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Abstract

Since the last century, advances in healthcare, housing, and education have led to an increase in 

life expectancy. Longevity is accompanied by a higher prevalence of age-related diseases, such as 

cancer, autoimmunity, diabetes, and infection, and part of this increase in disease incidence relates 

to the significant changes that aging brings about in the immune system. The eye is not spared by 

aging either, presenting with age-related disorders of its own, and interestingly, many of these 

diseases have immune pathophysiology. Being delicate organs that must be exposed to the 

environment in order to capture light, the eyes are endowed with a mucosal environment that 

protects them, the so-called ocular surface. As in other mucosal sites, immune responses at the 

ocular surface need to be swift and potent to eliminate threats but are at the same time tightly 

controlled to prevent excessive inflammation and bystander damage. This review will detail how 

aging affects the mucosal immune response of the ocular surface as a whole and how this process 

relates to the higher incidence of ocular surface disease in the elderly.
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I. Introduction

As sensory organs, the eyes are exposed to the environment to be able to capture and encode 

light into neural signals and thus initiate the process of sight. At the same time, the delicate 

ocular structures require protection from numerous environmental threats in order to fulfill 

their role. First and foremost is the cornea, the most exposed of the refractive media of the 

eye. The proper refraction of light onto the retina requires a clear, smooth corneal surface, 

which is maintained so by the tear film. The ocular surface is a mucosal site that has evolved 
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to keep the cornea wet and safe. The ocular surface functional unit encompasses the cornea 

itself and its adjacent protective structures: the limbus, the conjunctiva, the eyelids and their 

meibomian glands, the lacrimal glands, and the nerves [1, 2]. As every mucosal site, the 

ocular surface is equipped with a full-fledged immune system capable of mounting 

defensive responses against dangerous pathogens [3]. However, since inflammation comes at 

a cost for the ocular tissues, a set of regulatory mechanisms has also evolved to keep the 

immune response at bay, thus preventing unwanted or excessive reactions against harmless 

foreign antigens [4, 5]. Remarkably, the dysfunction of immune regulation is at the core of 

many ocular surface disorders [4].

The aging process does not spare the ocular surface. The United Nations Organization 

estimates that the percentage of subjects aged 65 years of old will more than double in 2050 

compared to 2020 numbers [6] (https://population.un.org/wpp/). The precise physiology of 

aging is not entirely understood, and several theories have been proposed that involve 

programmed cell death, genetic mutations, the epigenetic clock, wear-and-tear, and free 

radical imbalances [7–12]. Current mechanisms of aging at the cellular/metabolic levels 

include increased oxidative stress and DNA damage, accumulation of senescent cells, altered 

DNA repair, telomere shortening, decreased proteasome function, inflammation, and 

immune senescence [13–20].

A typical feature of aging is a chronic, low-grade inflammatory status named inflammaging 

[21], characterized by a general increase in the production of proinflammatory cytokines. 

This pro-inflammatory state in aging is relevant because increased serum inflammatory 

mediators are associated with age-related diseases [21–24]. For example, increased anti-

inflammatory transforming growth factor (TGF)-β serum levels in centenarians are 

considered a biomarker of good health [25], while increased serum levels of pro-

inflammatory interleukin (IL)-6 and tumor necrosis factor (TNF)-α cytokines are predictors 

of disability and mortality in octogenarians and centenarians [23, 26, 27]. Inflammaging is 

detrimental because it decreases the resilience and reserve of aged organisms to external/

internal stressors [28].

With advanced age, the prevalence of diseases that accompany aging is also expected to rise. 

Age-related diseases such as cardiovascular diseases, type 2 diabetes, hypertension, and 

Alzheimer’s have a significant burden on the individual and society, affecting not only the 

quality of life but also shortening the life span. The eye is an organ that is affected by aging, 

as diseases such as cataracts, age-related macular degeneration, glaucoma, and dry eye are 

very prevalent in the aged population. These diseases not only affect the quality of life and 

compromise independence but can also lead to blindness. Recent evidence from the 

literature has shown that not only the ocular mucosa suffers from age-related alterations in 

the ocular surface, but also age-related changes in the immune system can modulate ocular 

surface health. This review will focus on the different aspects of the aged ocular surface and 

its immunoregulatory mechanisms.
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II. The Ocular Immune System during Aging

The ocular mucosal immune system is endowed with most, if not all, the cell populations 

that have been described in other mucosal sites. There are, of course, certain elements that 

are unique to the eye, such as the tear film and the meibomian and lacrimal glands, but the 

unifying approach to mucosal immunology still applies. Schematically, the initiation and 

maintenance of a mucosal immune response require multiple steps that have been 

thoroughly characterized for the gut and the airways, and to a lesser extent, for the ocular 

surface (Figure 1). For clarity, each step is centered around the concept of an antigen, the 

molecule or molecular structure against which the adaptive immune system reacts. Antigens 

can derive from pathogens, foreign substances, or even self-tissues. It should be noted that 

the immune system is continuously interacting with various antigens simultaneously. These 

fundamental processes are:

1. Interaction of the antigen with the mucosal epithelial lining, which in the eye is 

influenced by the ocular microbiome, the tear film (including the meibomian and 

lacrimal glands), the actual epithelial barrier, and goblet cells.

2. Detection of the pattern- and damage-associated molecular patterns associated 

with an antigen by the innate immune system, which results in its early 

containmentand also leads to the fine-tuning and priming of the subsequent 

adaptive immune response. The nervous system also contributes to this last task.

3. Antigen capture and processing by mucosal antigen-presenting cells (APCs) and 

subsequent presentation to T cells, which occurs in the draining lymph node for 

the initiation of the adaptive immune response and also locally for maintenance 

of an already initiated adaptive immune response.

4. Polarization, amplification, migration, and activation of effector T cells 

(proinflammatory) or regulatory T cells (tolerogenic).

5. Generation of humoral immune responses (antibody-mediated, involving B cells 

and plasma cells)

6. In addition, extensive crosstalk between the innate and adaptive branches of the 

mucosal immune system and also with the nervous system influences each of the 

previous steps.

We will follow this schematic approach for reviewing the literature on ocular surface 

immunology over these aspects of the mucosal immune response and how they are affected 

by aging.

II.A. Aging and the Microbiome

The ocular surface is an exposed mucosa that is in constant contact with the environment 

and it is a site rich in potent antimicrobial defenses [lactoferrin, lysozyme, defensins, 

antimicrobial peptides, immunoglobulin (Ig)A] that limit bacterial colonization [29–32]. 

Recent advances and low costs in sequencing bacterial genes have led to an expansion of our 

knowledge about the bacterial communities that inhabit our body, now known as the 

microbiome.
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Although bacterial colonization and commensalism are widespread in most mucosal linings, 

results from the Human Microbiome Project identified site-specific microbiomes. [33]. In 

the past, the eye was considered a sterile site as traditional cultures of conjunctival swabs 

yielded viable colonies in less than 50% of the cases [34, 35]. The advent of next-generation 

sequencing using ribosomal 16S [which sequences variable regions (V1-V9) of the 16S 

ribosomal RNA] or whole-shotgun sequencing (which sequences the whole genome) 

demonstrated that the ocular surface is not sterile. However, compared to other mucosal sites 

in the body, it is very paucibacterial [36, 37]. Because of its low mass, proper identification 

of the ocular microbiome using metagenomic techniques varies with the method of 

collection, region that was sampled, depth of sequencing, and if the collection was 

performed upon awakening [38–40]. Furthermore, diseases and conditions that affect the 

ocular surface (such as graft-versus-host-disease, Sjögren Syndrome, dry eye, blepharitis, 

meibomian gland dysfunction and use of contact lenses) alter the ocular microbiome [40–

48]. There is still controversy about the composition of the core conjunctival microbiome 

[46–50]. The microbiome in the eyelids closely resembles the microbiome of periocular 

skin. However, because DNA is very long-lived, identification of bacterial DNA does neither 

equal to viable microbes nor indicates commensalism, and further investigations using 

molecular probes or dyes to identify live bacteria have been proposed [51]. At least two 

studies addressed the temporal stability of the conjunctiva microbiome, where the authors 

concluded that at least for a few months, there is a stable microbiome [49].

Age is a significant factor that shapes the microbiome, with dysbiosis (or altered microbial 

composition) being postulated as another hallmark of aging [52]. The most remarkable 

changes in the microbiome happen after birth: the intestinal microbiome of infants changes 

rapidly within the first 3 years of life, reaching a relatively steady-state afterward. Middle-

aged and elderly C57BL/6 mice [53] have intestinal dysbiosis [54], and certain therapies 

(such as calorie restriction) or oral gavage with specific commensal bacteria (e.g., 

Akkermansia muciniphila) can modulate changes in the immune compartment, decrease 

age-related insulin resistance [55, 56], and improve overall health. It has been postulated that 

increased colon permeability, reduced mucin layer, fewer goblet cells, and increased 

cytokines such as TNF-α participate in the maintenance of a vicious circle of inflammation 

and dysbiosis in the colon [52, 56, 57]. It has become clear that the intestinal microbiome 

can also influence ocular health, with some studies showing that it can have a protective 

effect on the ocular surface. For instance, mice that are born and raised in a germ-free 

environment have increased frequency of activated dendritic cells (DCs) and spontaneously 

develop a Sjögren syndrome-like phenotype [58]. Also, mice that received a cocktail of oral 

antibiotics before and after exposure to desiccating stress showed greater corneal barrier 

disruption and lower goblet cell density than mice that drank normal water and had a 

complex microbiome [46]. CD25−/− mice, which develop a severe dry eye phenotype, have 

worsened ocular surface disease and lacrimal gland inflammation when raised in germ-free 

environment or after antibiotics-induced dysbiosis [59]. Remarkably, the effects of a germ-

free environment (worsening or ameliorating disease) are tissue specific. For example, 

female NOD mice do not develop dacryoadenitis unless they are reared in a germ-free 

environment [60]. Specific studies investigating the microbiome and the ocular surface 

during aging are lacking.
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The conjunctival microbiome in children differs from the microbiome in adults [50]. Careful 

evaluation of conjunctival microbiome using whole-shotgun sequencing demonstrated that 

older subjects (mean age 67 years) have a different microbial diversity compared to young, 

healthy subjects (mean age 27 years), with other differences observed between aged female 

and male subjects [61]. This is also true for the meibum microbiome and periocular eyelid 

microbiome [62]. Interestingly, a recent study evaluated the conjunctival microbiome 

composition in three different cities in China and observed that subjects from a particular 

city had significant differences in their microbiome from healthy subjects from another city. 

Furthermore, traveling from one city to the other for at least two weeks changed the 

conjunctival microbiome in two-thirds of the cases [62].

Functional studies in mice have demonstrated that commensal bacteria that inhabit the 

conjunctiva can participate in active defense from Pseudomonas aeruginosa and Candida 
albicans keratitis [63, 64]. Lipopolysaccharide (LPS) is a potent inducer of inflammation 

after topical administration on the ocular surface. Administration of oral antibiotics, which 

causes microbial imbalance (or dysbiosis), increases the expression of CD86 in DCs in 

draining lymph nodes while increasing inflammatory markers on the corneal epithelium and 

in the conjunctiva [58].

These findings indicate that the ocular surface is not a sterile site but has a very low bacterial 

biomass. A proper, stable, ocular commensal microbiome has yet to be shown, although we 

are still just beginning to understand the relationship of ocular microbes and their influence 

on the ocular health. The effects of aging on the intestinal microbiome and how it relates to 

the eye and the effects of aging on the conjunctival microbiome warrant further 

investigation.

