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Ocular allergic diseases are frequently seen in ophthalmological clinical practice. Immunological damage is mediated by a
local Th2 inflammatory microenvironment, accompanied by changes in circulating cell subsets, with more effector cells
and fewer T regulatory cells (Tregs). This study aimed to evaluate the involvement of toll-like receptor 4 (TLR4) and a-
melanocyte stimulating hormone (a-MSH) in the immune regulation associated with perennial allergic conjunctivitis (PAC).
We performed an Ag-specific stimulation during 72 h of culturing with or without LPS or a-MSH in peripheral blood
mononuclear cells (PBMC), analyzing the cell subsets and cytokines induced by the stimuli. We also determined a-MSH
in tear samples from healthy donors (HD) or PAC patients. Our findings demonstrate an immunological dysregulation
characterized by an increased frequency of CD4+TLR4+ in the PBMC of patients with PAC, compared to HD. Most of
these CD4+TLR4+ cells were also CD25+, and when o-MSH was added to the culture, the percentage of
CD4+CD25+FoxP3+ increased significantly, while the percentage of CD69+ cells and cytokines IL-4 and IL-6 were
significantly decreased. In tears, we found an increased concentration of a-MSH in PAC patients, compared with HD.
These findings indicate a novel mechanism involved in controlling ocular allergic diseases, in which a-MSH diminishes the
concentration of IL-6 and IL-4, restoring the frequency of Tregs and down-regulating CD4 activation. Moreover, we
demonstrate the involvement of CD4+TLR4+ cells, as an effector cell subset, in ocular allergy.

Keywords: Tregs ; TLR4 ; alpha-MSH ; Allergy ; Conjunctivitis ; Ocular surface ; Eye ; Der p ; Cytokines ; Th2
Inflammation

| 1. Introduction

The prevalence of allergic conjunctivitis (AC) varies from country to country, with rates between15% and 40% W2, and
the most affected population is pediatric patients &, Clinical forms of AC include chronic inflammation of the ocular
surface in atopic keratoconjunctivitis (AKC) and vernal keratoconjunctivitis (VKC). In contrast, in mild forms, the
inflammation is mainly localized in the conjunctiva; it is persistent in perennial allergic conjunctivitis (PAC), and there are
periods in which no damage is induced in seasonal allergic conjunctivitis (SAC) 4!, Immunological damage appears to
be mediated by the activation of CD4+ T cell subsets & by environmental and ubiquitous allergens®, |L-4, IL-5, and
IFN-y are cytokines involved in ocular surface damage in chronic forms of allergy 8. Interestingly, circulating CD4+T cells
in patients with VKC produce IL-4, IL-5, and IFN-y after Dermatophagoides pteronyssinus (Der p) stimulation &. By
contrast, in the acute forms of AC, the cytokines released after Der p-stimulation are IL-5, IL-6, and-8, and their circulating
CD4+T cells express CCR4 and CCR9, which are phenotypes of Th2 cells in transit (potential homing) to the conjunctiva
(101, sensitization to Der p is clinically relevant in ocular allergyld, and it is one of the most studied allergens in relation to
the house dust mite (HDM) 14, It has protease activity that is capable of disrupting the airway epithelial barrier, initiating
the secretion of IL-25, IL-33, and TSLP by damaged cells. These soluble molecules promote Th21¥ differentiation and
recruit eosinophils, basophils, and dendritic cells to the local airway®12 |n these models, damage to the epithelium
increases the crossing of allergens across the epithelial barrier, favoring the activation of local CD4+T cells and the
diminution of Treg activity. Remarkably, patients with PAC have diminished the frequency of circulating
CD4+CD25+FoxP3+ (Tregs) cells!¥. The disruption of the epithelial barrier facilitates the recognition of pathogen
patterns by innate receptors, such as toll-like receptors (TLR) 22l TLR-4 has been well recognized in the development
of asthma, with an increased expression on the stromal cells in the airways of a mouse model 141 |n line with this, TLR4 is
increased in epithelial cells and co-expressed in conjunctiva-infiltrating CD4+T cells in patients with VKC 221, After TLR4
recognizes lipopolysaccharide (LPS), it induces several intracellular signals leading to the secretion of inflammatory
cytokines, such as TNF-a and IL-6 L3I, Notably, in a rat model of endotoxin-induced uveitis, alpha-MSH, a neuropeptide
expressed the ocular level, suppressed LPS-induced inflammationl28, and in mouse-derived macrophages, alpha-MSH
was able to suppress the activation of LPS-stimulated TLR4 7. These data are relevant because a-MSH has also been
linked to the induction of Tregs in mice 8. Nevertheless, neither the involvement of TLR4/a-MSH in the acute forms of



