated DSCH Response in BE Mice

Atopic dermatitis features epidermal thickening [71-74] prompted in part by the
interplay of neurotrophins [75-78] and numerous cytokines [79,80]. Here, we found the
epidermis thickened (Figures 1c—f and 6a,b; see also [81] for a similar result in rats) and
some of the proinflammatory cytokines involved in regulating keratinocyte growth and
differentiation (e.g., IL4, IL6 and IL17) upregulated two months after enucleation at birth.
In a previous study, neurotrophin-3 was also found to be increased in the whisker muzzle
of BE rats [82]. These results suggest that, in the absence of eyes from early life, the
rodent skin develops a condition characterized by a deregulated immune response that can
be evidenced by sensitizing and challenging birth-enucleated rodents with OXA and/or
DFBN. The eyes then provide information from an early age that helps the skin regulate its
immune responses in adulthood [83].
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Figure 6. Neonatal enucleation modifies the cytoarchitecture of the epidermis. Representative
photomicrographs of ear skin sections obtained from sighted (a) S) and birth-enucleated (b) BE)
mice stained with hematoxylin and eosin. Keratinocytes become hypertrophied and the epidermis
becomes multilayered in 60-day-old BE mice. Square indicates basal cell layer cuboidal cell in (a),
arrowhead denotes structures resembling spines between adjacent cells of the stratum germinativum,
cross and bullet designate stratum spinosum cells, asterisk shows stratum germinativum columnar cell
and left vertex of the triangle points to intercellular connections between stratum spinosum cells in (b).
Scale bar = 20 um for (a,b). Representative photomicrographs of epidermal sheets of 60-day-old S ((c)
and BE ((d1,d2)) mice immunostained against CD3e. At first glance, S mice seem to display similar
numbers of DETCs across individuals (c). In contrast, BE mice displayed two phenotypes, with
some having greater DETC numbers (d1) than others (d2). The inset in (c) shows that CD3e positive
cells displayed Vy5-TCR immunoreactivity, thus suggesting that these cells are descendants of those
colonizing the skin from the thymus likely during prenatal life. Scale bar = 30 pm for (c,d1,d2).
(e) Column scatter graph shows the density of DETCs in epidermal sheets across 60-day-old S or BE
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mouse populations. Two mouse phenotypes are observed in both groups: those having DETC
densities above or below average. The difference between phenotypes sharpens after neonatal
enucleation. Data represent the mean + SEM; Pair-wise Student’s t-test: ns, non-significant. (f) Digital
photographs that show the results obtained after amplifying Skintl mRNA isolated from the skin of
the ears of six, 60-day-old S or BE mice by using RT-PCR. Skintl mRNA was readily amplified in two
out of six S mice (first lane in (f) exp1 and (f) exp2) and weakly amplified in one out of six S mice
(second lane in (f) exp1) and in two out of six BE mice (third and fourth lanes in (f) exp1). Data for
(e) can be found in Supplementary Material.

DETCs help maintain skin homeostasis, modulate skin immune responses [38,49-54,72,80,83],
and balance keratinocyte differentiation and proliferation [57,84,85]. Since DETCs colonize
the skin early in life [56], we thought that enucleation at birth could alter DETC numbers in
the skin, leading to an exacerbated DSCH response and a thickened epidermis later in life.
Estimates of the CD3¢/Vy5* DETC basal density in epidermal sheets of 60-day-old S and
BE mice revealed, nonetheless, the existence of two similar phenotypes in both experimental
groups of mice. Roughly half of S and BE mice display DETC numbers below average
values. The rest of them had DETC numbers above average values (Figure 6c—e). These
phenotypes segregated more clearly after enucleation at birth (Figure 6d1-e). Phenotype
diversity within and across experimental groups of mice was also observed when Skint1,
a gene whose protein product promotes DETC positive selection in the thymus and skin
homing [55-57,86,87], was amplified in ear skin samples obtained from 60-day-old S and
BE mice. Skintl mRNA was convincingly amplified in two of six S mice (Figure 6f exp1,
exp2). A weak amplification was obtained in one of six S mice (Figure 6f exp1) and in two
of six BE mice (Figure 6f exp1, exp2). We were unable to amplify Skintl1 in the ear samples
of the remaining mice in both groups (Figure 6f expl, exp2). At the present time, the results
described do not allow us to infer the role of DETCs in DSCH, whether it is exacerbated
or not, because all 60-day-old S and BE mice sensitized and challenged with OXA or
DNFB developed a robust DSCH response with relatively small intragroup variations.
Nevertheless, we think DETCs are likely involved as they produce cytokine 17a, a protein
that tends to be elevated in BE mice. Future studies must be designed to dissect the role
of DETCs (and indeed of other T lymphocyte classes; see below) by considering their
morphological and functional heterogeneity [57,84,88,89], the variance of Skint1 expression
across the population of mice studied (e.g., [55]), the relative speed of the DSCH elicitation
phase in individual mice subjected or not to birth enucleation, and the characterization of
the allergic phenotype of each mouse included in the study [90-93].

Since corneal nerve ablation induces the formation of contra-suppressor cells that
disable T regulatory cells produced in the spleen after increasing the local availability of
substance P (e.g., [9]), it might be that enucleation at birth alters systemic T regulatory
cell recruitment after increasing substance P plasma levels. Our results show that bathing
the auricular lymphoid node with an NK1 antagonist prevents the DSCH response in BE
mice (Figure 4) supports this possibility. Further support comes from studies documenting
that substance P (1) indeed circulates as a hormone in the bloodstream, (2) modulates
systemic immune responses, (3) its plasma levels are altered in a variety of immunological
conditions, and (4) exacerbates inflammation in different peripheral sites, including the
skin [44,94,95]. Upcoming experiments must address the likelihood of this possibility.

3.3. Skin Langerhans’ Cells Migration to Lymph Nodes in S- and BE Mice

Langerhans cells, especially those in an immature state, are more likely to instruct
inflammatory responses upon migration to lymph nodes [62-66,96-98]. We then evalu-
ated whether fluorescein-sensitized Langerhans’ cells traveled to lymph nodes in greater
numbers and/or at accelerated rates in 60-day-old BE mice when compared to their S
counterparts, since reduced migration of these cells downsizes the contact hypersensitivity
response [99]. CD11c*"MHCII*CD207*/CD207*FITC* Langerhans’ cells were sorted by
flow cytometry, and their migration was recorded over four consecutive days (Figure 7a).
Our results showed that the number of Langerhans cells moving from the ventral skin to
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the inguinal, brachial, and axillary lymph nodes varies greatly among individuals during
the time window screened (Figure 7b). These results pinpoint that Langerhans’ cells mi-
gration is not perturbed by enucleation by birth under the experimental conditions tested.
Nevertheless, because Langerhans’ cell trafficking may be differentially regulated depend-
ing upon the nature of the antigen used [100] and professional antigen-presenting cells,
including Langerhans’, form a heterogeneous, cooperative, phenotypically diverse network
in which each element has distinct life cycles, migratory properties and antigen-presenting
functions [101-103], clearly our results fall short and are inconclusive. We think that the
next experiments must test whether Langerhans cells migrate differentially to lymphoid
organs following birth enucleation.

al a2

kL 048

~
o
&
a
Q
Forward scatter CD11c
2.5
=
b o
~ 1
=
e ]
+= © . -
S 2 ]
I & 4 -
= . . o°
o 2 1.0
= X ] co
o< ] -
o2 . o
ks B ] o
q) -_ -
o 8 1 A
-(oB + ] L] 4
< O 0.5 v A
@ [ . ry -
o J L4 v
= o v A
S_J + ] A . A
I~ ] - H
o J =] A
8 ] : M v o - A
O : ... = * o o
0.0 T » r T T 9, = *
S BE S BE S BE S BE
24 hrs 48 hrs 72 hrs 96 hrs

Figure 7. Neither the relative quantity (i.e., event number at a given time point) nor the tem-
poral pattern of migration of epidermal Langerhans’ cells recovered from draining lymph nodes
differed between 60-day-old sighted (S) and birth enucleated (BE) mice. (a) Representative flow
cytometry dot plots that delineate the scatter parameters and gating strategy used in the workflow
sequence employed to sort and isolate CD11ct MHCII* CD207* FITC* Langerhans’ cells in both
adult fluorescein-sensitized S and BE mice. This example comes from an experiment conducted
on an S mouse. (b) Bar graph that documents the percentage of CD11ct* MHCII* CD207* FITC*
Langerhans’ cells per 100K cells obtained from pulls of the inguinal, brachial, and axillary lymph
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nodes in fluorescein-sensitized 60-day-old S or BE mice over time. Each geometric figure (circles,
squares, triangles and romboids) spreading along the axis of each column represents individual
mice per group at different time points. Data represent the mean 4+ SEM; Pair-wise Student’s ¢-test:
non-significant. Data for (b) can be found in Supplementary Material.