II.B. Aging, the Tear Film, the Meibomian and Lacrimal Glands

The ocular surface is kept moist (a prerequisite for proper sight) by the tear film, a complex 

fluid composed of water, lipids, mucins, cytokines, growth factors, and antimicrobial 

peptides. Traditionally, the tear film is described as composed of three different layers 

(mucins, lipids, and water), although this classical view has been recently challenged [65]. 

Any disease that affects the goblet cells (that secrete mucins), meibomian glands (that 

secrete lipids), and lacrimal glands (that secrete water and growth factors) can alter the 

quality and stability of the tear film and lead to ocular surface damage. The tear film 

provides the ocular surface with lubrication and defense from pathogens, and the production 

of its components is regulated through parasympathetic and sympathetic innervation [66–

69].

II.B.1. Aging and the Tear Film—Tear volume is maintained mainly by the aqueous 

portion of the tear film (produced by the lacrimal glands), and aqueous-tear-deficient dry eye 

causes the greatest damage to the ocular surface. The secretion of basal and reflex tears is an 

intricate mechanism controlled by the ocular surface nerves that, together with the lacrimal 

gland and the ocular surface epithelia, constitute the lacrimal gland functional unit [70]. The 

association of advanced age in humans and low tear volume has been noted since the 1940s 

[71–75]. Other age-related alterations are also present, such as a decrease in tear flow, tear 
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meniscus height, and lipid layer thickness [72–82]. In aged rodents, it has been reported 

either no change, a decrease, or an increase in tear volume. The discrepancy may be related 

to the mouse strain used and also if normalization of tear volume by body mass was 

performed and the sex of the animals [77, 83–86].

Tear composition also changes with aging [83, 84, 87, 88]. In vitro studies have shown that 

protein content after agonist stimulation decreases in aged rat lacrimal glands[68, 69, 89–

91]. A decrease in IgG and IgA in aged rats [84, 88] has been reported, while other studies 

have shown an increase in some Igs [87]. IgG1 is a prototypical Ig secreted by B cells after 

T helper (Th) 2 cooperation, while IgG2a, IgG2b, and IgG3 are hallmarks of Th1-B cell 

cooperation [92]. Tears are collected for analysis at the eyelid meniscus and represent a mix 

of lacrimal gland secretion and mucins and lipids from the goblet and meibomian gland 

secretions. Because IgM is not commonly found in tear fluid, the presence of elevated tear 

levels of IgM [93] might indicate exudation from vessels and leakage through conjunctival 

epithelium or increased secretion by the lacrimal gland. Tears from young (1–5 months of 

age) and aged C57BL/6 (24–26 months) mice showed significantly higher levels of IgG1, 

IgG2a, IgG2b, IgG3, IgA, and IgM in the aged group (Figure 2A). However, tear levels of 

these Igs were not normalized by tear protein content.

Compared to the multitude of articles that investigated tear biomarkers and tear composition 

in patients with dry eye disease, only a few studies are investigating the alterations of the 

tear film in healthy aging without dry eye disease. Recent publications have shown that 

inflammatory cytokines such as IL-6, IL-8, and TNF-α are increased in tears of aged 

subjects, while some growth factors are decreased [94–99].

II.B.2. Aging and the Meibomian Glands—The lipid portion of the tear film is 

produced by the meibomian glands: holocrine glands that are located in the tarsal plate of 

both superior and inferior eyelids. The lipids secreted by the meibomian glands are 

collectively referred to as meibum, encompassing a complex mix of bioactive lipids with 

different biological characteristics. Overall, meibum aids in decreasing tear evaporation and 

maintaining a stable tear film with each blinking [100, 101].

Aging brings significant changes in the meibomian glands that impact their function and 

promote tear film alterations. In addition to meibomian dropout, orifice plugging, cystic 

dilation, hyperkeratinization of the duct, and alterations of the meibum have been described 

[102–110]. Meibomian gland dysfunction is highly prevalent in the aged population [102, 

104, 110], and it is thought that it participates in the vicious circle of dry eye by increasing 

tear instability and hyperosmolarity [111]. While meibomian gland dysfunction is frequent 

in both sexes, elderly male subjects have more abnormal eyelid vascularity [102, 103], and 

there are sex-specific gene expression patterns [112].

Clinically, meibomian dropout visualized by transillumination techniques has been used as a 

pathognomonic sign of meibomian gland dysfunction since the 1980s [113]. It is well 

established that loss of gland acini accompanies clinical findings of poor expressibility, 

altered meibum composition, and orifice telangiectasia. Human biopsies showed that older 

adults had a decrease in Ki67+ cells (a marker of proliferating cells) and a change in 
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peroxisome proliferator-activated receptor gamma (from cytoplasmic to predominantly 

nuclear), a critical regulator of meibocytes and lipid production [114].

Aged C57BL/6 mice develop age-related meibomian gland dysfunction and gene alterations, 

with significant sex dimorphism in specific genes [115]. 3D reconstruction of murine eyelids 

and meibomian glands showed that 2-year-old mice have a 27% decrease in meibomian 

gland volume and a 54% decrease in lipid volume [116]. This was accompanied by an 

increase in CD45+ (bone marrow-derived) cells around the acini [117]. Furthermore, another 

study using 3D reconstruction by immunofluorescent computed tomography of young and 

aged eyelids showed gland atrophy but no hyperkeratinization of the ducts in 2-year-old 

meibomian glands, suggesting that processes other than hyperkeratinization participate in 

the aging phenotype [118]. Another possibility is stem cell senescence as a mechanism for 

age-related meibomian gland dysfunction [119]. A study of eyelids of young (<40) and older 

(>65 years) subjects using in vivo laser scanning confocal microscope also showed 

meibomian gland atrophy and no obstructive signs in the older group [120].

The functional consequence of meibomian gland dysfunction is an abnormal lipid layer, 

which is linked to a higher evaporation rate of the tear film. This, in turn, may cause 

insufficient lubrication, which leads to excessive attrition (i.e. wear) of corneal epithelial 

cells and nerves with each blink [121]. Attrition is higher when the epithelial layer is thinner, 

as it occurs in dry eye [122] and aging [123]. Also, increased evaporation can lead to 

hyperosmolar tears, which favors epithelial thinning per se [124] and can initiate 

inflammatory cascades in ocular surface epithelial cells. In rodents, administration of 

hyperosmolar eye drops is sufficient to activate NF-κB and mitogen-activated protein kinase 

pathways [125] in epithelial cells, disrupt immune homeostasis, and also affect corneal nerve 

morphology and function [126]. Interestingly, some of these changes have been reported in 

aged mice as well [85, 127, 128], although a causal link between them and age-associated 

meibomian gland dysfunction has not been demonstrated. Overall, considering the influence 

that meibomian glands have on corneal homeostasis, it is likely that their dysfunction 

contributes to the ocular surface’s immune dysregulation that comes with aging.

II.B.3. Aging and the Lacrimal Glands—The lacrimal gland is a tubulo-acinar gland 

where acinar and ductal cells secrete water and electrolytes (acinar, ductal cells) while 

myoepithelial cells are responsible for contraction and secretion of tear fluid [129]. Lacrimal 

glands also secrete Ig, growth factors, and antimicrobial agents (such as lysozyme, 

lactoferrin, and SA100 peptides) into the tears [130].

The lacrimal gland and its excretory ducts are endowed with IgA+ plasma cells and other 

immune cells [131, 132] and also express the secretory component [133], thus contributing 

to IgA secretion in tears. The lacrimal gland is commonly accepted as the primary source of 

Ig in tears, although this is still a matter of debate [133]. Lacrimal glands of mice and 

humans exhibit sexual dimorphism, with male glands showing larger acini than female 

glands [91, 134–137].

Several pathological processes have been observed in aged lacrimal glands, not only in 

acinar cells but also in the ducts and immune resident cells. It is well accepted that there is 
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an age-related decrease in lacrimal gland function. A reduction in protein output in response 

to adrenaline and acetylcholine and basal peroxidase secretion has been described in 

dissociated acinar cells from aged rodents [68, 69, 90, 91, 138]. However, other anatomical 

changes also accompany aging. In rodents, a significant decrease in lacrimal gland mass has 

been observed in aged rats and mice compared to young animals [84, 87, 138, 139]. Elegant 

studies showed a decrease in lacrimal gland innervation in aged Balb/c mice and rats as early 

as 12 months of age, with a significant decrease by 24 months of age [138, 140].

In rodents, the main lacrimal gland is extraorbital, and it is located in front of the ear canal. 

Accessory lacrimal glands in rodents are the intraorbital and the Harderian gland, which are 

not covered in this review. Lacrimal glands from young animals have a pink color, while 

aged glands have a distinctive yellowish-tan appearance. In aged glands, dilated “cysts” can 

be observed macroscopically in about 20–30% of the cases. These cysts correspond to areas 

of ductal enlargement under microscopic evaluation (Figure 2B) [87, 141]. It has been 

postulated that these cysts are caused by blocked ducts [141]. In a study that evaluated 99 

human cadaveric lacrimal glands, with a mean age of 62±17 years (range 7–93), Damato and 

colleagues observed the formation of “cysts” in about 20% of cases, and this occurred more 

significantly in older subjects. Various degrees of fibrosis and acinar atrophy were also 

observed, and while no sex bias was present, these findings were more frequent in the older 

subjects [141].

Histologic and electron-microscopical studies showed that age-related changes range from 

mild lymphocytic infiltration to severe dacryoadenitis, increased glandular apoptosis, and 

fibrosis and tissue destruction [90, 138, 141–144]. The acinar vesicles also change from 

serous to mucoid-like with aging [90]. The frequency of these changes is associated with 

increasing age [138].

Lymphocytic infiltration in lacrimal glands is a feature most commonly associated with 

autoimmune diseases such as Sjögren Syndrome [145–148], but it is a frequent finding in 

aged glands (Figure 2C) [138, 141, 148]. Similar to Sjögren Syndrome, the infiltration is 

periductal and tends to organize in areas resembling germinal centers; age-related infiltrates 

have almost the same histologic features, albeit at decreased grade [141, 148]. These 

infiltrates are a mix of CD4, CD8, B, and mast cells [83, 86, 140]. Because of its high 

prevalence in aged tissues, there is still controversy in the literature on whether finding 

lymphocytic infiltration in aged lacrimal glands constitutes evidence of autoimmunity. Some 

authors defend this is part of natural aging, while others opine that this is low-grade 

autoimmunity [141, 148]. There is also a question if lymphocytic infiltration follows or 

precedes acinar changes. For example, animal models have shown that anticholinergic 

blockade or post-ganglionic denervation of lacrimal gland secretion can induce immune 

infiltrates, inflammation and impair the lacrimal gland secretion [149, 150]. Also, 

constitutive epithelial activation of NF-κB in keratin-14+ cells can induce gland infiltration 

[151, 152].

A greater understanding of pathological aspects of aging, including inflammaging and 

senescence [153–155], and new therapies that can modulate aging to a certain extent [155] 

(calorie restriction, exercise, senolytics) have challenged the view of aging being an 
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unpreventable event [156–162]. It is possible that aging might represent a low-grade 

autoimmunity state and that therapies aimed at aging could also benefit the overall health of 

the gland. In support of this, calorie restriction studies for 6 months significantly improved 

tear production in aged rats [161].

Any imbalance in the redox system caused by either decreased antioxidants or increased 

reactive oxygen species leads to oxidative stress. Lipid, proteins, and mitochondria are 

susceptible to oxidative stress, which has been linked to aging processes in many organs, 

including the eye [163]. One by-product of oxidative stress is the accumulation of oxidized 

lipids and proteins and metals, which sometimes form lipofuscin granules. Autofluorescence 

caused by deposits such as lipofuscin can be seen at different wavelengths [87, 164–167]. 

