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ABSTRACT

Meibomian gland dysfunction (MGD) is a leading cause of dry eye disease and one of the most common ophthalmic conditions encountered in eye clinics worldwide.
These holocrine glands are situated in the eyelid, where they produce specialized lipids, or meibum, needed to lubricate the eye surface and slow tear film evap-
oration — functions which are critical to preserving high-resolution vision. MGD results in tear instability, rapid tear evaporation, changes in local microflora, and dry
eye disease, amongst other pathological entities. While studies identifying the mechanisms of MGD have generally focused on gland obstruction, we now know that
age is a major risk factor for MGD that is associated with abnormal cell differentiation and renewal. It is also now appreciated that immune-inflammatory disorders,
such as certain autoimmune diseases and atopy, may trigger MGD, as demonstrated through a T cell-driven neutrophil response. Here, we independently discuss the
underlying roles of gland and immune related factors in MGD, as well as the integration of these two distinct mechanisms into a unified perspective that may aid
future studies. From this unique standpoint, we propose a revised model in which glandular dysfunction and immunopathogenic pathways are not primary versus

secondary contributors in MGD, but are fluid, interactive, and dynamic, which we likened to the Yin and Yang of MGD.

1. Introduction

Meibomian gland dysfunction (MGD) is characterized by insufficient
production and/or altered secretion of meibum, predominantly lipids, to
the tear film, producing instability, rapid tear evaporation, and dry eye
disease (DED) symptoms, including blurry vision, redness, ocular pain,
and foreign body sensation [1]. Population and clinical-based studies
with varying design, patient characteristics, and definitions report an
MGD prevalence of 38.9% in the US, but as high as 69.3% in subjects
aged 60 years or older [2]. Despite being one of the most frequent
ophthalmic conditions encountered in eye clinics worldwide, treatment
is mostly palliative in nature, and currently there are no FDA approved
pharmacotherapies indicated for MGD [3].

This unmet medical need can be partially explained by our incom-
plete understanding around the early triggers which initiate the disease
process. The predominating hypothesis is that MGD begins with
hyperkeratinization of the meibomian gland duct epithelium. This
event, which has been extensively reviewed by other authors [3,4], is
thought to lead to obstruction, increased intraglandular pressure, cystic

dilation of the duct, acinar cell dysfunction, disuse atrophy, and gland
dropout, with subsequent abnormal meibum composition and decreased
secretion [5-9]. However, in counter distinction to the obstructive
hyperkeratinization hypothesis, a role for ductal hyperplasia, as char-
acterized by ductal thickening and epithelial cell desquamation without
orifice hyperkeratinization, has also been proposed in some forms of
MGD [2]. Moreover, how these early changes and downstream conse-
quences relate to inflammation that is co-incident with most forms of
MGD is poorly understood. In fact, whether immunopathogenesis is
necessary and/or sufficient in the disease process is a topic of current
debate [10].

The original purpose of this perspective piece was to delineate the
distinct perspectives for the role of non-immune versus immune pro-
cesses in MGD pathobiology. Subsequently, this discussion expanded to
encompass a unified perspective that integrates these two seemingly
disparate views into a novel, unified framework focused on the interplay
between glandular-driven and immune-driven dysfunction. In contrast
to the existing ‘vicious cycle’ perspective [1,11,12], which argues a
more sequential process in MGD pathogenesis, we postulate a highly
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fluid model to represent the inter-relationship between certain patho-
logical immune responses and aberrant glandular cell functions — we
have likened this interaction to the Yin and Yang of MGD.