4. Discussion

The eyes are best understood as visual organs. They, however, also instruct the immune
system to become tolerant against foreign antigens on purpose, it is thought, to prevent
eye autoimmune damage. The presence of frequent skin inflammatory diseases in young
people with congenital or acquired (after birth) blindness [21,22] suggests, nonetheless,
that the immune tolerance instructed by the eyes benefits other organs across the body.
We then tested this premise by using delayed skin contact hypersensitivity (DSCH) as
an experimental tool to induce and compare the inflammatory response developed by
sighted (S) and birth-enucleated (BE) mice when sensitized and challenged with oxazolone
or dinitrofluorobenzene at the ages of 10, 30 and 60 days of life. Fair enough, BE mice
displayed an exacerbated, specific DSCH at 60 but not at 10 or 30 days of age. These results
support the idea that the eyes may indeed prime systemic immune tolerance across the
body. In agreement with this conclusion, the sensitization of the eye’s anterior chamber
with a variety of antigens offers immunological protection against autoimmune diseases or
reduces tissue damage after physical or vascular injury [104-114].

But when do the eyes instruct systemic immune tolerance? In mice, it is known that
adult immune responses are conditioned early in postnatal development and that immune
tolerance is set up by regulatory T lymphocytes also early in life [115]. So, it is possible
that the systemic immune tolerance instructed by the eyes and the benefits it brings to the
rest of the body are primed early in life. To empirically test this possibility, we surgically
removed the eyes of neonatal mice before eye opening. Sixty-day-old BE mice consistently
displayed an exacerbated DSCH. This response was unseen in BE mice at PD10 or PD30
and in mice enucleated at 60 days of age when tested at PD120. This set of observations
supports the idea that the eyes condition systemic immune tolerance from early life and
that this conditioning is long-lasting. Our presumptions gain support from observations
showing that early postnatal enucleation increases liver macrophages” phagocytic activity
in adult rats [24] and that enucleation impairs the ability of the eye’s immune privilege to
re-instate itself in mice subjected to experimental uveoretinitis [106].

The results commented on suggest that the eyes may condition the systemic immune
response before eye opening. Although we did not define the timing when such condition-
ing happens, we think it might occur within the first ten days of life because, in rodents,
this is the time window required for the blood-retinal barrier to be fully impermeable to
foreign antigens [116-119]. Thus, between PD0 and PD10, the developing eyes might be
exposed to a variety of antigens coming from different bodily sources. This early exposure
could sensitize the ocular immune cells before migrating to secondary lymphoid organs,
where they could instruct T regulatory memory lymphocytes, e.g., [106,120]. We presume
that birth enucleation prevents this process. Though this notion is still a working model
(Figure 8), it is known that (1) the immune system is instructed as early as a few hours
after birth, even though immune maturity is reached only after the first month of life in
rodents [27], (2) the adult immune response might be conditioned by neonatal immunolog-
ical challenges as early as 3 to 5 days old (commented by [28]), and (3) the neonatal skin is
colonized by regulatory T cells that mediate immune tolerance to commensal microbes [29].
All these circumstances might also explain why DSCH exacerbation is observed in BE mice
until PD60. In any event, future experiments must address the premises and predictions of
the proposed model.
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Figure 8. Illustration of the putative mechanism that underlies the formation of body immune
tolerance under the instruction of the eyes during early postnatal life. The eyes would instruct the
body’s immune tolerance from birth to several days after eye opening (1). We presumed that, during
the first ten to thirty days after birth, bone marrow or thymus-educated leucocytes might reach the
eyes, where they could receive complementary instructions on immune tolerance. Indeed, the eyes
may operate as a surrogate home for developing T lymphocytes to become fully functional [121].
(2) Neonatal eyes could provide soluble messengers (e.g., TGF-3, «MHS, IL-10; [40,122]) or already-
instructed cells [13,18,20] that, after reaching the bone marrow and/or thymus, may help refine the
development of immune cells in these locales. (3) Peripheral antigen-presenting cells may visit the
eyes prior to blood-retinal barrier formation. While doing so, they might display antigens that help
the eyes instruct their own regulatory immune cells. (L) The inflammatory response could be primed
by light-independent or light-dependent circadian rhythms [123,124], even if the eyes are not open
and the eyelids are translucent. Neuroendocrine signals may also participate in the regulation of
these processes [125-127].

At this point, we would like to comment on a few other physiological processes that
might contribute to explaining DSCH exacerbation in 60-day-old BE mice. The recruitment
of regulatory T lymphocytes is sensitive to circadian entrainment [128] and to melatonin’s
systemic and local availability [129-131]. Neonatal enucleation might thus condition early
colonization of the skin by regulatory T cells and/or resident memory T cells [27,132] after
shifting the availability of melatonin [133]. In addition, birth enucleation might reduce local
exposure to antigens derived from symbiotic/commensal microorganisms, thus disturbing
the homeostasis of skin/mucosae immune tolerance [134-139]. Lastly, neonatal enucleation
could prevent the eyes from providing direct instruction to immature T lymphocytes while
passing through them [121,122].

A couple of considerations are worth making. In humans, previous epidemiological
studies reported a higher-than-normal prevalence of transmissible and non-transmissible
skin disorders among blind students [21,22]. Even though this can be attributed to poor
personal hygiene habits, frequent skin scratching, overexposure to harsh climates and low
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living standards [21,22], our observations suggest that early blindness might compromise
their systemic immune tolerance. In support of this possibility, human clinical studies
show that oculocutaneous manifestations frequently precede multisystem inflammatory
disorders [25,26]. In addition, mice (C57 black) that display underdeveloped anterior
chambers or that lack the eye’s anterior segment have an increased frequency of bacterial
infections [140]. In the absence of reliable data on the prevalence of associations between
mouse skin inflammatory diseases and early or late-onset blindness, our results suggest
that at least in the case of micro-ophthalmic C57 black mice, their increased susceptibility
to develop inflammatory bacterial diseases might be due, in part, to the altered functional
morphology of their eyes.

5. Conclusions

The findings reported here suggest that the eyes provide information that conditions
systemic immune tolerance before eye opening. The immune protection conferred by the
eyes not only benefits themselves but the skin. These results also provide an alternative
explanation for why early-blind youngsters and mice with eyes with altered development
of the eye’s anterior chamber might have a greater prevalence of inflammatory skin dis-
orders. Thus, upcoming experimental animal and human clinical studies must assess
whether the systemic immunological tolerance of young blind subjects with a higher-than-
average prevalence of inflammatory skin disorders is indeed impaired and whether adult
individuals with late-onset blindness have immune tolerance relatively preserved. Also,
future studies must use cell and tissue markers more closely associated with the develop-
ment of immune tolerance in various body organs to begin establishing more directly the
mechanistic framework underlying the eye-instructed systemic immune tolerance.
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Data for Figure 7b.

Author Contributions: Conceptualization, H.V. and G.G.-O.; methodology, H.V.; validation, H.V,;
formal analysis, H.V.; investigation, H.V.; resources, G.G.-O.; data curation, H.V.; writing—original
draft preparation, H.V.; writing—review and editing, G.G.-O.; visualization, H.V.; supervision, G.G.-
O.; project administration, G.G.-O.; funding acquisition, G.G.-O. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding; the annual stipend provided by the author-
ities of the Instituto de Investigaciones Biomédicas, Universidad Nacional Auténoma de México,
supported this work.

Institutional Review Board Statement: The animal study protocol was approved by the Comité Para
el Cuidado y Uso de Animales de Laboratorio, Instituto de Investigaciones Biomédicas, Universidad
Nacional Auténoma de México (No. 80).

Informed Consent Statement: Not applicable.
Data Availability Statement: Databases are made available as Supplementary Material.