Accumulation of lipofuscin is considered one of the hallmarks of aging [165, 168], and it 

might indicate autophagy failure [169]. With aging, it has been shown that the aged lacrimal 

gland develops oxidative stress with deleterious effects [170–172]. Aged lacrimal glands 

exhibit an increased frequency of lipofuscin/ceroid structures [87, 138]: this can be observed 

as early as 12 months of age in Balb/c mice [138].

While it is evident that several age-related changes take place in the lacrimal gland, it 

remains unclear if these modifications are part of normal aging or if they are part of immune 

and inflammatory changes that accompany aging. If the latter is true, then therapies aimed at 

controlling inflammation and ameliorating aging will be successful in improving these 

alterations.

II.C. Aging and the Epithelial Barrier

The ocular mucosal epithelial lining, the actual physical barrier of the ocular surface, is 

directly exposed to the environment, which puts it at risk of desiccation and in contact with 

pathogens and potential allergens. Thus, the epithelial barrier function constitutes the first 

line of defense and is paramount to ocular surface immune homeostasis [173]. This barrier 

function is diminished in aged humans [174] and rabbits [175], but the underlying 

mechanisms that are affected remain to be identified. The ocular surface epithelial barrier 

depends on the protection afforded by the tear film (reviewed in the previous section) and 

comprises the glycocalyx, the intercellular junctions, and the epithelial basement membrane.

The glycocalyx is the dense, glycan-rich coating that decorates the numerous microfolds on 

the apical membrane of the foremost epithelial cells of the ocular surface; it is mostly 

mucins, transmembrane proteins with large glycosylated extracellular domain [176]. In 

humans, ocular surface stratified epithelial cells express four membrane-associated mucins 

(MUC1, MUC4, MUC16, MUC20) [176, 177], and ocular surface goblet cells secrete the 

soluble mucins MUC2 and MUC5AC [178]. These mucins, especially MUC16, contribute 

directly to the epithelial barrier function as they interact with galectin-3, a highly expressed 

soluble lectin, and form a lattice within the glycocalyx [177]. The ocular surface glycocalyx 

is altered in dry eye and ocular allergy, and some of its components are cleaved by proteases 

and released into the tear film [179]. So far, no studies have directly addressed the effect of 

aging on the ocular surface glycocalyx. By contrast, at least one study has shown that aging 

is associated with diminished endothelial glycocalyx in systemic small blood vessels and 
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that this is caused in part by decreased expression of a glycocalyx synthesizing enzyme in 

endothelial cells [180].

Among intercellular connections, tight junctions represent the most significant component of 

the paracellular pathway in the ocular surface epithelial barrier function [181]; these 

junctions are dynamic and made up of different proteins, namely occludin, zonula 

occludens-1 and −2, and claudins [181]. Aged murine cornea and conjunctival whole-

mounts show loss of occludin expression; this is accompanied by a decrease in the apical 

cell area (Figure 3A) [182] consistent with increased apical desquamation. [183]. Other aged 

tissues may also have a break in the epithelial barrier. In the gut, an age-induced reduction in 

epithelial tight junction proteins in old baboons and rats may account for the increased 

intestinal permeability [184, 185]. In mice, the systemic inflammation and microbial 

dysbiosis that come with age increase intestinal permeability in a TNF-α dependent fashion, 

driving more inflammation [52].

Matrix metalloproteinases regulate these junctions through proteolytic cleavage, leading to a 

decrease in barrier function in dry eye as a consequence of the increased enzymatic activity 

[186]. Of note, levels of matrix metalloproteinases increase with age in human tears [95, 99]. 

Peripheral basal epithelial cell density in the cornea also decreases with aging [187], which 

could be related to the reported reduction in limbal precursors [188]. It remains to be 

established whether any of these changes have any bearing on the decreased ocular surface 

epithelial barrier function observed with aging [174, 175].

II.D. The Aging Conjunctival Mucosal Niche

The conjunctiva is a wet mucosa, with a specialized epithelium, goblet cells, and several 

immune components. Unlike the cornea, which is an avascular tissue, the conjunctiva is rich 

in vessels and lymphatics. Also, although the cornea is endowed with DCs and macrophages 

that act as APCs, these and other types of resident immune cells (CD4+ and CD8+T cells, 

natural killer (NK) and NKT cells [189–192]) are more abundant in the conjunctiva, and in 

both tissues they participate in immune surveillance. The effects of aging on corneal and 

conjunctival immune cells are discussed in other sections of this review. Here we will focus 

on two features that are exclusive to the conjunctiva: goblet cells and conjunctiva-associated 

lymphoid tissue.

II.D.1. Goblet cells—Among the epithelial components, goblet cells are probably the 

most relevant for immune homeostasis. These mucin-laden cells have a species-specific 

distribution in the conjunctiva, found mostly in clusters in the eyelid area of mice and 

isolated or in clusters mostly in the nasal bulbar and the lid wiper areas in humans [193]. 

Goblet cells contribute the gel-soluble mucins MUC2, MUC5AC, and MUC5B to the tear 

film; in addition to their protective function, mucins exert immunoregulatory effects in part 

by promoting tolerogenic antigen presentation [194]. Goblet cells also produce TGF-β2 

[195, 196] and retinoic acid [197], two soluble factors that induce tolerogenic DC function. 

Goblet cell homeostasis and secretion are under the control of specific T helper (Th) 

cytokines: IL-13 has a homeostatic role, while interferon (IFN)-γ blocks goblet cell 
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secretion and induces conjunctival metaplasia, endoplasmic reticulum stress, and misfolded 

protein response [198–201].

Another immune function of goblet cell is their aid in antigen uptake: goblet cell-associated 

passages have been described in the gut [202] and the ocular surface [203]. These structures 

facilitate transepithelial antigen delivery to the underlying stromal DCs, most likely with the 

aforementioned tolerogenic signals. For a thorough review of the immunobiology of these 

cells, refer to Alam et al. [204] and Swamynathan et al. [178].

Evaluation of goblet cell density in humans has been performed more commonly by periodic 

acid-Schiff or mucin-specific staining in epithelial sheets obtained from impression cytology 

[205]. Impression cytology of the conjunctiva has also been used to investigate gene 

expression in the conjunctiva in aged [206] and dry eye patients; however, impression 

cytology collects not only the superficial layers of the epithelium but also the associated 

intraepithelial lymphocytes and DCs [207, 208]. Recently, in vivo confocal microscopy has 

also been used [110, 209, 210].

In 1975, Ralph proposed that goblet cell loss is a universal feature of ocular surface diseases 

such as Sjögren Syndrome, Stevens-Johnson Syndrome, and cicatricial pemphigoid [211]. It 

has also been observed that goblet cell density inversely correlates with dry eye severity 

[212, 213]. However, the effect of aging (without dry eye) on goblet cells is controversial in 

the literature, with some studies showing no correlation with aging, while others showed a 

significant impact [110, 214, 215]. Abnormal goblet cells, containing a high proportion of 

neutral rather than acidic mucopolysaccharides, were reported to increase with age [214]. In 

another study, a reduction in the goblet cell population was observed in subjects over 80 

years [215], which was sometimes associated with the presence of hyaline bodies (Periodic 

acid–Schiff-positive structures that possibly represent a degenerative form of goblet cells). 

In a more recent study, the goblet cell density obtained by impression cytology from the 

superior part of the bulbar conjunctiva in normal subjects showed no correlation with age, 

tests of lacrimal function, or tear-break-up-time but negatively correlated with rose bengal 

scores [216]. Doughty also found no correlation with age and goblet cell density [217]. The 

differences in these studies may relate to the techniques used to identify goblet cells but also 

the presence of undiagnosed dry eye disease, as this information is missing in some 

publications.

Aged C57BL/6 mice spontaneously develop dry eye disease [83, 218]. One striking feature 

of these mice is the early loss of conjunctival goblet cells, observed as early at 9 months of 

age (Figure 3B) [83]. Interestingly, the deletion of IFN-γ partially rescued age-related goblet 

cell loss [218], indicating that some of the mechanisms that cause goblet cell loss in young 

mice (such as IFN-γ) are also implicated in aging processes.

These findings indicate that goblet cells are not just mucin-producing cells but highly 

specialized cells with a direct impact on immune tolerance and surveillance on the eye. 

Therapies that can preserve goblet cells may promote overall ocular health by decreasing the 

immune tone in addition to providing lubrication.
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II.D.2. Conjunctiva-Associated Lymphoid Tissue—The conjunctiva, as other 

mucosal linings, is equipped with lymphoid tissue that increases in density from the limbus 

to the lid margin, reaching its maximal expression in the tarsal area. [219]. This lymphoid 

tissue is present in a diffuse form throughout the conjunctival lamina propria, rich in IgA+ 

plasma cells, and as follicles in the palpebral conjunctiva, with their corresponding B-cell 

and T-cell areas, follicle-associated epithelium, and high endothelial venules [219]. The full 

conjunctival epithelial lining expresses the secretory component [133] that is crucial for 

translocation of IgA and IgM to the tear film. The same applies to the lacrimal drainage 

system [133, 219], and nasal mucosal uptake of drained antigen applied onto the ocular 

surface leads to strong IgA responses in tears. However, the nasal mucosa-associated 

lymphoid tissue is dispensable for tear IgA production, as has been shown by surgical 

closure of the nasolacrimal duct in rats [220]. Irrespective of its source, tear IgA contributes 

to ocular mucosal homeostasis by specifically neutralizing its cognate antigens, thus 

preventing pathogen adhesion and invasion [221]. Moreover, secreted Ig could play a role in 

shaping the ocular microbiome, as it does in other mucosal sites [222].

The conjunctival lymphoid tissue in humans is known to increase in size until adulthood, 

and then undergoes involution [223]. Tear levels of IgA, however, are maintained or even 

increased with age in humans [224, 225] and rodents [87, 226]. Also, lacrimal glands 

undergo significant anatomical and functional changes with age (for a thorough review, see 

de Souza et al. [87], and the composition of tears shifts towards an inflammatory profile with 

increased concentration of IgM [87, 95, 99]. However, much remains to be established about 

the humoral immune response at the ocular surface and its contribution to ocular mucosal 

homeostasis to try to ascertain any effect of aging.

II.E. Aging innate immunity

As in the rest of the body, the innate immune system of the ocular surface comprises the 

elements that participate early in the defense against pathogens [227]. This system 

comprises the ocular surface epithelium, with its defenses, its threat detection and alarm 

subsystems, and its immune control center; and the ocular surface populations of 

granulocytes, monocytes/macrophages, and ILCs. In addition to its defensive function, the 

innate immune system also has critical regulatory roles both in preserving ocular surface 

homeostasis and amplifying and instructing the adaptive immune response that follows 

[228].

II.E.1. Aging and Ocular Surface Epithelial Immunity—Although ocular surface 

epithelial cells are traditionally thought to only contribute passively to ocular surface 

immunity by acting as a physical barrier, they play the lead role in the mucosal immune 

response [229]. They do so by means of their defenses, their alarm systems, and their 

immunoregulatory effects.