ocular allergy nor their functional status in circulating CD4+T cells have been studied in patients with PAC yet. This work
aims to evaluate the potential involvement of TLR4/a-MSH in CD4+T cells and their functional impact in the cells of
patients with perennial allergic conjunctivitis.

| 2. Results

2.1. Increased Frequency of CD4+TLR4+T Cells in Peripheral Blood Mononuclear Cells in Patients
with

Perennial Allergic Conjunctivitis
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Figure 1. TLR4 expression in CD4+T cells and CD4+CD25+FOXP3+T reg cell subset. (a) Both subsets of cells were
analyzed from the lymphocyte population through the selection of singlets and gathering of CD4+T cells; (b)
representative dot plots, showing the frequency of CD4+TLR4+T cells in peripheral blood from patients diagnosed with
PAC, compared to healthy donors (HD); (c) the TLR-4 expression in CD4 T cells is higher in PAC patients (blue line) than
in HD (red line); (d) representative dot plots showing the frequency of CD4+CD25+FoxP3+ in PAC patients, compared
with that in HD; (e)the FOXP3 expression in CD4 T cells is lower in PAC patients (blue line) than in HD (red line); (f)
percentage of CD4+TLR4+ cells in the peripheral blood of HD and PAC patients; (g) the TLR4 expression in the CD4+T
cells of HD and PAC patients; (h) the percentage of CD4+CD25+FOXP3+ cells in the peripheral blood mononuclear
(PBMC) in HD, compared to that in PAC patients; (i) the FOXP3 expression in the CD4+CD25+ cells in the peripheral
blood of HD and PAC patients. MFI, mean fluorescence intensity. *p<0.005; **p<0.01; ***p<0.001.



2.2. CD4+TLRA4+T Cells Are Induced after Der p Stimulation
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Figure 2. TLR4 expression in CD4+T cells. After 72 h of culturing with Der p and LPS, we observed an increased
percentage of CD4+TLR4+ cells. *p<0.005; **p<0.01; ***p<0.001.

2.3. o-MSH Induces Treg Cell Differentiation In Vitro from PBMC after Der p Stimulation
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Figure 3. Frequency of T regulatory CD4+CD25+FOXP3+ cells in CD4+T cells after 72 h of culturing with Der p and LPS.
*p<0.005; **p<0.01; ***p<0.001.



2.4. o-MSH Inhibits the Expression of CD69 in CD4+T Cells and Decreases IL-4 and IL-6 after Der p
Stimulation
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Figure 4. Expression of CD69 in CD4+T cells and decreases in IL-4 and IL-6 after Der p stimulation. (a) CD69 expression
in CD4+T cells after 72 h of culturing with Der p, LPS, and a-MSH; (b) IL-4, IL-6, and TNF-a in supernatant after 72 h of
culturing with Der p, LPS, and a-MSH; (c) IL-4/IFN-y index; (d) IL-4 and IFN-y comparison after culturing with Der p and
0-MSH. *p<0.005; **p<0.01; ***p<0.001.