Acknowledgments: The authors thank Jestis Ramirez Santos for administrative and technical support.
Gerardo Arrellin Rosas and Georgina Diaz Herrera provided veterinary advice and animal care.
José Alejandro Marmolejo Valencia, Victor Hugo Olivera Rodriguez and Miguel Tapia Rodriguez
offered additional technical support. HVM is a Ph.D. student at the Programa de Doctorado en
Ciencias Biologicas, Direccién General de Estudios de Posgrado, Universidad Nacional Auténoma
de México. This work constitutes a requirement for him to obtain the degree of Doctor in Sciences
in the field of Neuroimmunology. HVM received a fellowship (register number 48382) granted by
the Consejo Nacional de Humanidades, Ciencia y Tecnologia, Gobierno de México, México. This
work was written by GG-O since a part of it was to be conducted during the sabbatical year that was
hosted by Qian-Quan Sun, Department of Physiology, University of Wyoming (March 2021-January
2022). The support for this sabbatical period was provided jointly by the Direccién General de


https://www.mdpi.com/article/10.3390/brainsci13091261/s1
https://www.mdpi.com/article/10.3390/brainsci13091261/s1

Brain Sci. 2023, 13, 1261 17 of 22

Asuntos del Personal Académico, through the Programa de Apoyos para la Superacion del Personal
Académico, Universidad Nacional Auténoma de México, and by the Fulbright Foundation through
the Fulbright Visiting Scholar Program (G-1-00005) sponsored by Fulbright-Comexus funds. GG-O
was appointed honorary adjunct professor (2021-2022) at the Department of Zoology and Physiology
and at the Wyoming Sensory Biology Center of Biomedical Research Excellence, University of
Wyoming, Laramie, Wyoming 82071, USA.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of this study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Ferguson, T.A.; Hayashi, ].D.; Kaplan, H.]. Regulation of the systemic immune response by visible light and the eye. FASEB ].
1988, 2, 3017-3021. [CrossRef]

2. Ferguson, T.A.; Mahendra, S.L.; Hooper, P.; Kaplan, H.J. The wavelength of light governing intraocular immune reactions. Investig.
Ophthalmol. Vis. Sci. 1992, 33, 1788-1795.

3. Mizuno, K,; Clark, A.E,; Streilein, ] W. Anterior chamber-associated immune deviation induced by soluble antigens. Investig.
Ophthalmol. Vis. Sci. 1989, 30, 1112-1119.

4. Wilbanks, G.A; Streilein, J.W. Characterization of suppressor cells in anterior chamber-associated immune deviation (ACAID)
induced by soluble antigen. Evidence of two functionally and phenotypically distinct T-suppressor cell populations. Immunology
1990, 71, 383-389.

5. Welge-Liissen, U.; Wilsch, C.; Neuhardt, T.; Streilein, ].W.; Liitjen-Drecoll, E. Loss of anterior chamber-associated immune
deviation (ACAID) in aged retinal degeneration (rd) mice. Investig. Ophthalmol. Vis. Sci. 1999, 40, 3209-3214.

6.  Suber, M.L.; Hurwitz, M.Y.; Chévez-Barrios, P.; Hurwitz, R.L. Inmune consequences of intraocular administration of modified
adenoviral vectors. Hum. Gene Ther. 2001, 12, 833-838. [CrossRef]

7. Ildefonso, C.J.; Kong, L.; Leen, A.; Chai, S.J.; Petrochelli, V.; Chintagumpala, M.; Hurwitz, M.Y.; Chévez-Barrios, P.; Hurwitz, R.L.
Absence of systemic immune response to adenovectors after intraocular administration to children with retinoblastoma. Mol.
Ther. 2010, 18, 1885-1890. [CrossRef]

8.  Mizutani, H.; Tamagawa-Mineoka, R.; Minami, Y.; Yagita, K.; Katoh, N. Constant light exposure impairs immune tolerance
development in mice. J. Dermatol. Sci. 2017, 86, 63-70. [CrossRef]

9.  Tanihara, H.; Yoshida, M.; Matsumoto, M.; Yoshimura, N. Identification of transforming growth factor-beta expressed in cultured
human retinal pigment epithelial cells. Investig. Ophthalmol. Vis. Sci. 1993, 34, 413-419.

10. Neelam, S.; Niederkorn, ].Y. Corneal nerve ablation abolishes ocular immune privilege by downregulating CD103 on T regulatory
cells. Investig. Ophthalmol. Vis. Sci. 2020, 61, 25. [CrossRef]

11.  Niederkorn, J.Y. Mechanisms of immune privilege in the eye and hair follicle. J. Investig. Dermatol. Symp. Proc. 2003, 8, 168-172.
[CrossRef] [PubMed]

12.  Niederkorn, ].Y. Cornea: Window to Ocular Immunology. Curr. Immunol. Rev. 2011, 7, 328-335. [CrossRef] [PubMed]

13. Niederkorn, J.Y. The Eye Sees Eye to Eye With the Inmune System: The 2019 Proctor Lecture. Investig. Ophthalmol. Vis. Sci. 2019,
60, 4489-4495. [CrossRef]

14. Biros, D. Anterior chamber-associated immune deviation. Vet. Clin. N. Am. Small Anim. Pract. 2008, 38, 309-321. [CrossRef]

15. Forrester, J.V.; Xu, H.; Lambe, T.; Cornal, R. Inmune privilege or privileged immunity? Mucosal Immunol. 2008, 1, 372-381.
[CrossRef]

16. Forrester, ].V.; Xu, H. Good news-bad news: The Yin and Yang of immune privilege in the eye. Front. Immunol. 2012, 27, 338.
[CrossRef]

17. Mo, J.; Neelam, S.; Mellon, J.; Brown, J.R.; Niederkorn, J.Y. Effect of Corneal Nerve Ablation on Immune Tolerance Induced
by Corneal Allografts, Oral Immunization, or Anterior Chamber Injection of Antigens. Investig. Ophthalmol. Vis. Sci. 2017, 58,
137-148. [CrossRef]

18. Vendomele, J.; Khebizi, Q.; Fisson, S. Cellular and Molecular Mechanisms of Anterior Chamber-Associated Immune Deviation
(ACAID): What We Have Learned from Knockout Mice. Front. Immunol. 2017, 8, 1686. [CrossRef]

19. Hori, J.; Kunishige, T.; Nakano, Y. Inmune checkpoints contribute corneal immune privilege: Implications for dry eye associated
with checkpoint Inhibitors. Int. J. Mol. Sci. 2020, 21, 3962. [CrossRef]

20. Cone, R.E,; Pais, R. Anterior Chamber-Associated Immune Deviation (ACAID): An Acute Response to Ocular Insult Protects
from Future Immune-Mediated Damage? Ophthalmol. Eye Dis. 2009, 1, 33—40. [CrossRef]

21. Abolfotouh, M.A.; Bahamdan, K. Skin disorders among blind and deaf male students in Southwestern Saudi Arabia. Ann. Saudi
Med. 2000, 20, 161-164. [CrossRef] [PubMed]

22. Fathy, H.; El-Mongy, S.; Baker, N.I,; Abdel-Azim, Z.; El-Gilany, A. Prevalence of skin diseases among students with disabilities in
Mansoura, Egypt. East. Mediterr. Health |. 2004, 10, 416-424. [PubMed]

23. Roberts, ].E. Visible light induced changes in immune response through an eye-brain mechanism (photoneuroimmunology).

J. Photochem. Photobiol. B Biol. 1995, 29, 3-15. [CrossRef]


https://doi.org/10.1096/fasebj.2.14.2972579
https://doi.org/10.1089/104303401750148801
https://doi.org/10.1038/mt.2010.139
https://doi.org/10.1016/j.jdermsci.2016.12.016
https://doi.org/10.1167/iovs.61.4.25
https://doi.org/10.1046/j.1087-0024.2003.00803.x
https://www.ncbi.nlm.nih.gov/pubmed/14582667
https://doi.org/10.2174/157339511796196593
https://www.ncbi.nlm.nih.gov/pubmed/21789035
https://doi.org/10.1167/iovs.19-28632
https://doi.org/10.1016/j.cvsm.2007.12.006
https://doi.org/10.1038/mi.2008.27
https://doi.org/10.3389/fimmu.2012.00338
https://doi.org/10.1167/iovs.16-20601
https://doi.org/10.3389/fimmu.2017.01686
https://doi.org/10.3390/ijms21113962
https://doi.org/10.4137/oed.s2858
https://doi.org/10.5144/0256-4947.2000.161
https://www.ncbi.nlm.nih.gov/pubmed/17322720
https://www.ncbi.nlm.nih.gov/pubmed/16212219
https://doi.org/10.1016/1011-1344(95)90241-4

Brain Sci. 2023, 13, 1261 18 of 22

24.