Both corneal and conjunctival epithelial cells secrete antimicrobial peptides: β-defensins 1–3 

and the cathelicidin LL-37 [29, 230]. Antimicrobial peptides are released constitutively to 

the tear film, but their production increases upon epithelial injury or detection of bacterial 

products like lipopolysaccharide or peptidoglycan [230, 231]. These highly charged peptides 
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kill microbes by disrupting their cell membranes. For an excellent review of this subject, see 

[230]. Of note, aging does not seem to affect constitutive antimicrobial peptide secretion at 

the ocular surface, as no difference in cathelicidin levels were observed in young and aged 

tear samples [95]. Although the effect of aging on all ocular antimicrobial peptides was not 

explored directly, this is in line with reports of preservation of systemic antimicrobial 

peptide production with age [232, 233]. In addition to these antimicrobial peptides, ocular 

surface epithelial cells constitutively express other proteins and peptides that are released 

upon activation or cell damage and have multiple effects on other immune cells: the so-

called alarmins [234]. At least some of these alarmins (S100A8 and S100A9) are known to 

increase in tears with aging [95], although it is unclear whether they derive from ocular 

epithelial cells or neutrophils [235]. Interestingly, they are also increased in patients with 

inflammatory ocular surface disorders such as pterygium and dry eye [235], yet another 

evidence of the dysregulated aged immune response. Also, it remains to be established 

whether aging affects the release of the epithelial alarmins IL-25, IL-33, and thymic stromal 

lymphopoietin, which influence the type 2 immune responses that underlie allergy [236].

In addition to sounding the alarm after being damaged, ocular epithelial cells can detect 

threats by sensing microbial products like a bacterial membrane or flagellum constituents, 

and viral double-stranded RNA; and also by detecting other compounds that are released by 

tissue damage [237, 238]. They do so through a wide assortment of pattern recognition 

receptors. Of these, the two most studies families are transmembrane or intracellular Toll-

like receptors (TLRs) that bind pathogen-associated molecular patterns [237] and 

intracellular nucleotide-binding and oligomerization domain-like receptors (NLRs) for 

damage-associated molecular patterns [238]. Both families of receptors activate signaling 

cascades that ultimately converge and initiate inflammatory responses, in part by releasing 

alarmins [237, 238]. Interestingly, epithelial membrane-associated mucins decrease the 

activation of TLRs [239], whereas desiccating stress upregulates their expression [240, 241] 

and their functional response [242]. Mice deficient in the downstream signaling cascade 

triggered by TLRs do not develop ocular surface epithelial damage under desiccating stress, 

suggesting a pivotal role for pattern recognition receptors in dry eye [243]. Dry eye and 

corneal alkali burns are also linked to increased NLR expression or signaling [238, 244, 

245]. Although the effect of aging on the ocular surface’s pattern recognition receptor 

system has not been studied so far, the systemic response to several TLR agonists is 

impaired in older subjects [246, 247]. Also, the expression of NLRs in the oral mucosa in 

non-human primates changes with age, and this could relate to aging-associated oral 

mucosal inflammation [248]. Polymorphisms in one of the NLRs are strongly linked to 

inflammatory bowel disease [249], more evidence to support the role of the epithelial pattern 

recognition receptors in mucosal pathophysiology. After activation by their ligands, the 

intracellular NLRs assemble with caspase-1 and other adaptor proteins to generate 

inflammasomes, which catalyze IL-1β and IL-18 production and amplify the inflammatory 

response [250]. Inflammasome activation is involved in dry eye pathogenesis [251–253], and 

interestingly, dysregulated NLRP3 inflammasome activity is also linked to inflammaging 

[254], as its NLR binds ligands that are increasingly generated by physiological aging and 

metabolic stress.
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Within the ocular surface epithelial lining, different signaling pathways converge, thus 

integrating the input information from the danger detection systems and other receptors; in 

turn, the corresponding epithelial output has a decisive impact on the outcome of the 

mucosal immune response [229, 255]. The nuclear factor (NF)-κB pathway serves as the 

central integrator of the epithelial outcome: low activity is associated with anti-

inflammatory, tolerogenic immune responses, whereas increased activity results in a pro-

inflammatory immune response [256, 257]. Tolerogenic immune responses in the ocular 

surface are lost in mice exposed to eye drop preservatives or desiccating stress after 

increased epithelial NF-κB signaling; conversely, topical NF-κB inhibition prevents the 

immune disruption and disease development [258–260]. Also, constitutive activation of NF-

κB causes a hyperinflammatory phenotype in mice, which can be rescued by a TNF-α 
receptor deficiency; quite interestingly, as these mice age, they still develop dry eye signs 

despite the absent TNF-α signaling [261]. Human tear proteomic analysis shows increased 

NF-κB activity with aging [95], and enhanced NF-κB activity is a hallmark of inflammaging 

[262, 263]. It is thus evident that dysregulated epithelial NF-κB signaling is one of the 

changes in the ocular surface immune response brought about by inflammation. However, it 

has been shown that aging itself is accompanied by NF-κB activation and that conditional 

genetic deletions of pharmacological therapies aimed at NF-κB can decrease or reverse 

pathological aging in tissues and change gene expression signatures from old to young [264–

268].

In addition to the more conventional immune pathways of mucosal epithelia described 

above, the ocular surface epithelium exhibits other immunoregulatory mechanisms. Corneal 

and conjunctival epithelial cells synthesize thrombospondin-1, an extracellular matrix 

protein that is involved in the activation of latent TGF-β, a highly immunoinhibitory 

cytokine that is also required for the development of Th17 responses [269]. Goblet cells 

(section II.D.1) represent a significant source of TGF-β2 in the ocular surface. Intriguingly, 

there is evidence of a newly appreciated role of thrombospondin-1 in age-related extraocular 

diseases [270]. Corneal epithelial cells also express Fas Ligand, which induces lymphocyte 

apoptosis by activating their Fas receptor [271]. It remains to be determined whether aging 

affects these specific immunoregulatory pathways. Finally, corneal epithelial cells express 

major histocompatibility complex (MHC) II molecules in diverse inflammatory settings and 

may act as antigen-presenting cells [272]. Also, increased expression of conjunctival 

epithelial MHC II has been reported in dry eye patients, although the pathophysiological 

significance of this finding is unknown [273–276].

In summary, given the key role of the epithelial lining in the mucosal immune response and 

the numerous changes in epithelial immunity that come with aging, it is very likely that 

immune dysregulation in the aged ocular surface is partly caused by epithelial dysfunction.

II.E.2. Aging and Neutrophils—Neutrophils are most commonly associated with 

pathology, i.e., acute inflammation, as they represent the first line of defense against 

bacterial infections [277]. Neutrophils are fully equipped to sense microbial threats [278] 

and, in response, secrete proinflammatory cytokines [279], trigger an oxidative burst to 

enhance bacterial killing [280], and release DNA-rich extracellular traps [281]. However, 

they have regulatory and homeostatic roles as well, and this is readily evident in the ocular 
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surface. Prolonged eye closure during sleep reduces the spread of the tears, favors hypoxia, 

and decreases epithelial barrier function [282]. This diurnal tear cycle leads to subclinical 

ocular surface inflammation, which is accompanied by an influx of neutrophils every night 

[283].

Interestingly, C5a levels in tears, a product of complement activation and a potent recruiter 

of neutrophils, increase over daylight hours, and reach the highest point at night [284]. This 

probably reflects the accumulated exposure of the ocular surface to airborne particles and 

microorganisms. The recruited neutrophils participate in the clearance and containment of 

these threats during eye closure, as the proinflammatory microenvironment favors neutrophil 

degranulation. Upon eye-opening, the change in the ocular surface towards a normoxic 

environment promotes a shift in the functional profile of neutrophils, some of which undergo 

death and give rise to DNA-rich extracellular traps, which in turn enclose and clear 

inflammation-associated debris. The result of this process is the resolution of ocular surface 

inflammation and the formation of eye rheum [284]. Also, limbal neutrophils play a 

regulatory role in the ocular surface and are specifically downregulated in female mice under 

desiccating stress, thus contributing to sex susceptibility to the disease [285]. The number of 

circulating neutrophils in basal conditions or inflammatory states does not seem to be 

affected by aging, but their ability to be recruited to the infected site and kill microbes is 

indeed impaired [286]. Conjunctival imprint levels of IL-8, a proinflammatory cytokine that 

is released by neutrophil and epithelial cells, increase with aging [287]. In addition to the 

increased susceptibility to ocular infections in the elderly, dysregulated neutrophil function 

might contribute to the pro-inflammatory changes that come with aging, as these cells have a 

considerable homeostatic role in the ocular surface.

II.E.3. Aging and Complement—The complement system is a unique component of 

the innate immune system and, at the same time, a pillar of the humoral immune response 

[288]. Complement comprises a group of soluble factors that are activated by a cascade of 

enzymatic reactions; the consequences of its activation are diverse but uniformly pro-

inflammatory [289]. For detailed complement physiology, we refer the reader to any of the 

excellent reviews [290]. A functional complement set is found in tears, and its factors 

probably arrive from leaky conjunctival blood vessels or released by ocular surface epithelial 

cells and infiltrating neutrophils [291]. Their concentration is higher in closed-eye tears than 

in open-eye tears, and more importantly, closed-eye tears have more factors in the activated 

state, evidence of complement activation in the ocular surface during sleep [288]. The 

complement’s role in recruiting neutrophils to the ocular surface at night was discussed in 

the previous section. Dysregulated complement activation can lead to tissue destruction, and 

therefore, complement activation is tightly controlled by several regulatory factors [288, 

289]. Corneal epithelial cells express membrane-bound inhibitory factors [292]. Also, 

lactoferrin in tears dampens complement activation [293].

Interestingly, some bacteria release phospholipases that cleave membrane-bound 

complement regulators, thus making the corneal and conjunctival epithelial cells more 

susceptible to complement-mediated damage and perhaps facilitating bacterial adhesion 

[294]. In herpetic keratopathy in mice, complement and T cells mediate corneal nerve 

damage [295]. Remarkably, herpetic infection increases the local synthesis of complement 
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activating factors in the cornea, and although it is unclear whether this is done by infiltrating 

immune cells or by corneal epithelial cells, it probably favors pathogenic complement 

activation [295]. In murine dry eye, complement contributes to ocular surface inflammation 

induced by autoantibodies [296].

Interestingly, increased complement factors 3 and 4 levels in diverse tissues and serum are 

associated with aging [297–299]. As complement dysregulation has been implicated in 

inflammaging and renal disease [300] and age-related macular degeneration [301], it might 

also contribute to the ocular mucosal immune dysfunction that comes with aging. A local 

shift in the balance of activating and inhibitory complement factors towards the first, as has 

been reported for herpetic keratopathy [295] and in the aged brain [299], might be 

implicated. Sex is another variable that influences serum complement levels in humans and 

should be taken into account [289].

II.E.4. Aging and Monocytes and Macrophages—Tissue-resident macrophages are 

phagocytes that play an essential part in tissue homeostasis, participating in the clearance of 

dead cells and wound healing, and also in the immune response: they can present antigen to 

and activate CD4+T cells, and also phagocytose targets recognized by their receptors or 

marked by the adaptive immune response [302, 303]. Corneal macrophages, as in the rest of 

the body, can have two origins: some reach the tissue during embryogenesis and self-renew 

in situ indefinitely [C-C chemokine receptor (CCR) 2−], whereas others differentiate from 

blood-borne monocytes (CCR2+) [304]. Upon injury, monocyte-derived CCR2+ corneal 

macrophages rapidly increase and then return to normal levels after 24 hours, whereas 

CCR2− macrophage numbers fall immediately after injury and then recover to even higher 

levels after 24–36 hours. Interestingly, depletion of CCR2+ corneal macrophages reduces the 

injury-induced inflammatory response, suggesting they have an M1 pro-inflammatory 

profile, whereas depletion of CCR2− corneal macrophages enhances the inflammatory 

response, suggesting the opposite M2 anti-inflammatory profile. Both subsets, however, are 

required for appropriate wound healing [304], highlighting the macrophage’s crucial role in 

tissue homeostasis. Although conjunctival macrophages have not been studied in such detail 

so far, they do have many of the properties observed in tissue-resident macrophages 

elsewhere. As in the other tissues, conjunctival macrophages change their functional profiles 

according to the microenvironment [305]: under desiccating stress, their number does not 

vary significantly, but they become more pro-inflammatory [303]. Also, conjunctival 

macrophages polarize to an M2 profile (which also involves pro-allergic Th2 cytokine 

production) in a murine model of allergic conjunctivitis and thus amplify the allergic 

response [306].