2. Anatomy and physiology

The meibomian glands are branched, tubuloacinar holocrine glands
embedded in the tarsal plates of the upper and lower lids. In humans,
each gland consists of a long, blind-ended, central duct that connects to
individual glandular acini by means of short ductules [3]. In mice,
meibomian gland structure is similar to humans - histology and gross
anatomy of glands from a young, healthy C57Bl/6 mouse can be seen in
Fig. 1. The central duct terminates at the eyelid margin, anterior to the
mucocutaneous junction, where dry keratinized skin transitions to wet,
non-keratinized conjunctiva. The distal portion of the meibomian gland
duct, at the orifice to the gland, is lined by keratinized stratified squa-
mous epithelium expressing keratins (Krt) 1 and 10, whereas the prox-
imal ductal epithelium is non-keratinized and expressing Krt6. The acini
are comprised of meibocytes that synthesize and secrete meibum
through a holocrine mechanism involving cell proliferation, differenti-
ation, and cell death — a process requiring continual cell renewal. Mei-
bum comprises a mixture of polar and nonpolar lipids, along with
cellular proteins, that are secreted onto the ocular surface to form the
lipid layer of the tear film. Specifically, the lipid layer renders the tear
film a smooth optical surface and decreases surface tension during
blinking, thus stabilizing the aqueous layer and delaying evaporation.
Inadequate meibomian gland function leads to a decreased quality
and/or quantity of meibum, resulting in tear film instability, increased
tear evaporation, and DED [3].

Meibomian

Fig. 1. The healthy meibomian gland. A) The meibomian glands (dashed lines)
can be seen as a row of white structures embedded in the distal eyelid that
extend from the eyelid margin and are comprised of clusters of small round
acini. B) H&E-stained tissue section of eyelid from a normal wild-type mouse
showing the meibomian gland underlying the orbicularis muscle. The gland has
a blind ended central duct (Duct) connecting acini to the gland orifice
(Arrowhead) at the junction between the skin and conjunctiva.
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3. Historical perspective of MGD pathology

Historically, the anatomical distinction between anterior and pos-
terior blepharitis and MGD was not always made, thus these terms were
used indistinctively to name lid margin disorders, including those
involving the meibomian glands [3]. Anterior blepharitis involves the
eyelid skin and eyelash base and follicles, and posterior blepharitis af-
fects the meibomian glands. Meibomian gland disorders were initially
described as an inflammatory, hypersecretory condition of adults, with
or without bacterial induced seborrheic blepharitis, mainly by Staphy-
lococcus aureus [13]. In 1977, McCulley and Sciallis first described the
clinical consequences of meibum stagnation in a group of patients with
chronic blepharitis caused by meibomian gland obstruction in the
absence of anterior blepharitis, including superficial punctate keratop-
athy (SPK) and decreased tear-film breakup time. They named this
condition “meibomian keratoconjunctivitis” [5]. The authors suggested
that SPK was caused by tear film instability rather than by S. aureus
toxins, which is more common in the context of anterior blepharitis.
However, these findings, based on clinical observations, did not explain
the role of inflammation in MGD.

Three years later, Korb and Henriquez were the first to provide ev-
idence of MGD in a cluster of patients with apparent contact lens
intolerance, but without signs of inflammation or infection in the eyelid
margin. Cytological analysis revealed that MGD was associated with
obstruction of the meibomian gland orifices by desquamated epithelial
cells [14]. Later development of meibomian gland imaging (meibog-
raphy), initially using eyelid transillumination and infrared light
photography, began to identify blepharitis patients that showed atrophy
and distortion of meibomian glands along with changes in meibum
quality [15,16]. Later studies by Mathers in 1993 established a link
between meibomian gland atrophy in chronic blepharitis patients and
increased tear evaporation, confirming the importance of meibomian
gland function in maintaining tear film homeostasis [17]. Based on
further meibographic and clinical evidence of altered meibum quality in
blepharitis patients, it is generally thought that MGD is caused by
obstruction of the meibomian gland duct in the absence of inflamma-
tion, thus leading to blockage of meibum secretion, ductal dilation, and
later atrophy of the meibomian gland. As dysfunction progresses in
severity, altered meibum secretion leads to disruption of the ocular
surface tear film homeostasis, increased tear evaporation, increased tear
osmolarity, and other signs and symptoms of DED [1].