25.

26.
27.

28.
29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

Jansa, PK,; Riegrova, U.D. Proliferation of reticuloendothelial system (RES) in rats with altered vision or smell (to the hypothetical
neural regulation of the RES. Cesk Patol. 1993, 29, 157-160. [PubMed]

Callen, J.P; Mahl, C.F. Oculocutaneous manifestations observed in multisystem disorders. Dermatol. Clin. 1992, 10, 709-716.
[PubMed]

Wanat, K.A.; Kim, B.; Rosenbach, M. Multisystem diseases affecting the skin and eye. Clin. Dermatol. 2016, 34, 214-241. [CrossRef]
Scharschmidt, T.C. Establishing Tolerance to Commensal Skin Bacteria: Timing Is Everything. Dermatol. Clin. 2017, 35, 1-9.
[CrossRef]

Landreth, K.S. Critical windows in development of the rodent immune system. Hum. Exp. Toxicol. 2002, 21, 493—-498. [CrossRef]
Spencer, S.J.; Martin, S.; Mouihate, A.; Pittman, Q.]. Early-life immune challenge: Defining a critical window for effects on adult
responses to immune challenge. Neuropsychopharmacology 2006, 31, 1910-1918. [CrossRef]

Scharschmidt, T.C.; Vasquez, K.S.; Truong, H.A.; Gearty, S.V.; Pauli, M.L.; Nosbaum, A.; Gratz, LK.; Otto, M.; Moon, ].J.; Liese, J.;
et al. A Wave of Regulatory T Cells into Neonatal Skin Mediates Tolerance to Commensal Microbes. Immunity 2015, 43, 1011-1021.
[CrossRef]

Yang, S.; Fujikado, N.; Kolodin, D.; Benoist, C.; Mathis, D. Regulatory T cells generated early in life play a distinct role in
maintaining self-tolerance. Science 2015, 348, 589-594. [CrossRef]

Yokoi, H.; Streilein, ].W. Antigen-presenting cells are targets of regulatory T cells similar to those that mediate anterior chamber-
associated immune deviation. Ocul. Immunol. Inflamm. 2004, 12, 101-114. [CrossRef] [PubMed]

Jin, H.; He, R.; Oyoshi, M.; Geha, R. Animal models of atopic dermatitis. J. Investig. Dermatol. 2009, 129, 31-40. [CrossRef]

Kim, D.; Kobayashi, T.; Nagao, K. Research techniques made simple: Mouse models of atopic dermatitis. J. Investig. Dermatol.
2019, 139, 984-990.e1. [CrossRef] [PubMed]

Jia, T.; Che, D.; Zheng, Y.; Zhang, H.; Li, Y;; Zhou, T.; Peng, B.; Du, X.; Zhu, L.; An, J.; et al. Mast cells Initiate Type 2 Inflammation
via Tryptase Released by MRGPRX2/MrgprB2 Activation in Atopic Dermatitis. J. Investig. Dermatol. 2023, S0022-202X, 2422-2423.
[CrossRef]

Tamari, M.; Zamidar, L.; Ver Heul, A.M.; Nograles, K.; Goncalves, J.; Guttman-Yassky, E.; Lebwoh, M.; Kim, B.S. Difelikefalin
suppresses itch and reduces scratching independent of inflammation in a murine model of atopic dermatitis. J. Allergy Clin.
Immunol. 2023, S0091-6749, 00887-4. [CrossRef]

Lebtig, M.; Scheurer, J.; Muenkel, M.; Becker, J.; Bastounis, E.; Peschel, A.; Kretschmer, D. Keratinocytes use FPR2 to detect
Staphylococcus aureus and initiate antimicrobial skin defense. Front. Immunol. 2023, 14, 1188555. [CrossRef]

Girardi, M.; Lewis, J.; Glusac, E.R.; Filler, R.B.; Geng, L.; Hayday, A.C.; Tigelaar, R.E. Resident skin-specific y5 T cells provide
local, nonredundant regulation of cutaneous inflammation. J. Exp. Med. 2002, 195, 855-867. [CrossRef]

Traidl, C.; Jugert, F; Merk, H.; Krieg, T.; Hunzelmann, N. Inhibition of Allergic Contact Dermatitis to DNCB But Not to Oxazolone
in Interleukin-4-Deficient Mice. J. Investig. Dermatol. 1999, 112, 476-482. [CrossRef] [PubMed]

Scholzen, T.E.; Steinhoff, M.; Bonaccorsi, P; Klein, R.; Amadesi, S.; Geppetti, P.; Lu, B.; Gerard, N.P,; Olerud, J.E.; Luger, TA;
et al. Neutral endopeptidase terminates substance P-induced inflammation in allergic contact dermatitis. J. Immunol. 2001, 166,
1285-1291. [CrossRef]

Martin, M.D.; Badovinac, V.P. Defining Memory CD8 T Cell. Front. Immunol. 2018, 20, 2692. [CrossRef]

Staniek, V.; Misery, L.; Péguet-Navarro, ].; Abello, J.; Doutremepuich, J.D.; Claudy, A.; Schmitt, D. Binding and in vitro modulation
of human epidermal Langerhans cell functions by substance P. Arch. Dermatol. Res. 1997, 289, 285-291. [CrossRef]

Shepherd, A J.; Beresford, L.J.; Bell, E.B.; Miyan, J.A. Mobilisation of specific T cells from lymph nodes in contact sensitivity
requires substance P. J. Neuroimmunol. 2005, 164, 115-123. [CrossRef]

Mashaghi, A.; Marmalidou, A.; Tehrani, M.; Grace, PM.; Pothoulakis, C.; Dana, R. Neuropeptide substance P and the immune
response. Cell Mol. Life Sci. 2016, 73, 4249-4264. [CrossRef] [PubMed]

Perner, C.; Flayer, C.H.; Zhu, X.; Aderhold, P.A.; Dewan, Z.N.A.; Voisin, T.; Camire, R.B.; Chow, O.A.; Chiu, LM.; Sokol, C.L.
Substance P Release by Sensory Neurons Triggers Dendritic Cell Migration and Initiates the Type-2 Immune Response to
Allergens. Immunity 2020, 53, 1063-1077.€7. [CrossRef] [PubMed]

Huang, S.; Ziegle, C.G.K.; Austin, J.; Najat, M.; Vukovic, M.; Ordovas-Montanes, J.; Shalek, A.K.; von Andrian, O.H. Lymph
nodes are innervated by a unique population of sensory neurons with immunomodulatory potential. Cell 2021, 184, 441-459.e25.
[CrossRef]

Wang, P.L.; Czepielewski, R.S.; Randolph, G.]J. Sensory nerves regulate transcriptional dynamics of lymph node cells. Trends
Immunol. 2021, 42, 180-182. [CrossRef]

Udit, S.; Blake, K.; Chiu, .M. Somatosensory and autonomic neuronal regulation of the immune response. Nat. Rev. Neurosci.
2022, 23, 157-171. [CrossRef]

Guan, H.; Zu, G.; Slater, M.; Elmets, C.; Xu, H. gdT cells regulate the development of hapten-specific CD8+ effector T cells in
contact hypersensitivity responses. J. Investig. Dermatol. 2002, 119, 137-142. [CrossRef]

Jameson, J.; Ugarte, K.; Chen, N.; Yachi, P.; FuSCH, E.; Boismenu, R.; Havran, W.L. A role for skin gdT cells in wound Repair.
Science 2002, 246, 747-749. [CrossRef]

Hayday, A.; Tigelaar, R. Immunoregulation in the tissues by gdT cells. Nat. Rev. Immunol. 2003, 3, 233-242. [CrossRef]