Although there are no specific studies on aged ocular surface macrophages, there is ample 

evidence that age does affect monocytes and macrophages in other tissues [307]. Aged skin 

macrophages are partially responsible for the reduced delayed-type hypersensitivity 

responses in older individuals because they release less TNF-α (deficient 

immunosurveillance) and thus do not amplify the local inflammatory reaction, which 

prevents blood vessel endothelial activation and extravasation of memory T cells [308]. 

Conversely, aging increases the proportion of proinflammatory M1 macrophages in adipose 

tissue, which is related to inflammaging and has profound metabolic implications [309]. 
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Macrophages are crucial for the resolution of inflammation, contributing to the cleaning of 

inflammatory debris and dead cells and their transition to an M2 anti-inflammatory profile. 

However, both of these macrophage functions are impaired by aging [310]. It remains to be 

established how much of this age-induced macrophage dysregulation takes place in the 

ocular surface and how relevant it is for ocular surface disorders.

II.E.5. Aging, ILCs and other Tissue-Resident Lymphocytes—Mucosal linings 

are rich in tissue-resident lymphocytes, which include ILCs, unconventional T cells (NKT 

cells, mucosal-associated invariant T cells, and γδ T cells), and tissue-resident memory T 

cells [189, 311]. The defining feature of tissue-resident lymphocytes is their distinct 

migration pattern: as opposed to naïve and central memory T lymphocytes, tissue-resident 

lymphocytes do not travel between secondary lymphoid organs [312]. Since they are already 

posted at the mucosal site, tissue-resident lymphocytes are uniquely poised to react early to 

threats and thus influence the initial phases of the immune response.

II.E.5.a. ILCs: ILCs share a common lymphoid progenitor with B and T cells, but unlike 

them, do not activate their recombination activation genes (RAG1/2) and thus do not 

rearrange their antigen receptors [313]. In other words, they only express innate receptors for 

identifying threats and exerting their function. ILCs are found in mucosal linings and other 

tissues, and they can be classified into three groups akin to the Th profiles of T cells: group 

1, which produce IFN-γ and include NK cells; group 2, which produce Th2 cytokines; and 

group 3, which produce IL-17 and/or IL-22 [313]. ILCs in mucosal sites are advantageously 

posed to rapidly react to threats, amplify the inflammatory response, and direct the type of 

adaptive immune response that will eventually supersede them [314]. This has been well 

established in the gut, where group 3 ILCs are responsible for trophic IL-22 secretion, thus 

maintaining an effective epithelial barrier along with neutrophils and Th17 T cells [315]. In 

the ocular surface, NK cells respond early to desiccation-induced epithelial signals with a 

burst of IFN-γ, thus setting the stage for the subsequent Th1 adaptive immune response that 

drives dry eye [316].

Although the literature on ILCs in the ocular surface is scarce, it should be considered that 

the current concept of ILCs is relatively recent, and thus some of the previous reports on 

ocular surface NK cells might today be interpreted as ILCs [317]. For example, CD161 was 

previously considered an NK cell marker, but nowadays is known to be expressed on all 

ILCs, and the NK cell denomination is best reserved for those group 1 ILCs that have 

cytotoxic capacity [313]. Therefore, the second most abundant intraepithelial lymphocyte 

population in the murine conjunctiva (10% of isolated live cells are γδ T cells, and 5% are 

CD3−CD161+, previously considered NK cells) would be regarded as ILCs today [189], and 

their contribution of IL-17 in a desiccating stress model of dry eye might be considered the 

result of activation of group 3 ILCs. Also, the reported increase of IFN-γ-producing 

CD3−CD161+NK cells in the conjunctiva of mice under desiccating stress [318] would 

probably be interpreted today as an expansion of group 1 ILCs. In both reports, further 

characterization might elucidate whether there are more blood-borne NK cells arriving to the 

conjunctiva or if there is increased local proliferation of other group 1 and group 3 ILCs. 
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Comparably, the homeostatic effect on conjunctival goblet cells reported for IL-13 derived 

from conjunctival CD161+ NK cells might be ascribed today to group 2 ILCs [198].

There is direct evidence for an IL-33/group 2 ILCs axis in the ocular surface: transgenic 

mice with ocular surface epithelial overexpression of IL-33 (keratin 14-driven) have 

activated group 2 ILCs in the ocular surface and develop an atopic keratoconjunctivitis/

blepharitis phenotype [319]. Corneal limbal tissue-resident macrophages (CCR2−) also 

contribute to this axis by secreting IL-33, and the responding group 2 ILCs favor corneal 

epithelial regeneration [320]. The human conjunctiva harbors an IL-22 producing ILC 

population, presumably group 3, although this was not confirmed in the study [321]. 

However, in the human conjunctiva, conventional T cells (αβ) are the predominant IL-22 

source, whereas, in the murine conjunctiva, IL-22+ γδ T cells are more abundant [321]. 

Finally, very few studies have addressed how ILCs change with aging, but at least one report 

shows a compartmentalized effect of age: increased bone marrow generation of ILC 

precursors but reduced settling in the lung [322]. Interestingly, the adoptive transfer of group 

2 ILCs from young mice to aged hosts increased their resistance to influenza infection. It 

would be interesting to study how ILCs in the aged ocular surface influence its inflammatory 

predisposition.

II.E.5.b. γδ T cells and Tissue-resident CD8+T cells: Although they are not innate 

immune cells because they do rearrange their T cell receptor genes, γδ T cells share some 

functional characteristics with ILCs that set them apart from the conventional αβ T cells. γδ 
T cells are present in the conjunctiva and cornea and even constitute the predominant tissue-

resident lymphocyte population in the murine conjunctiva [189]. CCR6+ γδ T cells 

contribute to corneal epithelial wound healing in mice as they are recruited by epithelial C-C 

chemokine ligand (CCL) 20 to the wound edge, where they contribute IL-22, a critical 

epithelial growth factor, and exert microbicidal effects through IL-17 and the recruitment of 

neutrophils [323]. Conjunctival γδ T cells also respond to ocular commensal bacteria in 

mice by recognizing some of their antigens and producing IL-17 in response [63]. 

Interestingly, this interaction keeps the ocular surface’s immune response primed for action, 

as a bactericidal treatment increases the susceptibility to fungal and other bacterial 

infections. Since γδ T cells are impaired or skewed by aging [324, 325], it is tempting to 

speculate how the increased susceptibility to ocular infections in the elderly might relate to 

impaired γδ T cell function.

Intraepithelial CD8+T cells are another tissue-resident lymphocyte population that has been 

observed in the conjunctiva of mice [189] and humans [191]. Most of these cells in both 

species are CD103+ [326, 327], a marker associated with a regulatory phenotype in mice 

[328]. Antibody-based depletion of CD8+ cells during desiccating stress worsens dry eye 

[327]. Interestingly, CD8+T cells do not increase with age in the human conjunctiva, but 

CD4+ T cells do; thus, their ratio decreases and probably their regulatory influence as well 

[191]. Aging also decreases the number of both CD8+ and γδ T cells in the gut while 

activated αβ T cells increase [329]. Whether conjunctival-resident CD8+T cells are 

implicated in the functional immune changes brought about by aging to the ocular surface is 

unknown.
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II.F. Aging, Antigen-presenting cells, and Antigen Presentation

APCs are a heterogeneous family of cells that participate in immune surveillance and are 

critical players in tolerance and immune responses. They are named so because of their 

ability to activate T cells, which can only recognize their cognate antigens when they are 

presented within the MHC molecules that are found on the surface of APCs. All cells 

express MHC class I, which is required by CD8+T cells to become activated. By contrast, 

professional APCs are those that express the MHC class II that is required to activate CD4+T 

cells and encompass DCs, macrophages, and B cells. DCs received their name due to their 

dendriform appearance that resembles neurons. Their highly elongated dendrites intersperse 

among mucosal epithelial cells [197, 203] and participate in tolerance induction by sampling 

the exterior (in the case of the eye) or the gut lumen. Epithelial cells can also express MHC 

class II and activate CD4+T cells under some settings [208, 273, 330], but by far, the most 

potent and relevant professional APCs are DCs. For the remainder of this section, we will 

focus on DCs as the prototypical APCs.

Immature DCs reside in peripheral tissues, where they sense the microenvironment and 

capture antigens. Diverse signals trigger DCs to mature and migrate to the lymph nodes, 

where they interact with naive CD4+T cells and polarize them into specific cell lineages 

(Figure 1). Tissue-resident DCs respond to signals from the microenvironment through their 

pattern and danger recognition receptors, which recognize molecular patterns from 

microorganisms and self-derived molecules like DNA. Among these pattern recognition 

receptors, TLRs and NLRs are also expressed by other cells that take part in the ocular 

surface innate immune response, and they were described above in section II.E.1.

As important decision-making cells (attack or tolerate an antigen), APCs receive many clues 

from the environment. Horev and colleagues showed that mucosal APCs are more affected 

by an aged microenvironment than skin APCs [331]. An aged inflammatory milieu rich in 

TNF-α, IL-17, CCC2, CCL20 was described in the gingiva [331], whereas the aged 

conjunctiva milieu is rich in CXC chemokine receptor ligand (CXCL) 13, IL-1β, MHC II, 

IL-12, and IFN-γ [182]. By contrast, the aged skin had minimal alterations [331]. DCs and 

epithelial cells are in close proximity, and there is epithelial-DC crosstalk. While it is well 

established that epithelial cells can activate DCs by secreting cytokines, studies have also 

shown that supernatant from aged DCs can activate epithelial cells, promote release of 

cytokines, and decrease epithelial barrier function [332]. TNF-α secreted by aged DCs was 

critical in epithelial activation [332]. These findings demonstrate that aging affects mucosal 

tissues differently from other sites [182, 331] and that epithelial-DC crosstalk is 

bidirectional.

The ocular surface harbors many APCs in the conjunctiva, limbus, and in the cornea. 

Interestingly, many of the cornea APCs are MHC II-negative [333, 334]. The conjunctiva is 

an APC-rich tissue, and many different subtypes of APCs co-exist dispersed in the stroma 

and among the epithelial layers, including monocytes, macrophages, and CD11c+CD103+ 

DCs [189, 199, 335]. In aged mice, CD11b+, CD11c+, and MHC II+ cells move from the 

stroma into the epithelium and accumulate in the goblet cell-rich area (Figure 3C and [182]). 

These APCs express higher levels of CD86 than young APCs and are very phagocytic [182].
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Important APC-modulating molecules are TGF-β and retinoic acid (RA), frequently found 

in high concentration in mucosal tissues of the gut and the eye [195, 197, 336]. TGF-β2 

maintains the MHC II-negative status of corneal APCs and decreases activation of 

conjunctival goblet cells [195, 197]. Vitamin A (retinol) from the diet needs to be 

metabolized into RA by an orchestrated sequence of alcohol dehydrogenases and aldehyde 

dehydrogenases. RA is a critical tolerance-promoting factor through the generation of 

regulatory T cells [337]. Deficiency in vitamin A has been linked to colitis, night blindness, 

and severe keratoconjunctivitis, with corneal opacification and corneal neovascularization 

[338, 339]. In addition to the gut, the conjunctival epithelium and goblet cells express 

alcohol dehydrogenases and aldehyde dehydrogenases [197, 336]. Conjunctival goblet cell-

conditioned media has high levels of RA, and it is equally potent as RA in reducing the 

activation, release of pro-inflammatory cytokines (such as IL-12), and induction of IFN-γ -

producing T cells by DCs stimulated with LPS. This effect was mediated through suppressor 

of cytokine signaling-3 (Socs3) in vitro [197]. Topical administration of conjunctival goblet-

cell conditioned media to mice devoid of conjunctival goblet cells blunted the inflammatory 

response to LPS and significantly decreased production of IL-12 by CD11b+CD11c+ cells 

[340]. In vitro, human RA-stimulated DCs that were co-cultured with CD4+ cells were 

defective in generating regulatory T cells (Tregs), leading to decreased IL-10 production and 

higher levels of IFN-γ by CD4+ T cells [341]. In aged mice, the aldehyde activity in the 

conjunctiva [182] and aldehyde dehydrogenase family 1, subfamily A2 (aldh1a2) gene 

expression is decreased in conjunctiva [182] and gut mucosa [342], suggesting that altered 

RA signaling in the aging may contribute to ocular immunoregulation.