Generally, obstruction of the meibomian gland is thought to involve
hyperkeratinization of the meibomian gland duct. This model is based,
in part, on ultrastructural and histologic study of the meibomian glands
of human, rabbit, primate, and steer specimens showing evidence of
partial keratinization in portions of the meibomian gland duct [6]. Later
studies of animal models of MGD following epinephrine and poly-
chlorinated biphenyl exposure, as well as the rhino mouse, all reported
ductal dilation of the meibomian gland with thickened, keratinized
epithelium and accumulation of cellular, desquamated epithelial debris,
supporting a possible mechanism of hyperkeratinization without signs
of inflammation [6,7,18]. In humans, Gutgesell et al. performed a
case-control histopathological analysis of patients with severe MGD
undergoing eyelid repair [8]. They reported obstruction and dilation of
the meibomian gland ducts, foreign-body reaction with granuloma for-
mation, enlargement of the acini with squamous metaplasia, keratini-
zation, and absence of secretory content. These changes were
hypothesized to be caused by pressure atrophy due to prolonged MGD
obstruction. The authors further reported minimal inflammatory cells,
despite observing granuloma formation, suggesting that inflammation is
mildly associated with MGD [8]. In 2002, Obata reported basement
membrane thickening and atrophy of the acini, cystic dilation of acini
and/or central duct, and minimal granulation tissue and lipo-
granulomatous inflammation after performing meibomian gland histo-
pathological analysis of human cadavers [9]. At this point, the
pathogenesis of MGD was best explained by hyperkeratinization of the
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meibomian gland duct, leading to meibomian gland obstruction and
acinar cell dysfunction, resulting in decreased meibum secretion and/or
altered composition. In contrast, it should be noted that Reneker et al.,
using immunohistopathology targeting selective biomarkers in a small
series of 4 cases [19], observed that one individual with severe
obstruction showed evidence of ductal epithelial hyperproliferation
with no evidence of hyperkeratinization. A similar finding has been
noted in aging mouse meibomian glands using immuno tomography
[20], together suggesting multiple pathways leading to obstructive
MGD, perhaps involving hyperplasia and not hyperkeratinization.

4. Glandular-driven MGD

While the role of inflammation in the development of DED has
received increased attention, this has been based on animal models that
induce a primary acute and chronic inflammatory response that leads to
classical signs of dry eye, including corneal fluorescein staining and
decreased tear break-up time [10,21,22]. However, the link between
ocular surface inflammation and dysfunction of the meibomian glands
remains unclear as the cellular and molecular mechanisms controlling
these processes have yet to be elucidated. Regarding the relative
importance of inflammation to DED, there are several lines of evidence
supporting a primary role for meibomian glands in the development of
chronic blepharitis, including three that will be discussed below: 1) ef-
fects of age on meibomian gland renewal and differentiation, 2)
knockout mouse models and meibum secretion, and 3) iso-
tretinoin/Accutane and MGD.

4.1. Effects of age on meibomian gland renewal and differentiation

Subject age is an important, if not the most significant, risk factor for
the development of DED [23]. While the effects of age on the meibomian
gland are incompletely understood, studies of aging mice have shown
that meibomian gland acinar cells, or meibocyte progenitor cells, exhibit
a significant decrease in cell proliferation and renewal with age,
decreasing over 50% by 9-12 months of age [24]. Aging mice also show
atrophy of the meibomian gland similar to that observed in humans,
suggesting that loss of meibocyte renewal may lead to meibomian gland
atrophy [20,25]. Based on tissue obtained from blepharoplasty patients,
a similar decrease in proliferative capability has also been seen in human
meibomian glands. This decrease has been linked to meibomian gland
atrophy and reduced meibum quality, with patient age being the most
significant associating factor [26]. Cell renewal is critical to meibomian
gland function, given that meibomian glands are holocrine glands pro-
ducing lipid through a process of cell differentiation, accumulation of
intracellular meibum, and release through an undefined cell death
program, or ‘meiboptosis’. Given that progenitor meibocytes in young
mice are highly proliferative with over 25% of acinar basal cells showing
evidence of cell cycling [24], combined with a cell cycle rate of
approximately 4 days and a differentiation half-life of 9 days as
measured in the rat meibomian gland by Olami et al. [27], a loss of
proliferation rate with aging most likely severely impacts the delivery of
meibum to the eyelid margin and ocular surface.