Lewis, ].M.; Girardi, M.; Roberts, S.J.; Barbee, S.D.; Hayday, A.C.; Tigelaar, R.E. Selection of cutaneous intraepithelial gd+ T cell
receptor repertoire by a thymic stromal determinant. Nat. Immunol. 2006, 7, 843-850. [CrossRef] [PubMed]


https://www.ncbi.nlm.nih.gov/pubmed/8313483
https://www.ncbi.nlm.nih.gov/pubmed/1395154
https://doi.org/10.1016/j.clindermatol.2015.11.013
https://doi.org/10.1016/j.det.2016.07.007
https://doi.org/10.1191/0960327102ht287oa
https://doi.org/10.1038/sj.npp.1301004
https://doi.org/10.1016/j.immuni.2015.10.016
https://doi.org/10.1126/science.aaa7017
https://doi.org/10.1080/09273940490895317
https://www.ncbi.nlm.nih.gov/pubmed/15512980
https://doi.org/10.1038/jid.2008.106
https://doi.org/10.1016/j.jid.2019.02.014
https://www.ncbi.nlm.nih.gov/pubmed/31010529
https://doi.org/10.1016/j.jid.2023.06.201
https://doi.org/10.1016/j.jaci.2023.06.022
https://doi.org/10.3389/fimmu.2023.1188555
https://doi.org/10.1084/jem.20012000
https://doi.org/10.1046/j.1523-1747.1999.00550.x
https://www.ncbi.nlm.nih.gov/pubmed/10201532
https://doi.org/10.4049/jimmunol.166.2.1285
https://doi.org/10.3389/fimmu.2018.02692
https://doi.org/10.1007/s004030050194
https://doi.org/10.1016/j.jneuroim.2005.04.008
https://doi.org/10.1007/s00018-016-2293-z
https://www.ncbi.nlm.nih.gov/pubmed/27314883
https://doi.org/10.1016/j.immuni.2020.10.001
https://www.ncbi.nlm.nih.gov/pubmed/33098765
https://doi.org/10.1016/j.cell.2020.11.028
https://doi.org/10.1016/j.it.2021.01.008
https://doi.org/10.1038/s41583-021-00555-4
https://doi.org/10.1046/j.1523-1747.2002.01830.x
https://doi.org/10.1126/science.1069639
https://doi.org/10.1038/nri1030
https://doi.org/10.1038/ni1363
https://www.ncbi.nlm.nih.gov/pubmed/16829962

Brain Sci. 2023, 13, 1261 19 of 22

53.

54.

55.

56.

57.

58.
59.

60.

61.
62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Witherden, D.A.; Watanabe, M.; Garijo, O.; Rieder, S.E.; Sarkisyan, G.; Shane, ]J.F; Cronin, S.J.F.; Verdino, P.; Wilson, L.A,;
Kumanogoh, A.; et al. The CD100 receptor interacts with its plexin B2 ligand to regulate epidermal y5 T cell function. Immunity
2012, 37, 314-325. [CrossRef] [PubMed]

Mraz, V.; Geisler, C.; Bonefeld, C.M. Dendritic Epidermal T Cells in Allergic Contact Dermatitis. Front. Immunol. 2020, 11, 874.
[CrossRef] [PubMed]

Boyden, L.M.; Lewis, ].M.; Barbee, S.D.; Bas, A.; Girardi, M.; Hayday, A.C,; Tigelaar, R.E.; Lifton, R.P. Skint1, the prototype of a
newly identified immunoglobulin superfamily gene cluster, positively selects epidermal gd T cells. Nat. Genet. 2008, 40, 656—662.
[CrossRef]

Barbee, S.D.; Woodward, M.].; Turchinovich, G.; Mention, ].J.; Lewis, ] M.; Boyden, L.M.; Lifton, R.P; Tigelaar, R.E.; Hayday, A.C.
Skint-1 is a highly specific, unique selecting component for epidermal T cells. Proc. Natl. Acad. Sci. USA 2011, 108, 3330-3335.
[CrossRef]

Sutoh, Y.; Mohamed, R.H.; Kasahara, M. Origin and Evolution of Dendritic Epidermal T Cells. Front. Immunol. 2018, 9, 1059.
[CrossRef]

Misery, L. Langerhans cells in the neuro-immuno-cutaneous system. J. Neuroimmunol. 1998, 89, 83-87. [CrossRef] [PubMed]
Larregina, A.T.; Falo, L.D., Jr. Changing paradigms in cutaneous immunology: Adapting with dendritic cells. J. Investig. Dermatol.
2005, 124, 1-12. [CrossRef]

Berger, C.L.; Vasquez, ].G.; Shofner, J.; Mariwalla, K.; Edelson, R.L. Langerhans cells: Mediators of immunity and tolerance. Int. .
Biochem. Cell Biol. 2006, 38, 1632-1636. [CrossRef]

Mathers, A.R.; Larregina, A.T. Professional antigen-presenting cells of the skin. Immunol. Res. 2006, 36, 127-136. [CrossRef]
Kashem, S.W.; Haniffa, M.; Kaplan, D.H. Antigen-Presenting Cells in the Skin. Annu. Rev. Immunol. 2017, 35, 469-499. [CrossRef]
[PubMed]

Aebischer, D.; Willrodt, A.-H.; Halin, C. Oxazolone-induced contact hypersensitivity reduces lymphatic drainage but enhances
the induction of adaptive immunity. PLoS ONE 2014, 9, €99297. [CrossRef]

Macatonia, S.E.; Knight, S.C.; Edwards, A.J.; Griffiths, S.; Fryer, P. Localization of antigen on lymph node dendritic cells after
exposure to the contact sensitizer fluorescein isothiocyanate. Functional and morphological studies. J. Exp. Med. 1987, 166,
1654-1667. [CrossRef] [PubMed]

Black, C.A. Delayed type hypersensitivity: Current theories with an historic perspective. Dermatol. Online J. 1999, 5, 7. [CrossRef]
[PubMed]

Christensen, A.D.; Haase, C. Inmunological mechanisms of contact hypersensitivity in mice. APMIS 2012, 120, 1-27. [CrossRef]
Popov, A.; Mirkov, I.; Kataranovski, M. Inflammatory and immune mechanisms in contact hypersensitivity (CHS) in rats. Immunol.
Res. 2012, 52, 127-132. [CrossRef]

Biedermann, T.; Rocken, M.; Carballido, ].M. TH1 and TH2 lymphocyte development and regulation of TH cell-mediated immune
responses of the skin. J. Investig. Dermatol. Symp. Proc. 2004, 9, 5-14. [CrossRef]

Zhang, E.Y.; Chen, A.Y.; Zhu, B.T. Mechanism of dinitrochlorobenzene-induced dermatitis in mice: Role of specific antibodies in
pathogenesis. PLoS ONE 2009, 4, e7703. [CrossRef]

Yang, B.; Park, Y.C.; Kim, K.; Kim, H.; Jeong, H. Histopathologic Features in Animal Model of Atopic Dermatitis Induced by
Topical Application of Oxazolone. J. Physiol. Pathol. Korean Med. 2018, 32, 75-79. [CrossRef]

Man, M.Q.; Hatano, Y.; Lee, S.H.; Man, M.; Chang, S.; Feingold, K.R.; Leung, D.Y.M.; Holleran, W.; Uchida, Y.; Elias, PM.
Characterization of a hapten-induced, murine model with multiple features of atopic dermatitis: Structural, immunologic, and
biochemical changes following single versus multiple oxazolone challenges. J. Investig. Dermatol. 2008, 128, 79-86. [CrossRef]
Lachner, J.; Mlitz, V.; Tschachler, E.; Eckhart, L. Epidermal cornification is preceded by the expression of a keratinocyte-specific set
of pyroptosis-related genes. Sci. Rep. 2017, 7, 17446. [CrossRef] [PubMed]

Donglang, G.; Tongtong, L.; Dan, C.; Chan, Z.; Changming, W.; Guang, Y.; Yan, Y.; Zongxiang, T. Comparative Study on Different
Skin Pruritus Mouse Models. Front. Med. 2021, 8, 630237. [CrossRef]

Scheinman, P.L.; Vocanson, M.; Thyssen, ].P; Johansen, ].D.; Nixon, R.L.; Dear, K.; Botto, N.C.; Morot, J.; Goldminz, A.M. Contact
dermatitis. Nat. Rev. Dis. Primers. 2021, 7, 38. [CrossRef] [PubMed]

Botchkarev, V.A.; Metz, M.; Botchkareva, N.V.; Welker, P.; Lommatzsch, M.; Renz, H.; Paus, R. Brain-derived neurotrophic factor,
neurotrophin-3, and neurotrophin-4 act as “epitheliotrophins” in murine skin. Lab. Investig. 1999, 79, 557-572. [PubMed]
Botchkarev, V.A.; Botchkareva, N.V,; Peters, E.M.; Paus, R. Epithelial growth control by neurotrophins: Leads and lessons from
the hair follicle. Prog. Brain Res. 2004, 146, 493-513. [CrossRef]