2.5. Increased Concentration of a-MSH in the Tears of Patients with Allergic Conjunctivitis
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Figure 5. Concentration of a-MSH in the tears of patients with allergic conjunctivitis. a-MSH was measured through an
ELISA sandwich of tear and serum samples from healthy donors (HD) and perennial allergic conjunctivitis (PAC) patients.
*p<0.005; **p<0.01; ***p<0.001.

| 3. Discussion

Conjunctival inflammation in acute forms of ocular allergy has increased CCR4+CCR9+ effector T cells, with a diminished
frequency of CD4+CD25+FOXP3+ regulatory T cells in peripheral blood 29, Bonini et al. 13 reported an infiltration of
CD4+TLR4+ cells in the conjunctiva of VKC patients, suggesting a significant role of these cells in the chronic forms of



AC. Interestingly, Taylor et al.llq reported, in the macrophage cell line, J774, and adherent spleen macrophages of mice,
that alpha-MSH was able to inhibit LPS-stimulated cells. Thus, this study aimed to evaluate the potential involvement of
TLR4/a-MSH in CD4-activated cells in patients with perennial allergic conjunctivitis.

In this work, we observed an increased expression of TLR4 in the CD4 T+ cells of patients with perennial allergic
conjunctivitis (PAC). TLR4 is a pattern-recognition receptor (PRR) that recognizes bacterial LPS and the Der p2 allergen
8 per p2 is a major allergen found in Dermatophagoides pteronyssinus (Der p) 29, Stimulation of TLR4 trough Der p2
induces IgE secretion and an inflammatory response characterized by eosinophils and lymphocytes in experimental
allergic asthma 29, The function of human CD4+TLR4+T cells has been studied by other authors, showing that LPS
stimulation increases cell adhesion to fibronectin by CD4+T cells [21. Remarkably, when we stimulated PBMC in patients
with perennial allergic conjunctivitis with Der p, we observed that TLR4 and CD69 were increased in CD4+T cells,
suggesting that allergen-specific stimulation also induces TLR4. Remarkably, when we stimulated the PBMC of patients
with perennial allergic conjunctivitis with Der p, we observed an increased TLR4 and CD69 in CD4+T cells, suggesting
that allergen-specific stimulation also induces TLR4. In line with our results, Sahoo et al. showed, in a mouse model, that
the neutralization of TLR4 in splenic T cells using a peptide antagonist and stimulating with anti-CD3 and anti-CD28
decreased the CD69 expression, suggesting a role of TLR4 in acute effector responses induced by T cell receptor (TCR)
(221 On the other hand, TLR4 signalization on mice dendritic cells inhibits Treg cell differentiation through IL-6 lacking
immune regulation 23241 Further studies isolating CD4+TLR4+ cells from blood samples from allergic conjunctivitis
patients and stimulating them with Der p are needed to determine if CD4+TLR4+ cells have a role in the induction of the
IL-6 pro-inflammatory microenvironment and the inhibition of Treg cells.

Treg cell differentiation is directed by the recognition of self-antigen-MHC complexes in the thymus [23land in the periphery
through the cytokines, TGF-p and IL-2, and TCR-Ag-MHC 8. The implication of other soluble molecules, such as a-
melanocyte-stimulating hormone (a-MSH), has been linked to the induction of the Treg differentiation in a mouse model
(281 |n this work, we observed that the addition of a-MSH to Der p-stimulated cells induced CD4+CD25+FOXP3+ cells and
also diminished the CD69 expression in CD4+T cells. CD69 is an early activation marker expressed transiently in
lymphocytes, and its function is related to proinflammation, engaging blocking antibodies against CD69, which inhibits the
ability of T cells to activate macrophages by contact and diminish the activation of effector T cells [24. Similar to us, Fang
et al. showed that SVa-MSH, an analog of a-MSH, down-regulated the CD69 expression in autoreactive cells and induced
CD4+CD25+FOXP3+T cells in a mouse model of autoimmune encephalomyelitis 28, On the one hand, in a mouse model
of allergic airway inflammation, a-MSH decreases the production of IL-4 and IL-13 from a bronchoalveolar lavage 29, In
this work, we observed the down-regulation of IL-4 and IL-6 when a-MSH was added to cells stimulated with Der p. Our
results suggest that a-MSH induces Treg-differentiation and also diminishes the Th2 inflammatory microenvironment. We
did not observe IL-10 or TGF-3 secretion, supporting that a-MSH suppression could be cell-dependent and lead to the
differentiation of effector or regulatory activity. To understand the differentiation of Treg cells induced by a-MSH in allergic
conjunctivitis, CAMP, CREB, and ERK need to be explored, which will lead to the uncovering of the mechanism involved in
the regulatory activity induced by a-MSH.