In addition to the decrease in proliferative potential, both mice and
human meibomian glands show a distinct change in the overall
expression and post-translational modification of the nuclear receptor,
peroxisome proliferator activated receptor gamma (PPARy) [28]. Spe-
cifically, in the mouse, aging leads to a complete loss of sumoylated,
cytoplasmic PPARy and a 75% decrease of nuclear PPARy [28]. PPARy is
a lipid sensitive, nuclear receptor that regulates the expression of en-
zymes involved in lipid synthesis and is required for the differentiation
of adipocytes and sebocytes [29,30]. PPARy, once transported to the
nucleus, forms a transcriptional complex with the retinoid X receptor
(RXR) and is involved in gene repression and activation that governs cell
differentiation depending on ligand binding. Cell culture studies using
both mouse and human immortalized meibomian gland epithelial cells
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have also established that activation of PPARy by lipid ligands or syn-
thetic agonists induce cell cycle exit, expression of lipid synthesizing
genes involved in meibum synthesis, and the accumulation of lipid
droplets stored in the endoplasmic reticulum, similar to that detected in
intact mouse and human meibomian glands (Fig. 1) [28,31,32]. Taken
together, these findings suggest that PPARy is required for meibocyte
differentiation and that the loss of PPARy signaling with aging hinders
the ability of the meibomian gland to deliver meibum to the ocular
surface.

While meibomian gland stem cell renewal has recently been the
subject of a review article [33], it should be noted that lineage tracing
studies suggest that meibomian gland acini are self-renewing and
apparently derived from a single stem/progenitor cell located at the
interface between the acini and the short ducts that lead to the central
meibomian gland duct [34]. Noting that meibomian glands undergo
hyper-proliferation in response to desiccating stress [35], it is likely that
meibomian stem/progenitor cells may also be subject to exhaustion with
age, although this possibility requires further study. Together, the loss of
meibocyte progenitor cell proliferative potential, changes in PPARy
expression, and the limited number of stem/progenitor cells available
for renewal of meibocytes would suggest these age-related changes
might play an important role in the development of age-related mei-
bomian gland dysfunction leading to ocular surface disease, a process
not directly involving an immune-driven mechanism.

4.2. Knockout mouse models with inhibited meibum secretion

While various knockout and transgenic mouse models have been
developed [36], two knockout mice targeting enzymes critical to mei-
bum synthesis are of particular interest, including acyl-CoA wax alcohol
acyltransferase 2 (AWAT2) and the fatty acyl-CoA reductase (FAR2) [37,
38]. Both enzymes are critical for the synthesis of wax esters, a major
lipid constituent of meibum, and thus mice lacking these enzymes are
deficient in the synthesis of this lipid species. Importantly, the major
phenotype is thickening and retention of meibum within the gland duct,
leading to marked ductal dilation and plugging of the gland. Meibum is
known to have a wide melting range starting at 10 °C and extending to
40 °C with three phase transitions at 12 °C, 21 °C, and 32 °C [39]. The
thickening of meibum in the Awat2 and Far2 knockout mouse models
suggest a change in the melting point of meibum that likely affects
meibum viscosity and secretion onto the eyelid margin. This conclusion
is supported by reported differences between the melting temperature of
wax esters and cholesterol esters (the other major lipid species in mei-
bum) [40,41], as well as by differences in the ratio of wax/cholesterol
esters in meibum from patients with blepharitis [42]. Since thickening of
meibum is one of the major clinical signs of altered meibum quality, it
may be noteworthy that small increases have been noted in the melting
point of meibum from blepharitis patients [39,43], although it is not
clear what controls the melting point of meibum. Together, these find-
ings suggest that changes in meibum lipid synthesis affect meibum
melting point and, hence, that meibum viscosity may also be a possible
mechanism underlying MGD.