Botchkarev, V.A; Yaar, M.; Peters, EIM.].; Raychaudhuri, S.P.; Botchkareva, N.V.; Marconi, A.; Raychaudhuri, S.K.; Paus, R,;
Pincelli, C. Neurotrophins in skin biology and pathology. J. Investig. Dermatol. 2006, 126, 1719-1727. [CrossRef] [PubMed]
Quarcoo, D.; Fischer, T.C.; Peckenschneider, N.; Groneberg, D.A.; Welker, P. High abundances of neurotrophin 3 in atopic
dermatitis mast cell. ]. Occup. Med. Toxicol. 2009, 4, 8. [CrossRef]

Hinel, K.H.; Cornelissen, C.; Liischer, B.; Baron, J.M. Cytokines and the skin barrier. Int. ]. Mol. Sci. 2013, 14, 6720-6745.
[CrossRef] [PubMed]

Dalessandri, T.; Crawford, G.; Hayes, M.; Castro Seoane, R.; Strid, J. IL-13 from intraepithelial lymphocytes regulates tissue
homeostasis and protects against carcinogenesis in the skin. Nat. Commun. 2016, 7, 12080. [CrossRef]


https://doi.org/10.1016/j.immuni.2012.05.026
https://www.ncbi.nlm.nih.gov/pubmed/22902232
https://doi.org/10.3389/fimmu.2020.00874
https://www.ncbi.nlm.nih.gov/pubmed/32508820
https://doi.org/10.1038/ng.108
https://doi.org/10.1073/pnas.1010890108
https://doi.org/10.3389/fimmu.2018.01059
https://doi.org/10.1016/s0165-5728(98)00117-9
https://www.ncbi.nlm.nih.gov/pubmed/9726829
https://doi.org/10.1111/j.1523-1747.2004.23554.x
https://doi.org/10.1016/j.biocel.2006.03.006
https://doi.org/10.1385/IR:36:1:127
https://doi.org/10.1146/annurev-immunol-051116-052215
https://www.ncbi.nlm.nih.gov/pubmed/28226228
https://doi.org/10.1371/journal.pone.0099297
https://doi.org/10.1084/jem.166.6.1654
https://www.ncbi.nlm.nih.gov/pubmed/3119761
https://doi.org/10.5070/D32FW0G1XX
https://www.ncbi.nlm.nih.gov/pubmed/10673450
https://doi.org/10.1111/j.1600-0463.2011.02832.x
https://doi.org/10.1007/s12026-012-8277-7
https://doi.org/10.1111/j.1087-0024.2004.00829.x
https://doi.org/10.1371/journal.pone.0007703
https://doi.org/10.15188/kjopp.2018.02.32.1.75
https://doi.org/10.1038/sj.jid.5701011
https://doi.org/10.1038/s41598-017-17782-4
https://www.ncbi.nlm.nih.gov/pubmed/29234126
https://doi.org/10.3389/fmed.2021.630237
https://doi.org/10.1038/s41572-021-00271-4
https://www.ncbi.nlm.nih.gov/pubmed/34045488
https://www.ncbi.nlm.nih.gov/pubmed/10334567
https://doi.org/10.1016/S0079-6123(03)46031-7
https://doi.org/10.1038/sj.jid.5700270
https://www.ncbi.nlm.nih.gov/pubmed/16845411
https://doi.org/10.1186/1745-6673-4-8
https://doi.org/10.3390/ijms14046720
https://www.ncbi.nlm.nih.gov/pubmed/23531535
https://doi.org/10.1038/ncomms12080

Brain Sci. 2023, 13, 1261 20 of 22

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Martinez-Méndez, R.; Martinez-Martinez, E.; Villafan-Monroy, H.; Guzman-Lépez, J.A.; Fuentes-Farias, A.L.; Romo-Gonzélez, T.;
Chavarria-Krauser, A.; Gutiérrez-Ospina, G. Body and brain plasticity: Unraveling its principles through blindness. Recent Res.
Devel Neurosci. 2013, 4, 89-107.

Toscano-Mdrquez, B.; Martinez-Martinez, E.; Manjarrez, E.; Martinez, L.; Mendoza-Torreblanca, J.; Gutiérrez-Ospina, G. Late
onset muscle plasticity in the whisker pad of enucleated rats. Proc. Natl. Acad. Sci. USA 2008, 105, 15973-15978. [CrossRef]
McGraw, ] M.; Witherden, D.A. y3 T cell costimulatory ligands in antitumor immunity. Explor. Immunol. 2022, 2, 79-97. [CrossRef]
Suwanpradid, J.; Holcomb, Z.E.; MacLeod, A.S. Emerging Skin T-Cell Functions in Response to Environmental Insults. . Investig.
Dermatol. 2017, 137, 288-294. [CrossRef]

Cruz, M.S,; Diamond, A.; Russell, A.; Jameson, ].M. Human «f and y5 T Cells in Skin Immunity and Disease. Front. Immunol.
2018, 9, 1304. [CrossRef]

Salim, M.; Knowles, T.J.; Hart, R.; Mohammed, F.; Woodward, M.J.; Willcox, C.R.; Overduin, M.; Hayday, A.C.; Willcox, B.E.
Characterization of a Putative Receptor Binding Surface on Skint-1, a Critical Determinant of Dendritic Epidermal T Cell Selection.
J. Biol. Chem. 2016, 291, 9310-9321. [CrossRef]

Herrmann, T.; Karunakaran, M.M. Butyrophilins: v T Cell Receptor Ligands, Immunomodulators and More. Front. Immunol.
2022, 13, 876493. [CrossRef]

Marshall, A.S,; Silva, ].R,; Bannerman, C.A ; Gilron, I.; Ghasemlou, N. Skin-Resident yd T Cells Exhibit Site-Specific Morphology
and Activation States. Immunol. Res. 2019, 2019, 9020234. [CrossRef]

Jandke, A.; Melandri, D.; Monin, L.; Ushakov, D.S.; Laing, A.G.; Vantourout, P; East, P.; Nitta, T.; Narita, T.; Takayanagi, H.;
et al. Butyrophilin-like proteins display combinatorial diversity in selecting and maintaining signature intraepithelial y5 T cell
compartments. Nat. Commun. 2020, 11, 3769. [CrossRef]

Bieber, T.; D’Erme, A.M.; Akdis, C.A.; Traidl-Hoffmann, C.; Lauener, R.; Schdppi, G.; Schmid-Grendelmeier, P. Clinical phenotypes
and endophenotypes of atopic dermatitis: Where are we, and where should we go? J. Allergy Clin. Immunol. 2017, 139, S58-S64.
[CrossRef]

Agache, I.; Akdis, C.A. Precision medicine and phenotypes, endotypes, genotypes, regiotypes, and theratypes of allergic diseases.
J. Clin. Investig. 2019, 129, 1493-1503. [CrossRef]

Leonard, A.; Guttman-Yassky, E. The Unique Molecular Signatures of Contact Dermatitis and Implications for Treatment. Clin.
Rev. Allergy Immunol. 2019, 56, 1-8. [CrossRef]

Mersha, T.B.; Afanador, Y.; Johansson, E.; Proper, S.P.; Bernstein, J.A.; Rothenberg, M.E.; Khurana Hershey, G.K. Resolving
Clinical Phenotypes into Endotypes in Allergy: Molecular and Omics Approaches. Clin. Rev. Allergy Immunol. 2021, 60, 200-219.
[CrossRef]

Campbell, D.E.; Raftery, N.; Tustin, R., 3rd; Tustin, N.B.; Desilvio, M.L.; Cnaan, A.; Aye, P.P; Lackner, A.A.; Douglas, S.D.
Measurement of plasma-derived substance P: Biological, methodological, and statistical considerations. Clin. Vaccine Immunol.
2006, 13, 1197-1203. [CrossRef]

Johnson, M.B.; Young, A.D.; Marriott, I. The Therapeutic Potential of Targeting Substance P/NK-1R Interactions in Inflammatory
CNS Disorders. Front. Cell Neurosci. 2017, 10, 296. [CrossRef]

Tramontana, N.; Hansel, K.; Bianchi, L.; Sensini, C.; Malatesta, N.; Stingeni, L. Advancing the understanding of allergic contact
dermatitis: From pathophysiology to novel therapeutic approaches. Front. Med. 2023, 10, 1184289. [CrossRef]