In aged mice, aldehyde dehydrogenase activity and aldehyde dehydrogenase family 1, 

subfamily A2 (aldh1a2) gene expression is decreased in the conjunctiva [182], suggesting 

that altered RA signaling may contribute to age-associated immune-dysregulation in the 

ocular mucosa. Consistently, the expression of the same aldehyde dehydrogenase is also 

reduced in the aged gut mucosa [342].

Antigen presentation involves several steps, namely, uptake and processing of antigens 

followed by the actual presentation of the resulting epitopes (the fragments of the original 

antigens that are recognized by T cells) on MHC class II molecules. DCs, process 

(catabolize) putative antigens into smaller peptides in their acidic vesicles (e.g., lysosomes). 

Proteases such as cathepsins digest antigens and remove the preloaded CD74 (invariant li) 

from the MHC II groove, thus facilitating contact of the peptide binding region of the MHC 

molecule with the newly processed peptides and the consequent MHC loading. After 

processing, the newly formed peptide-MHC II complexes are shuttled to the surface of DCs, 

where they can interact with CD4+T cells through the T cell receptor. However, a second 

signal is necessary to activate T cells, and this second signal comes from co-stimulatory 

molecules such as the ones from the B7 family (CD80 and CD86) that bind to CD28 on T 

cells. Other costimulatory molecules are CD40-CD40 ligand, inducible T-cell costimulator 

(ICOS)-ICOS ligand, and adhesion molecules ICAM-1-LFA1 (intercellular adhesion 

molecule and leukocyte function-associated antigen 1, respectively). The need for a second 

signal prevents that self-proteins that are processed through autophagy and that bind to 

MHC II enlist a CD4+T cell response to self. Interestingly, aged tissue-resident APCs have 

increased levels of co-stimulatory CD86 [182, 329].
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In the thymus, APCs play a critical role in central tolerance, participating in the selection of 

self-reactive T cells that are marked for deletion and do not reach the periphery. The 

protease cathepsin L is expressed preferentially by thymocytes, while DCs rely more on 

cathepsin S [343–349]. The abundance of an antigen and the duration of presentation are 

factors that influence the outcome of antigen presentation, as prolonged MHC II 

presentation in the periphery has been associated with autoimmunity [350–352]. 

Consistently, cathepsin S, one of the proteases involved in the MHC II presentation, [343–

345, 350], is increased during aging [353–356]. Recently, increased levels of cathepsin S in 

tears have been proposed as a novel biomarker for Sjögren Syndrome and dry eye [357–

360]. Interestingly, HLA-DR expression in conjunctival epithelial cells has been reported in 

patients with dry eye and Sjögren Syndrome [273–276], but the significance of this 

expression in the aged population has not been thoroughly investigated.

DCs, as sentinels, also secrete large quantities of cytokines in response to specific stimuli 

that can polarize naive T cells into specific subsets, a critical step in differentiating the 

immune self from the immune non-self and thus preventing autoimmunity. For example, 

IL-12 secreted by DCs can polarize T cells into Th1 cells (IFN-γ-producing cells) while IL4 

and IL5 can polarize into Th2 (IL-13 and IL-4-producing cells). IL-12+ cells were found in 

the conjunctiva of aged C57BL/6 mice and germ-free mice, two models that have high levels 

of IFN-γ [58, 182]. DCs migrate from the peripheral tissues (e.g., the ocular surface) to the 

local lymph node to present the captured antigen to naïve T cells (Figure 1, step 3). 

Interestingly, antigen uptake after ocular eye drop administration or fluorochrome painting 

in oral mucosa and the subsequent migration to draining nodes was augmented in aged 

compared to young mice [182, 331]. However, studies in vitro with APCs isolated from 

spleens and mesenteric lymph nodes showed a decrease in migration to a gradient of CCL19 

and decreased expression of CCR7 [342]. The discrepancies in the migratory capabilities of 

aged APCs shed light on the vital role of the microenvironment in influencing APC behavior 

as studies using tissue-resident APCs, or lymph node-APCs have opposite results [182, 331, 

342].

In vitro antigen-presentation assays showed no quantitative effect of aging, as aged APCs 

can present just as efficiently as young APCs. There is, however, a qualitative effect: aged 

splenic APCs preferentially prime Th1 and Th2 cells and induce fewer regulatory T cells 

[329]. This age-induced change is more pronounced in mucosa-draining lymph nodes [329] 

than in the spleen. Using regional APCs obtained from the eye-draining nodes from 24-

month old C57BL/6 mice in OVA antigen-presenting assay, Bian and colleagues showed that 

aged APCs primed a greater percentage and number of Th1 cells and a decrease in the 

number of CD4+Foxp3+cells [182].

In summary, age-related changes abound in DCs and antigen presentation in general. Overall 

defects in priming of regulatory T cells and increased production of cytokines and activation 

markers are characteristics of aged APCs, which likely contribute to immune dysregulation. 

However, there are still many unanswered questions about the role of the microenvironment 

and DC activation in the aged population.
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II.G. Aging and T cells

T cells are the cornerstone of adaptive immunity and thus crucial in the control of infections 

and tumors. During their development in the thymus, T cells undergo random recombination 

of their T cell receptor genes, which allows them to react to a wide range of potential 

antigens. This unique feat, which B cells also perform, confers the evolutionary advantage of 

defense against new pathogens to the host, but also comes with the threat of targeting the 

host’s tissue antigens. To prevent this, there are mechanisms in place during the development 

of T and B cells in the primary lymphoid organs (thymus and bone marrow, respectively). 

Only the T cell precursors that can interact with the host’s antigen presentation molecules 

but do not recognize the self-antigens that are presented by thymic epithelial cells are 

selected to become naïve T cells. The precursors that do react with the autoantigens 

available in the thymus become Tregs (natural or thymic T cells, see subsection II.G.2). 

Thus, only the T cells showing no reactivity towards the self-antigens that are available 

during their development may exit the thymus and patrol the lymph nodes and spleen as 

naïve T cells, awaiting their opportunity to become effector or memory T cells upon 

encountering an APC presenting their cognate antigen. This section will discuss the role of 

conventional (i.e., non-regulatory) CD4+ and CD8+ T cells and Tregs. Tissue-resident CD8+ 

T cells, although a subset of conventional T cells, were covered in the section II.E.5.b.

II.G.1. Conventional T cells—Conventional T cells encompass CD4+ and CD8+ T 

cells, both naïve and antigen-experienced CD4+ T cells provide help to a variety of cells. 

These cells are therefore named T helper [Th] cells: follicular helper cells (Tfh) aid B cells 

in antibody class switching whereas others secrete cytokines and usher in the appropriate 

immune response to intracellular bacteria and virus (Th1), extracellular parasites (Th2), and 

extracellular pathogens and fungi (Th17). Thus, CD4+ T cells act as gatekeepers of the 

adaptive immune response, allowing and guiding the appropriate cascade of immune events 

to follow. It has become apparent that in disease states, specific Th subtypes outnumber 

others. An example is asthma and allergic diseases that require IgE antibodies and are 

characterized by strong Th2 responses. CD8+ cells have cytotoxic activity and are very 

relevant in viral infections and tumor immunity.

Profound changes in the immune system accompany aging in each cell compartment. It has 

been postulated that the immune system in the elderly suffers from both immunosenescence 

and inflamm-aging [153, 361, 362]. Immunosenescence refers to the aging of the immune 

system, where thymus involution plays a central role in decreasing tolerance and generation 

of naive cells. At the same time, there is an accumulation of experienced memory T cells in 

the periphery [329, 363–366].

With aging, CD4+ and CD8+T cells accumulate in many tissues [52, 83, 367–370]. They 

also become more activated, secrete greater amounts of cytokines, and participate in tissue 

pathology either directly or indirectly by inducing bystander damage [86, 182, 364]. Aged T 

cells are also more responsive to a non-antigenic stimulation than young cells in vitro [371] 

and are resistant to regulatory T cell suppression [372]. The aged T cell pool is more 

heterogeneous, with increased expression of exhaustion and activation markers such as PD-
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L1 and Eomes [370, 372]. Also, there is a well-documented increase in memory CD4+T cell 

pool and a decrease in naive cells in the blood of aged subjects [366].

Using flow cytometry of cells obtained with impression cytology of human conjunctiva, 

Williams and colleagues showed that lymphocytes constituted the majority of resident cells 

in human conjunctiva, followed by monocytes and neutrophils. Among the lymphocytes, the 

CD8a/b was the most predominant subtype, followed by CD4+T cells. They also showed 

that in healthy subjects younger than 35 or older than 65 years, the older group exhibited an 

increase in percentage and absolute number of IFN-γ-producing CD4+T cells and no change 

in IL-17 or IL-10 production [191]. The lacrimal gland infiltrates in aged mice are a mix of 

conventional (CD4+ and CD8+) and regulatory T cells and B cells [83, 86, 182]. Aged 

C57BL/6 mice (24-months or older) have increased infiltration of CD4+T cells in the 

conjunctiva: these cells express the CXC chemokine receptor (CXCR) 3 and secrete high 

amounts of IFN-γ, showing there is an increased local (conjunctiva and lacrimal gland) and 

regional (eye-draining nodes) Th1 response with aging [182]. 12–14 month-old mice display 

stronger Th17 responses upon restimulation with desiccating conditions than young mice 

[373]. The skewed Th phenotype in the aged ocular surface is relevant since IFN-γ-

producing T cells can directly induce apoptosis of epithelial and acinar cells, decrease goblet 

cells, and promote conjunctival metaplasia, whereas IL-17-producing T cells participate in 

corneal barrier disruption [199, 373–380].

In the young, any infiltration of organs by T cells is considered “autoimmunity.” Because 

tissue infiltration by T cells during aging is so prevalent, many have come to accept that the 

infiltration of T cells accompanies a normal aging process. However, others have defended 

that aging is similar to autoimmunity in many aspects, and the presence of infiltrates should 

not be considered normal [141]. There is mounting evidence that aged T cells may be more 

pathogenic than young T cells, and they may escape control by other cells. For example, 

aged mice have increased antinuclear antibodies (autoimmune), and this increase was MHC 

II-dependent, demonstrating that CD4+T cells contribute to this aspect of immune 

dysfunction [364]. In support of the increased pathogenicity of aged CD4+T cells in vivo, 

the adoptive transfer of CD4+T cells from aged mice but not from young mice is sufficient to 

induce decreased goblet cell density and cause lacrimal gland infiltration in 

immunodeficient mice [83, 381]. Also, the adoptive transfer of young and aged CD4+T cells 

into young and aged congenic hosts showed that intrinsic factors of the aged hosts decreased 

the CD4+T cell response after active immunization [364, 382].