Although we used high LPS doses, we observed effector Th2 responses in cultured cells from PAC patients. High LPS
concentrations induce an IL-10 enriched microenvironment B%: thus, once differentiated CD4+TLR4+ cells are committed
with effector functions activating a Th2 inflammatory response independently of LPS concentration. Similarly, the a-MSH
dose evaluated in this work was not at physiological concentration but was able to down-regulate the activation of effector
cells. Hence, the results presented here show a biological phenomenon observed in cells isolated from allergic patients
that could be used as a starting point to evaluate the pharmacological development of immune-modulators based in a-
MSH to regulate the allergic process.

a-MSH is a neuropeptide produced by the hypothalamus, keratinocytes, and lachrymal glandsY. At the ocular level, a-
MSH is involved in the homeostasis of the ocular surface in a mouse model of dry eye 2. Previous studies have
demonstrated higher concentrations of neuropeptides in ocular allergic reactions, including substance P (SP), calcitonin
gene-related peptide (CGRP), and vasoactive intestinal peptide (VIP), after allergenic challenges, suggesting their
participation as inflammatory mediators. Nevertheless, the involvement of a-MSH has not been fully explored in relation to
allergic conjunctivitis. Kleiner et al. showed that the basophils from allergic rhinitis patients decreased CD203 after
stimulation with a-MSH basophils and allergens or anti-IgE, suggesting that a-MSH suppressed the proinflammatory
effector function in human basophils B2, In our study, PAC patients showed an increased a-MSH concentration in tears
and serum, compared with healthy controls. It is well known that proinflammatory cytokines induce o-MSH as a
neuroendocrine axis in order to down-regulate inflammation2Ll. Thus, it would be necessary to determine the expression
of the melanocortin receptors in T cells and ocular surface cells, since it is possible that these cells may not respond to o-
MSH or lack immune regulation, despite the fact that a-MSH is increased.



Schirmer’s test without anesthesia measures both basal and reflex tearing, and tear break up time measures the tear film
stability of the ocular surface, thus providing a functional measure of mucin, aqueous, and lipid layer. Tearing, itching,
foreign body sensation, and photophobia are all common symptoms of allergic conjunctivitis in which inflammation and
mechanical irritation alter the density and function of goblet cells and accessory lacrimal glands. Long-term consequences
of allergic conjunctivitis may result in fibrotic changes in the ocular surface, thus significantly altering Schirmer’s test and
TBUT. However, in the acute stages, Schirmer’s test may be greater than expected due to increased sensibility of the
ocular surface, and TBUT may also be altered even in young allergic patients. B4 Although mostly used in dry eye
syndrome, both tests are clinically relevant to explore the function of the ocular surface unit, together with the clinical
examination under the biomicroscope. Meibomian glands produce the lipids that form the surface lipid layer, B and
secretion of meibum could be influenced by the melanocortin 5 receptor (MCR5) expressed on gland cells. [B8lE7]
Furthermore, a-MSH down-regulates MUC5AC in cultured epithelial cells from the nasal mucosa through TNF-a inhibition;
(28] thys, anti-inflammatory actions of a-MSH could be contributing to change the tear stability. Whether tear a-MSH is a
local compensation mechanism to increase the meibomian gland’s function or is a neuroendocrine-immune altered
pathway contributing to changes in the mucin secretion at the ocular surface is not known and needs further investigation.

| 4. Conclusions

Our results suggest a novel mechanism involved in controlling ocular allergic diseases in which a-MSH diminishes the
concentration of IL-6 and IL-4, restoring the frequency of Tregs and down-regulating the CD4 activation. We also
demonstrated the involvement of CD4+TLR4+ cells as an effector cell subset in ocular allergy.

The entry is from 10.3390/ijms21217861
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