Brand, A.; Hovav, A.-H.; Clausen, B.E. Langerhans cells in the skin and oral mucosa: Brothers in arms? Eur. J. Immunol. 2023, 53,
€2149499. [CrossRef]

Talagas, M. Anatomical contacts between sensory neurons and epidermal cells: An unrecognized anatomical network for
neuro-immuno-cutaneous crosstalk. Br. J. Dermatol. 2023, 188, 176-185. [CrossRef]

Wang, B.; Fujisawa, H.; Zhuang, L.; Kondo, S.; Shivji, G.M.; Kim, C.S.; Mak, T.W.; Sauder, D.N. Depressed Langerhans cell
migration and reduced contact hypersensitivity response in mice lacking TNF receptor p75. J. Immunol. 1997, 159, 6148-6155.
Cumberbatch, M.; Dearman, R.J.; Groves, R.W.; Antonopoulos, C.; Kimber, I. Differential regulation of epidermal Langerhans cell
migration by interleukins (IL)-1alpha and IL-1beta during irritant- and allergen-induced cutaneous immune responses. Toxicol.
Appl. Pharmacol. 2002, 182, 126-135. [CrossRef]

Villadangos, J.A.; Heath, W.R. Life cycle, migration and antigen presenting functions of spleen and lymph node dendritic cells:
Limitations of the Langerhans cells paradigm. Semin. Immunol. 2005, 17, 262-272. [CrossRef] [PubMed]

Wilson, N.S.; Villadangos, J.A. Regulation of antigen presentation and cross-presentation in the dendritic cell network: Facts,
hypothesis, and immunological implications. Adv. Immunol. 2005, 86, 241-305. [CrossRef] [PubMed]

Villadangos, ].A.; Schnorrer, P. Intrinsic and cooperative antigen-presenting functions of dendritic-cell subsets in vivo. Nat. Rev.
Immunol. 2007, 7, 543-555. [CrossRef] [PubMed]

Katagiri, K.; Zhang-Hoover, J.; Mo, ].S.; Stein-Streilein, J.; Streilein, J.W. Using tolerance induced via the anterior chamber of the
eye to inhibit Th2-dependent pulmonary pathology. J. Immunol. 2002, 169, 84-89. [CrossRef]

Streilein, J.W. Ocular immune privilege: Therapeutic opportunities from an experiment of nature. Nat. Rev. Immunol. 2003, 3,
879-889. [CrossRef]

Kitaichi, N.; Namba, K.; Taylor, A.W. Inducible immune regulation following autoimmune disease in the immune-privileged eye.
J. Leukoc. Biol. 2005, 77, 496-502. [CrossRef]


https://doi.org/10.1073/pnas.0808431105
https://doi.org/10.37349/ei.2022.00038
https://doi.org/10.1016/j.jid.2016.08.013
https://doi.org/10.3389/fimmu.2018.01304
https://doi.org/10.1074/jbc.M116.722066
https://doi.org/10.3389/fimmu.2022.876493
https://doi.org/10.1155/2019/9020234
https://doi.org/10.1038/s41467-020-17557-y
https://doi.org/10.1016/j.jaci.2017.01.008
https://doi.org/10.1172/JCI124611
https://doi.org/10.1007/s12016-018-8685-0
https://doi.org/10.1007/s12016-020-08787-5
https://doi.org/10.1128/CVI.00174-06
https://doi.org/10.3389/fncel.2016.00296
https://doi.org/10.3389/fmed.2023.1184289
https://doi.org/10.1002/eji.202149499
https://doi.org/10.1093/bjd/ljac066
https://doi.org/10.1006/taap.2002.9442
https://doi.org/10.1016/j.smim.2005.05.015
https://www.ncbi.nlm.nih.gov/pubmed/15946854
https://doi.org/10.1016/S0065-2776(04)86007-3
https://www.ncbi.nlm.nih.gov/pubmed/15705424
https://doi.org/10.1038/nri2103
https://www.ncbi.nlm.nih.gov/pubmed/17589544
https://doi.org/10.4049/jimmunol.169.1.84
https://doi.org/10.1038/nri1224
https://doi.org/10.1189/jlb.0204114

Brain Sci. 2023, 13, 1261 21 of 22

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.
126.

127.

128.

129.

130.

131.

132.

133.

Bhowmick, S.; Clark, R.B.; Brocke, S.; Cone, R.E. Antigen-specific splenic CD4+ and CD8+ regulatory T cells generated via the
eye, suppress experimental autoimmune encephalomyelitis either at the priming or at the effector phase. Int. Immunol. 2011, 23,
119-128. [CrossRef]

Sakai, R.E.; Feller, D.J.; Galetta, K.M.; Galetta, S.L.; Balcer, L.J. Vision in multiple sclerosis: The story, structure-function correlations,
and models for neuroprotection. J. Neurophthalmol. 2011, 31, 362-373. [CrossRef]

Farooq, S.M.; Ashour, H-M. Type II collagen induces peripheral tolerance in BALB/c mice via the generation of CD8+ T regulatory
cells. PLoS ONE 2012, 7, e48635. [CrossRef]

Farooq, S.M.; Ashour, H.M. Eye-mediated induction of specific immune tolerance to encephalitogenic antigens. CNS Neurosci.
Ther. 2013, 19, 503-510. [CrossRef]

Farooq, S.M.; Kumar, A.; Ashour, H.M. Eye-mediated immune tolerance to Type II collagen in arthritis-prone strains of mice.
J. Cell Mol. Med. 2014, 18, 2512-2518. [CrossRef] [PubMed]

Toscano-Tejeida, D.; Ibarra, A.; Phillips-Farfan, B.V.; Fuentes-Farias, A.L.; Meléndez-Herrera, E. ACAID as a potential therapeutic
approach to modulate inflammation in neurodegenerative diseases. Med. Hypotheses 2016, 88, 38—45. [CrossRef] [PubMed]
Pineda-Rodriguez, B.; Toscano-Tejeida, D.; Garcia-Vences, E.; Rodriguez-Barrera, R.; Flores-Romero, A.; Castellanos-Canales, D.;
Gutiérrez-Ospina, G.; Castillo-Carvajal, L.; Meléndez-Herrera, E.; Ibarra, A. Anterior chamber associated immune deviation used
as a neuroprotective strategy in rats with spinal cord injury. PLoS ONE 2017, 12, e0188506. [CrossRef] [PubMed]
Martinez-Alcantar, L.; Talavera-Carrillo, D.K.; Pineda-Salazar, J.U.; Avalos-Viveros, M.; Gutiérrez-Ospina, G.; Phillips-Farfan, B.V,;
Fuentes-Farias, A.L.; Meléndez-Herrera, E. Anterior chamber associated immune deviation to cytosolic neural antigens avoids
self-reactivity after optic nerve injury and polarizes the retinal environment to an anti-inflammatory profile. J. Neuroimmunol.
2019, 333, 476964. [CrossRef]

Peterson, P; Kisand, K.; Kluger, N.; Ranki, A. Loss of AIRE-mediated immune tolerance and the skin. . Investig. Dermatol. 2022,
142, 760-767. [CrossRef]

Kubala, E.; Mrsny, R.; Paneghetti, L.; Shima, D. Development of the Rodent Inner Blood-Retinal-Barrier. Investig. Ophthalmol. Vis.
Sci. 2013, 54, 5144.