Overall, the adoptive transfer experiments demonstrate that T cells in aged individuals have 

both intrinsically and extrinsically derived impairment. While several cell-specific defects 

have been identified, the aged environment also modulates T cell function. Conversely, 

excessively activated T cells can modify the environment by secreting cytokines such as 

IFN-γ and TNF-α, which have a bystander effect and a deleterious impact on the ocular 

surface. The interplay of the aged microenvironment and aged T cells warrants further 

investigation.

II.G.2. Regulatory T cells—Regulatory T (Tregs) cells are a specialized T cell 

population that can suppress the response of other lymphocytes and promote tolerance to 
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self-antigens and also to harmless foreign (non-self) antigens [4]. Tolerance refers to the 

immune system’s ability to not react (“tolerate”) against an antigen that can elicit an 

immune response in another organism. Self-antigens must be tolerated in order to prevent 

autoimmunity, but this also applies to harmless foreign antigens like those derived from food 

or other non-threatening organisms that may come in contact with the body. Tregs are 

instrumental in immune tolerance, just as effector T cells are critical to immune responses. 

Most Tregs can be identified by their CD4+CD25+Foxp3+ phenotype, but other markers 

have also been proposed (GITR, CD127 low). Tregs are mainly produced by the thymus but 

can also be induced in the periphery from naïve T cells. Thus, thymic Tregs are considered a 

part of central tolerance, whereas extra-thymic or induced Tregs contribute to peripheral 

tolerance. The mechanisms by which Tregs suppress immune responses include secretion of 

anti-inflammatory cytokines, interaction with APCs, and blocking effector T cell activation 

[383].

The importance of Tregs can be appreciated in experimental models that develop 

autoimmunity. For example, neonatal thymectomy in mice prevents the formation of thymic 

Treg and leads to autoreactive CD4+T cell expansion and autoimmunity [364, 384]; this 

autoimmunity can be prevented by adoptive transfer of Tregs from naive mice. Interestingly, 

salivary and lacrimal glands are among the organs that are early affected after thymectomy 

[384]. Furthermore, mice that are defective in either CD25 (CD25−/−) or Foxp3 (scurfy) 

often develop fatal, lymphoproliferative disorders that affect mucosa tissues, such as the 

colon, eyes, and lacrimal glands [385–389].

There is a growing body of evidence that shows an increase in Tregs accompanies aging 

despite age-related thymus involution [390]. This increase in Tregs is paradoxical, as 

increased Treg frequently accompanies increased tissue pathology; therefore, it has been 

postulated that aging induces dysfunctional Tregs. Despite extensive investigation, the 

literature remains controversial regarding a decreased Treg suppressive capacity in aging, 

with studies reporting normal or decreased function of these cells [381, 391–394]. Factors 

such as sex of animals, strain, Treg isolation technique (CD25 isolation using beads or 

sorting on Foxp3+GFP+ cells), age (varying from 18–24 months), and specific assays to 

evaluate suppressive function (mixed lymphocytic reactions with CD2-CD28 coated beads, 

in vivo co-adoptive transfer, ex-vivo expansion of Tregs, anti-tumor activity) might 

contribute to the discrepancy seen regarding Treg suppression capacity. Another 

complicating factor is the use of splenic Tregs as surrogate Tregs, since systemic Tregs may 

not accurately represent the suppressor capacity of organ-specific infiltrating Tregs.

Similar to CD4+ T cells, aged Tregs assume a memory/exhausted phenotype and can secrete 

cytokines such as IFN-γ [372, 381]. Elegant single-cell RNA seq experiments comparing 

young and aged splenic cells identified greater heterogeneity of aged T cells, both in the 

non-Treg and Treg compartment (cells were divided into cytotoxic, T effector memory, T 

exhausted, activated Tregs, resting T regs and naive) [372]. The authors showed that Treg 

cells acquired an activated phenotype with some markers of chronically exhausted cells.

While studies have also shown an increased/altered Th1/Treg or Th17/Treg ratio with aging 

[366, 395], many questions remain about the suppressive status of Tregs with aging.
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II.H. Aging, B cells, and the Humoral Immune Response

Another component of the immune system that is affected by aging is the B cell population 

and its ability to produce antibodies and function as APCs. B cell responses are essential for 

health: the production of antibodies is critical in controlling viral and bacterial infections 

throughout the life span. B cell activation is an orchestrated sequence of events that leads to 

the transcription and translation of Ig receptor genes, leading to receptor reorganization and 

Ig isotype switching (from IgM to IgG, IgA, or IgE). Antibody responses can be thymus-

dependent or independent. Antigens that elicit thymus-independent responses do not involve 

T helper cells and can directly activate B cells to produce IgM antibodies. Thymus-

independent responses are decreased in aged mice [396]. Thymus-dependent antibody 

synthesis happens after T cell-B cell interaction in secondary organs, such as the spleen, 

lymph nodes, Peyer’s patches, and other mucosa-associated lymphoid tissue like adenoids 

and tonsils. IgA is an Ig secreted in large quantities in the mucosal surfaces of the eye and 

the gut. Please see section II-A for a more complete description of IgA on the eye.

Aging is a paradoxical state, where there is a high incidence of cancer, autoimmunity, but a 

decrease in humoral responses to vaccinations and increased susceptibility to infections 

[362, 397]. The response to both new and previously encountered antigens is decreased in 

the elderly population; mechanisms include decreased generation of neutralizing antibodies, 

decreased affinity, and delayed response compared to young subjects [397, 398]. Other 

alterations in the B compartment have been described [399]. With aging, there is an increase 

in the frequency of memory B cells in the blood; however, the pool of naive B cells is 

impaired [362, 400, Kline, 1999 #4189]. It has been shown that in aged rodents, the 

population of mature B cells is maintained despite a decrease in bone marrow B cell 

progenitors [401].

A significant body of work has demonstrated that aging is accompanied by an increase of Ig 

in serum; this is true for mice and humans [362, 364, 371, 399, 402–404]. This may indicate 

the presence of long-lived memory B cells [362, 397, 400, 405]. However, the specific role 

of augmented age-related Igs is still a matter of debate. It has become clear that some of 

these antibodies are anti-single and double-stranded DNA and anti-nuclear antibodies 

(ANAs) [364, 400], and they are strain-dependent in mice. [406]. Similarly to humans, 

genetic predisposition influences the generation of autoantibodies [407]. Non-immune 

mouse strains, when immunized, produce the same kind of autoantibodies produced in 

autoimmune mice, such as (NZB X NZW) F1 mice [408]. Nusser and colleagues showed 

that aged mice had increased production of autoantibodies (ANAs) and IgM deposition in 

kidneys [364]. Most of the animals with ANA+ IgG also had lymphocytic infiltration in 

salivary glands. Increased production of autoantibodies was MHC II-dependent, as aged 

MHC II−/− mice did not show age-related increase in ANA+ antibodies. However, the 

precise mechanisms that led to T-cell dependency and how tolerance was broken was not 

fully explored [364]. It has been also postulated that generation of autoantibodies during 

aging is partially dependent on TLR7 and NF-κB pathways [405, 409, 410].

It has been demonstrated that in chronic inflammation and autoimmunity, ectopic lymphoid 

structures (or tertiary lymphoid organs) can also develop [411–413]. The ectopic lymphoid 

formation is highly dependent on CXCL13 and CCL21 chemokines, which attract 
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CXCR5+B cells and CCR7+ T cells. In Sjögren Syndrome, CXCL13 and CCL21 are critical 

chemokines that participate in germinal center formation in exocrine glands [414, 415]. A 

recent report showed that aged C57BL/6 mice also develop ectopic lymphoid structures in 

the bladder. These aggregates were TNF-α dependent, but microbiota independent [370].

B cells are also potent APCs. With aging, there is an accumulation in the spleen of age-

associated B cells (named “ABCs”) that are B220+ but CD21 and CD23 negative cells. 

These ABCs express T-bet and CD11c+, among other markers (such as CD11b+, B220+, 

CD19+, IgM+, and express CD80, CD86, and MHC II in high levels), are potent APCs, 

respond to TLR7 agonists, and produce high amounts of autoantibodies. These cells 

accumulate in the spleen of aged female mice and also increase in autoimmune lupus-prone 

mice at the time that autoantibodies rise [410, 416, 417]. The precise mechanism that leads 

to the increase of ABCs with aging is poorly understood.

Overall, aging affects numerous aspects of the systemic humoral immune response. How 

much of this change applies to the ocular mucosal surface is unknown, but it is tempting to 

speculate that the aged humoral response contributes to the immune dysfunction observed in 

the elderly given the weight of Igs in ocular surface homeostasis.

II.I. Aging and the Neuroimmune Regulation of the Ocular Mucosal Surface

The peripheral nervous system is at a vantage point for rapidly detecting threats to the ocular 

surface and not only inducing defensive behavior but also coordinating the immune 

response, as is the case for other mucosal sites [418]. Neuroregulation plays an essential role 

in ocular surface immune homeostasis, and this is in line with the dense innervation of the 

cornea and the intimate contact between corneal epithelial cells and intraepithelial nerves 

[419]. Sensory nerve fibers in the cornea express polymodal nociceptors, i.e., ion channels, 

that react to mechanical forces (e.g., Piezo2), heat, diverse chemical stimuli [e.g. transient 

receptor potential (TRP)V1 and TRPA1], and cold (e.g. TRPM8) [420]. Interestingly, aging 

is associated with a decrease in corneal nerve density (Figure 3D) and sensitivity to 

mechanical and nociceptive stimuli in mice, rats, and humans [421–424]. With aging also 

comes a reduction in basal tearing [82, 83], which is regulated by sensing of ocular wetness 

by TRPM8 cold thermoreceptors in the cornea [425]. In the conjunctiva, the innervation 

pattern is different: heat-sensitive fibers predominate, and mechanical and cold-sensing 

fibers are almost absent; also, there is a unique itch-mediating fiber population [426]. Also, 

the conjunctiva has an intriguing cholinergic chemosensory epithelial cell population with 

unknown properties, as reported for other mucosal surfaces [427].

Neuropeptides and neurotransmitters are the actual effectors through which the nervous 

system exerts its regulation. In addition to neurotrophic stimuli, sensory intraepithelial 

corneal nerves and unmyelinated conjunctival nerve fibers contribute neuropeptides 

substance P and calcitonin gene-related peptide to neuroimmune crosstalk at the ocular 

surface [428]. Also, parasympathetic nerves secrete vasoactive intestinal peptide, and 

sympathetic nerves secrete neuropeptide Y [429]. Regarding their trophic function, 

substance P and calcitonin gene-related peptide modulate E- and N-cadherin and zonula 

occludens-1 expression and favor mitotic activity and migration of corneal epithelial cells. 

Thus, these neuropeptides regulate corneal barrier function and wound healing. As a 
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parasympathetic mediator, vasoactive intestinal peptide regulates the secretion of water and 

electrolytes in the lacrimal gland and of mucin by goblet cells [428]. By contrast, the 

function of neuropeptide Y is less understood. For a thorough review of neuropeptide 

biology in the ocular surface, see Sabatino et al. [428]. At least in mice, cholinergic 

(parasympathetic) signaling favors corneal epithelial wound healing and inhibits neutrophil 

recruitment, whereas noradrenergic (sympathetic) signaling promotes the latter [430]. 

Interestingly, these opposite effects seem to be mediated by different corneal limbal 

macrophage M1 and M2 populations that are either sensitive to norepinephrine or 

acetylcholine and secrete pro- or anti-inflammatory mediators, respectively [430].