Interestingly, rheology studies of normal human meibum by Rose-
nfeld et al. have established that meibum is a non-Newtonian fluid
whose secretion is dependent on the minimum yield stress and plastic
viscosity that is affected by the physical state of the meibum from fluid/
liquid to viscose/solid [44]. Finite element modeling of meibum flow
rates suggests that more viscous meibum shows an exponential increase
in the minimum yield stress and plastic viscosity, leading to an expo-
nential decrease in meibum secretion through the terminal duct of the
meibomian gland [45]. These findings suggest that shifts in the meibum
melting curve may be traced to changes in lipid synthesis and ratio of
wax esters to cholesterol esters, which may explain the finding of
increased meibum viscosity and decreased expressibility in patients with
meibomian gland dysfunction and the development of duct dilation and
gland obstruction. Such a hypothesis may help explain the known
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association of dyslipidemia and hypercholesterolemia with meibomian
gland dysfunction [46,47].

Modeling of meibum flow rates also identified that eyelid pressure
exerted on the meibomian gland during blinking also affects meibum
secretion. Studies measuring eyelid pressure exerted on the eye have
identified an age-related decrease in static eyelid pressure of 2-3 mmHg
per decade of life [48]. This age-related decrease in static eyelid pres-
sure, if similarly affecting eyelid blink pressure, would translate into a
50%-70% reduction of meibum secretion in subjects aged 60 to 90,
respectively, based on finite element modeling studies [42]. Of course,
ductal diameter also greatly affects meibum flow rate and is linearly
related to the fourth power of the excretory duct radius. This finding
suggests that small changes in the ductal epithelial thickness measuring
5 pm, or an increase of <15% in the ductal epithelial thickness, could
decrease meibum flow by as much as 35% to over 90%, depending on
the initial duct diameter and eyelid blink pressure. Recently, Reneker
et al. [19] found that in a young subject with severely obstructed mei-
bomian glands, there was an increase in hyperproliferation biomarkers
without signs of keratinization in MGD. These findings support a
mechanism for obstructive MGD that focuses on ductal epithelial
thickening leading to restricted meibum secretion, in counter distinction
to the conventional obstructive hyperkeratinization, that does not
require an inflammatory response for pathogenesis.

4.3. Isotretinoin/accutane and MGD
Isotretinoin is a widely used, and highly effective therapy for acne
vulgaris that is composed of the prodrug, 13-cis retinoic acid, which is

converted by isomerization to all-trans retinoic acid (ATRA) that in-
teracts with the retinoic acid and retinoid X receptors (RAR/RXR) [49].
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This receptor complex can then act to selectively repress/activate genes,
leading to the suppression of sebaceous gland function and differentia-
tion [50]. While isotretinoin reduces the size of the sebaceous gland,
restores normal hair follicle keratinization, and inhibits inflammation, a
common complaint of patients receiving therapy is ocular irritation with
signs/symptoms of dry eye [49]. Studies of patients treated with Accu-
tane have shown that, in addition to the reduced size of the sebaceous
glands, there is also an apparent atrophy of the meibomian gland during
treatment, as detected by meibography. Furthermore, subjects also
showed decreased and thickened meibum secretions, as well as
increased tear osmolarity without any change in lacrimal gland function
[51]. Earlier studies using rabbit and hamster models also document
meibomian gland acinar atrophy with ductal epithelial hyperplasia after
13-cis retinoic acid exposure [52,53], and more recent rat studies have
shown isotretinoin to significantly decrease the expression of PPARy
[54]. These findings, along with other more recent confirmatory studies
of isotretinoin, strongly suggest that meibomian gland function can be
pharmacologically targeted and directly inhibited by other therapeutic
drugs, inducing DED in the absence of apparent inflammation.