Yao, H.; Wang, T.; Deng, J.; Liu, D.; Li, X.; Deng, J. The development of blood-retinal barrier during the interaction of astrocytes
with vascular wall cells. Neural Regen. Res. 2014, 9, 1047-1054. [CrossRef]

Diaz-Coranguez, M.; Ramos, C.; Antonetti, D.A. The inner blood-retinal barrier: Cellular basis and development. Vision. Res.
2017, 139, 123-137. [CrossRef]

Yemanyi, E; Bora, K.; Blomfield, A.K.; Wang, Z.; Chen, J]. Wnt Signaling in Inner Blood-Retinal Barrier Maintenance. Int. . Mol.
Sci. 2021, 22, 11877. [CrossRef]

Khantakova, ].N.; Bulygin, A.S.; Sennikov, S.V. The Regulatory-T-Cell Memory Phenotype: What We Know. Cells 2022, 11, 1687.
[CrossRef]

Wiedmeier, S.E.; Bumhaw, D.K,; Snigh, U.; Daynes, R.A. Implementation of thymic epithelial grafts into the anterior chamber of
murine eye: An experimental model for analyzing T-cell ontogeny. Thymus 1987, 9, 25-44. [PubMed]

Li, W.; Van Tuan, V.; Van Thuong, K.; Bossier, P.; Nauwynck, H. Eye extract improves cell migration out of lymphoid organ
explants of L. vannamei and viability of the primary cell cultures. In Vitro Cell Dev. Biol. Anim. 2015, 51, 651-654. [CrossRef]
[PubMed]

Chen, R; Routh, B.N.; Gaudet, A.D.; Fonken, L.K. Circadian Regulation of the Neuroimmune Environment Across the Lifespan:
From Brain Development to Aging. J. Biol. Rhythms 2023, 7487304231178950. [CrossRef]

Jerigova, V.; Zeman, M.; Okuliarova, M. Circadian Disruption and Consequences on Innate Inmunity and Inflammatory Response.
Int. J. Mol. Sci. 2022, 23, 13722. [CrossRef] [PubMed]

Mueller, S.N. Neural control of immune cell trafficking. J. Exp. Med. 2022, 219, e20211604. [CrossRef]

Liu, AW,; Gillis, ].E.; Sumpter, T.L.; Kaplan, D.H. Neuroimmune interactions in atopic and allergic contact dermatitis. J. Allergy
Clin. Immunol. 2023, 151, 1169-1177. [CrossRef] [PubMed]

Marek-Jozefowicz, L.; Nedoszytko, B.; Grochocka, M.; Zmijewski, M.A.; Czajkowski, R.; Cubata, W.J.; Slominski, A.T. Molecular
Mechanisms of Neurogenic Inflammation of the Skin. Int. . Mol. Sci. 2023, 24, 5001. [CrossRef]

Mizutani, H.; Tamagawa-Mineoka, R.; Yasuike, R.; Minami, Y.; Yagita, K.; Katoh, N. Effects of constant light exposure on allergic
and irritant contact dermatitis in mice reared under constant light conditions. Exp. Dermatol. 2021, 30, 739-744. [CrossRef]
Markus, R.P; Ferreira, Z.S.; Fernandes, P.A.C.M.; Cecon, E. The immune-Pineal Axis: A shuttle between endocrine and paracrine
melatonin sources. Neuroimmunomodulation 2007, 14, 126-133. [CrossRef]

Markus, R.P; Ferreira, Z.S. The Immune-Pineal Axis: The Role of Pineal and Extra-Pineal Melatonin in Modulating Inflammation.
Adv. Neuroimmune Biol. 2011, 1, 95-104. [CrossRef]

Markus, R.P.; Fernandes, P.A.; Kinker, G.S.; da Silveira Cruz-Machado, S.; Margol, M. Immune-pineal axis—Acute inflammatory
responses coordinate melatonin synthesis by pinealocytes and phagocytes. Br. J. Pharmacol. 2018, 175, 3239-3250. [CrossRef]
[PubMed]

Schunkert, E.M.; Shah, PN.; Divito, S.J. Skin Resident Memory T Cells May Play Critical Role in Delayed-Type Drug Hypersensi-
tivity Reactions. Front. Immunol. 2021, 12, 654190. [CrossRef] [PubMed]

Markus, R.P; Sousa, K.S.; Cruz-Machado, S.S.; Fernandes, P.A; Ferreira, Z.S. Possible role of pineal and extra-pineal melatonin in
surveillance, immunity, and first-line defense. Int. J. Mol. Sci. 2021, 22, 12143. [CrossRef]


https://doi.org/10.1093/intimm/dxq461
https://doi.org/10.1097/WNO.0b013e318238937f
https://doi.org/10.1371/journal.pone.0048635
https://doi.org/10.1111/cns.12087
https://doi.org/10.1111/jcmm.12376
https://www.ncbi.nlm.nih.gov/pubmed/25211510
https://doi.org/10.1016/j.mehy.2016.01.006
https://www.ncbi.nlm.nih.gov/pubmed/26880635
https://doi.org/10.1371/journal.pone.0188506
https://www.ncbi.nlm.nih.gov/pubmed/29190648
https://doi.org/10.1016/j.jneuroim.2019.05.005
https://doi.org/10.1016/j.jid.2021.04.022
https://doi.org/10.4103/1673-5374.133169
https://doi.org/10.1016/j.visres.2017.05.009
https://doi.org/10.3390/ijms222111877
https://doi.org/10.3390/cells11101687
https://www.ncbi.nlm.nih.gov/pubmed/2883744
https://doi.org/10.1007/s11626-015-9882-2
https://www.ncbi.nlm.nih.gov/pubmed/25792199
https://doi.org/10.1177/07487304231178950
https://doi.org/10.3390/ijms232213722
https://www.ncbi.nlm.nih.gov/pubmed/36430199
https://doi.org/10.1084/jem.20211604
https://doi.org/10.1016/j.jaci.2023.03.013
https://www.ncbi.nlm.nih.gov/pubmed/37149370
https://doi.org/10.3390/ijms24055001
https://doi.org/10.1111/exd.14308
https://doi.org/10.1159/000110635
https://doi.org/10.3233/NIB-2011-009
https://doi.org/10.1111/bph.14083
https://www.ncbi.nlm.nih.gov/pubmed/29105727
https://doi.org/10.3389/fimmu.2021.654190
https://www.ncbi.nlm.nih.gov/pubmed/34497600
https://doi.org/10.3390/ijms222212143

Brain Sci. 2023, 13, 1261 22 of 22

134.
135.
136.
137.

138.
139.

140.

Akpek, E.K.; Gottsch, ].D. Immune defense at the ocular surface. Eye 2003, 17, 949-956. [CrossRef] [PubMed]

Leonardi, A.; Motterle, L.; Bortolotti, M. Allergy and the eye. Clin. Exp. Immunol. 2008, 153, 17-21. [CrossRef]

Bonini, S. Allergy and the eye. Chem. Immunol. Allergy 2014, 100, 105-108. [CrossRef] [PubMed]

Gensollen, T; Iyer, S.S.; Kasper, D.L.; Blumberg, R.S. How colonization by microbiota in early life shapes the immune system.
Science 2016, 352, 539-544. [CrossRef]

Li, J.J.; Yi, S.; Wei, L. Ocular Microbiota and Intraocular Inflammation. Front. Immunol. 2020, 11, 609765. [CrossRef]
Zysset-Burri, D.C.; Schlegel, I.; Lincke, J.-B.; Jaggi, D.; Keller, I.; Heller, M.; Braga Lagache, S.; Wolf, S.; Zinkernagel, M.S.
Understanding the interactions between the ocular surface microbiome and the tear proteome. Investig. Ophthalmol. Vis. Sci. 2021,
62, 8. [CrossRef]

Smith, R.S.; Sundberg, J.P. Microphthalmia and Ocular Infections in Inbred C57 Black Mice. JAX Notes. 1995. Available
online: https://www.jax.org/news-and-insights/1995/october/microphthalmia-and-ocular-infections-in-inbred-c57-black-
mice (accessed on 10 January 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/sj.eye.6700617
https://www.ncbi.nlm.nih.gov/pubmed/14631402
https://doi.org/10.1111/j.1365-2249.2008.03716.x
https://doi.org/10.1159/000358615
https://www.ncbi.nlm.nih.gov/pubmed/24925390
https://doi.org/10.1126/science.aad9378
https://doi.org/10.3389/fimmu.2020.609765
https://doi.org/10.1167/iovs.62.10.8
https://www.jax.org/news-and-insights/1995/october/microphthalmia-and-ocular-infections-in-inbred-c57-black-mice
https://www.jax.org/news-and-insights/1995/october/microphthalmia-and-ocular-infections-in-inbred-c57-black-mice

	Introduction 
	Materials and Methods 
	Animals 
	Enucleation 
	Ear Swelling Test 
	Ear Cytokine Inflammatory Profile 
	Ear Skin Histology 
	Substance P Antagonization 
	Dendritic Epidermal T Cells (DETCs) Number 
	Skint1 mRNA Expression 
	Analyses of Langerhans’ Cells Migration by Flow Cytometry 
	Statistics 

	Results 
	Skin Contact Hypersensitivity Is Exacerbated in Adult Mice Enucleated at Birth 
	Shifts in DETC Density Do Not Explain Exacerbated DSCH Response in BE Mice 
	Skin Langerhans’ Cells Migration to Lymph Nodes in S- and BE Mice 

	Discussion 
	Conclusions 
	References