The four main neuropeptides of the ocular surface coordinate the immune response by 

exerting effects on almost every cell type [428]. Although over-simplistic, it could be said 

that substance P is mostly a pro-inflammatory mediator whereas the other three (calcitonin 

gene-related peptide, vasoactive intestinal peptide, neuropeptide Y) are mainly anti-

inflammatory. For instance, substance P promotes DC maturation and effector T cell 

differentiation, whereas vasoactive intestinal peptide favors tolerogenic DC condition, and 

Treg expansion and calcitonin gene-related peptide inhibit DC and macrophage activation 

[428]. The local coordination of the immune response by the nervous system is termed 

neurogenic inflammation, and it encompasses all the previously described effects of 

neuropeptide and neurotransmitter release upon nervous sensing of appropriate signals. In 

humans, tear levels of substance P, calcitonin gene-related peptide, and vasoactive intestinal 

peptide increase after allergen challenge [431].

Interestingly, severing corneal nerve endings as it necessarily occurs in a corneal transplant 

leads to substance P release in the cornea and the anterior chamber of the eye; the 

consequence of this is the abrogation of immune privilege [432]. A similar effect was 

described for retinal laser burns, also involving substance P [433]. Intriguingly, upon 

unilateral damage to one eye, substance P release takes place in both eyes concomitantly 

through trigeminal signaling to the brainstem, which could be considered evidence of an 

ocular-trigeminal neurogenic inflammatory axis [434]. Although not immune-privileged, the 

ocular surface also displays a comparable bilateral neurogenic inflammatory reflex: it 

involves TRPV1 nociceptor signaling after injury of corneal and conjunctival nerve endings 

in the afferent arm and substance P release in the efferent arm [435]. For a thorough review 

of the bilateral immune reactions of the ocular surface, see Yamaguchi et al. [436].

On the one hand, there is a significant body of evidence in the literature that neuroregulation 

of the immune response plays a crucial role in ocular surface homeostasis and also in the 

pathophysiology of dry eye, allergic reactions, and corneal allograft rejection. On the other 

hand, there is also published data on the effect of aging on ocular surface nerve morphology 

and function. However, how aging might affect ocular surface neuroimmune regulation has 

not been addressed yet. Interestingly, substance P levels in the ocular surface decrease with 

aging, and topical supplementation of substance P can reverse some of the age-related 

changes in corneal nerve density and sensitivity [423]. It is tempting to speculate that aging 

could negatively impact the neurogenic inflammatory capacity of the ocular surface, and 

thus contribute to the increased susceptibility to ocular infections in the elderly.
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III. Diseases of Aging that relate to the Ocular Surface or Effect of Aging 

on Ocular Surface Diseases?

As detailed in the previous sections, biological aging brings about changes to almost every 

aspect of the eye’s mucosal immune system (Figure 4). Although these alterations are 

diverse, the balance is tipped towards dysregulation of the immune response and more pro-

inflammatory than anti-inflammatory effects. Paradoxically, some of these changes are also 

associated with dysfunctional immune reactions, so there is also the issue of the reduced 

efficacy of the immune responses with aging. Thus, it is interesting to consider the effect of 

aging on the ocular mucosal immune system when studying diseases that are more common 

in the elderly.

Although dry eye disease is now observed in young adults, [437] its prevalence increases 

with age in each decade of life after 40 years of age [437–442]. Dry eye disease is one of the 

most common reasons to seek eye care and carries a significant economic burden to 

individuals and society [443–446]. Dry eye disease is characterized by tear film 

abnormalities, inflammation, and nerve alterations [65]. Clinical signs of the disease include 

decreased tear stability, decreased tear production, increased epitheliopathy, and loss of 

goblet cells and symptoms that can vary from very mild to very debilitating. Dry eye disease 

is an umbrella term for very heterogeneous disease manifestations, and that may have 

different underlying pathogenesis: from meibomian gland dysfunction to LASIK-induced 

dry eye to Sjögren’s Syndrome to age-related dry eye. There is a well-established 

disconnection between signs and symptoms in dry eye disease, although some studies have 

suggested that aged subjects have less corneal epitheliopathy and fewer dryness symptoms 

but shorter tear-break-up-time and low Schirmer test results than young subjects [447–449].

Because dry eye is so prevalent in the middle-aged and elderly population, it is challenging 

to separate aging from age-related dry eye [71]. In a very elegant study, Whaley and 

colleagues investigated the prevalence of dry eye (diagnosed by low Schirmer II test and 

corneal staining) in four age groups (5–15, 16–30, 31–80, and 81–93 years) in non-

ophthalmologic populations of both sexes. These subjects were recruited from either 

orthopic clinics, orthopedic outpatient surgeries, or general clinics, and they were classified 

into definitive dry eye (if both low Schirmer and presence of epitheliopathy) or probable dry 

eye (if only low Schirmer tests were present). They showed that there was no dry eye in the 

two young groups, and the prevalence of dry eye (combining possible and definitive) was 

close to 63% in the geriatric population [71]. This is a landmark study in dry eye prevalence 

because it investigated not only a general population, but ophthalmic evaluations were 

performed. However, natural history studies of dry eye and the effects of aging on the 

severity of the disease lack in the literature, although cross-sectional studies have been 

attempted [442].

Increased chronological age is a confounding factor in the diagnosis of Sjögren syndrome. 

Similar to dry eye, dry mouth prevalence increases with age [450]. It has been reported that 

“elderly onset Sjögren syndrome” patients (65 years or older) may have similar 

manifestations than patients younger than 65 years; however, some studies showed milder 

symptoms and/or low frequency of antibodies [451–455]. The higher frequency of histologic 
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alterations in minor salivary gland biopsies in young, healthy, and elderly subjects further 

complicates the diagnosis of Sjögren syndrome in the elderly [456]. As discussed above, 

histologic evaluations of cadaveric lacrimal glands also showed lymphocytic infiltration in a 

high percentage of the cases, suggesting an underappreciated role of these lymphocytes in 

the pathogenesis of age-related dry eye [141, 148].

Finally, the effect of polypharmacy in the elderly should not be discarded as a risk factor for 

dry eye, as many drugs have unwanted drying effects on mucosal surfaces, such as 

antihistamines (see review by Fraunfelder and colleagues [457] and also the National Eye 

Drug registry (http://www.eyedrugregistry.com/). All of these confounders should be taken 

into account when studying the aged ocular surface.

IV. Conclusions

In conclusion, the ocular surface functional unit, which consists of the cornea, limbus, 

conjunctiva, eyelids, meibomian and lacrimal glands, and nerves, is not only subjected to 

aging but also to the inflammation that comes with aging. The ocular surface immune 

system undergoes dysregulatory changes with aging as well, which could explain the 

aforementioned inflammatory increase. There are, however, several aspects of the ocular 

mucosal immune response delineated in this review that have not been considered under the 

light of aging. Moreover, in many instances it is difficult to separate the effect of aging from 

those of inflammatory dry eye, a highly frequent disease whose prevalence increases with 

age. Thus, further studies are needed to increase our knowledge of the biology of aging and 

how it applies to the ocular surface. In this regard, there are many lessons to be learned from 

the aged immune system as a whole and its impact on the eye. It is possible that therapies 

aimed at improving the aged immune system systemically might also have a beneficial effect 

on the ocular surface.
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CCL C-C chemokine ligand (CCL)

CCR C-C chemokine receptor

CXCL CXC chemokine ligand

CXCR CXC chemokine receptor

DC dendritic cell

IFN interferon

Ig immunoglobulin

IL interleukin

ILC innate lymphoid cell

LPS lipopolysaccharide

MHC major histocompatibility complex

NF nuclear factor

NLR nucleotide-binding and oligomerization domain-like receptor

NK natural killer

RA retinoic acid

TGF transforming growth factor

TLR Toll-like receptor

TNF tumor necrosis factor

Treg regulatory T cell

TRP transient receptor potential
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Figure 1: Schematic mucosal immune response of the ocular surface.
A simplified approach to the mucosal immune response to diverse antigens, consisting of 6 

consecutive steps (numbered in blue), is exemplified and adopted throughout this review. For 

clarity, all steps revolve around the concept of an antigen (the molecule or molecular 

structure against which the adaptive immune system reacts), which can derive from 

pathogens, foreign substances, or even self-tissues. Step 1: the antigen interacts with the 

mucosal epithelial lining, which acts as a barrier aided by blinking action and the tears. Step 

2: antigens may breach through the epithelial barrier, setting off the innate immune system’s 

detection systems because receptors on diverse cell types recognize molecular patterns that 

are associated with potentially dangerous entities. This triggers a swift defense that results in 

early containment and that influences the next step at the same time. Step 3: specialized 
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antigen-presenting cells (APC) that reside in the ocular surface capture antigens and migrate 

to the eye-draining lymph nodes, where they process them and present antigen-derived 

peptides on their surface. Step 4: naïve T cells that continuously recirculate through lymph 

nodes recognize specific peptides on APC, become activated, and then expand and 

differentiate to either effector (Teff) or regulatory (Treg) T cells depending on additional 

signals that they pick up during antigen presentation. These antigen-experienced T cells 

leave the lymph node and through the bloodstream, reach the ocular surface where they can 

exert their many functions in the immune response. Step 5: concomitantly with step 3 and 4, 

soluble antigens reach the lymph node from the ocular surface, where B cells might interact 

with them, become activated, and then expand and differentiate into plasma cells that 

migrate to other tissues through the bloodstream, mainly the bone marrow. Once at their 

final destination, plasma cells secrete large amounts of immunoglobulin (Ig) that reach the 

ocular surface and the lacrimal glands through the bloodstream. Step 6: the nervous system 

can also sense signals associated with some antigens and interacts with every cell type of the 

immune response in a bidirectional process (neuroimmune regulation). Although most of the 

immune response takes place at the ocular surface, it should be noted that critical steps 3, 4, 

and 5 begin in the draining lymph node. Also, the immune system is continuously 

interacting with various antigens, and thus, these processes take place simultaneously.
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Figure. 2. Tear film and lacrimal gland changes during aging.
A. Tear washings from young and aged mice of both sexes were collected, and 

immunoglobulins were measured using Luminex assay. Each dot corresponds to tear 

washings from 10 animals (20 eyes). B. Representative macro images of young and aged 

female lacrimal glands. Note the yellowish-tan appearance of aged lacrimal gland and 

presence of cysts (present in 20–30% of aged lacrimal glands, F2 and F3). C. Representative 

scans of lacrimal gland sections stained with H&E from young and aged B6 female mice. 

Areas of lymphocytic infiltration are demarcated aged glands (F1), and areas of dilated 

ducts/cysts are easily identified (F2, asterisks). 2M = 2 months; F = female.
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Figure 3: Ocular surface changes during aging.
A. Representative laser scanning confocal microscope images of whole mounts of cornea 

and conjunctiva stained with occludin (green) and Hoechst 33342 DNA staining (blue). 

Arrows indicate desquamating cells. B. Representative bright-field images of conjunctiva 

sections showing PAS+ cells (purple-magenta). Insets are high magnification of a 

demarcated area. C. Representative laser scanning confocal microscope images of 

conjunctiva cryosections stained with MHC II (green), CD11c (red) and CD11b (white), and 

Hoechst 33342 nuclear staining (blue). Asterisks indicate goblet cells; the dotted area is 

magnified on the right. D. Representative whole-mount images of corneas stained with β-III 

tubulin antibody ([421], published under a Creative Commons CC BY 4.0 license). 24M = 

24 months
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Figure 4: Schematic mucosal immune response of the aged ocular surface.
Summary of the most relevant age-related changes presented in this review. As for figure 1, 

a simplified, 6-step approach to the mucosal immune response to diverse antigens is shown 

in the context of aging. Age-related changes are described in red italics, affecting steps 1 

(antigen interaction with the mucosal lining), 2 (the innate immune response), 3 (antigen 

presentation), 4 (generation of a T cell response), 5 (generation of a humoral response), and 

6 (neuroimmune interactions). See Figure 1 for a more detailed description of each step.
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