While the mechanisms underlying the effect of 13-cis retinoic acid on
sebaceous and meibomian gland function are incompletely understood,
current hypotheses have centered on the role of ATRA and RAR/RXR
interactions targeting the expression of FoxO3 and secondary upregu-
lation of FoxO1, leading to the initiation of a gene expression cascade
that causes down regulation of PPARy (Fig. 2). Specifically, FoxO1 ap-
pears to directly bind to PPARy promoter regions to repress expression
and function of PPARy regulated genes. Additionally, FoxO1 can directly
block binding of the PPARy/RXR transcription factor complex to the
DNA binding domain, and consequently inhibit PPARy function and
regulation of cell differentiation. While this pathway has not been

R

RXRa

9-Cis-Retinoic Acid
Docosahexaenoic Acid

eeee—————————) Meibocyte Differentiation

Isotretinoin - ATRA

TLR
PAMPS
Cytokines

Growth Factors

Akt
PI3K

Meibomian Gland
Atrophy/Dysfunction

Fig. 2. Potential mechanism controlling meibocyte differentiation and acinar atrophy. Meibocyte differentiation requires binding of lipid sensitive nuclear
receptor, PPARy, and RXRa to the PPARy DNA binding domain. Activation of FOXO1 by isotretinoin (Accutane), inflammatory cytokines, TLRs, or PAMPs leads to
replacement of PPARy from the DNA binding site and the inhibition of meibocyte differentiation. Growth factor signaling leading to phosphorylation of FoxO1 leads
to the nuclear exit of FoxO1 and facilitates downstream PPARy signaling. Abbreviations: PPARy, peroxisome proliferator activated receptor gamma; RXRa, retinoid;
ATRA, all-trans retinoic acid; TLR, toll-like receptor; PAMPs, pathogen-associated molecular patterns; FOXO1, forkhead box protein O1; Akt, protein kinase B; PI3K,

phosphoinositide 3-kinases.
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studied in the context of meibomian gland function, the possible inter-
action between FoxO1 and PPARy gene regulation suggests an intriguing
pathway for the control of meibomian gland function. In particular, the
noted effects of growth hormone and other growth factors leading to
FoxO1 phosphorylation and nuclear export would lead to the promotion
of meibocyte differentiation and meibum synthesis by the opening of
PPARy/RXR DNA bind sites. By contrast, loss of growth factor signaling
during aging and disease would have opposite effects, leading to
persistent DNA binding by FoxO1 and thus blocking downstream mei-
bocyte differentiation. Certainly, studies focusing on this pathway may
help explain not only DED resulting from isotretinoin therapy, but also
the effects of aging, as well as suggesting novel targets for treating
meibomian gland atrophy.

4.4. Summary for glandular-driven MGD

The three mechanisms discussed above clearly show that inflam-
mation is not necessary to explain meibomian gland atrophy, altered
meibum quality, or obstructive MGD. Furthermore, it is not clear that
some of the putative models supporting inflammation as the primary
mechanism do not directly affect the meibomian gland, and hence lead
to a secondary inflammatory response. For instance, the well-studied
desiccating stress and pharmacological lacrimal gland inhibition
model show a marked increase in meibomian gland acinar proliferation
detected as early as the increased inflammation [35]. Furthermore, the
effects of scopolamine, a muscarinic receptor antagonist, on the mei-
bomian gland have never been studied even though the meibomian
gland expresses all five muscarinic receptors in addition to other neural
receptors, and most likely is controlled by yet to be discovered neural
regulatory mechanisms [55]. More recently, other models of inflam-
matory dry eye have used vitamin A deficiency and the Pinkie mutant
RXR mouse model [56]. However, as noted above, meibomian gland
function critically involves retinoic acid signaling through both RAR and
RXR transcriptional complexes with PPARY, therefore these models most
likely have upstream effects on the meibomian gland that need to be
considered in the analysis of secondary inflammation.

5. Immune-driven MGD

A direct role for inflammation as an early trigger in MGD patho-
genesis remains an area of debate [1]. However, we posit that specific,
pathologic immune responses can act as an early driver of MGD given
the co-occurrence of MGD secondary to immune diseases with ocular
involvement [e.g., ocular graft-versus-host disease (oGVHD),
Stevens-Johnson Syndrome (SjS), Sjogren’s Syndrome, and chron-
ic/severe allergic eye disease (AED)]. One argument against the
conclusion that inflammation is an important driver of MGD originates
from the identification of obstructive MGD in patients without clinically
apparent inflammation, referred to as non-obvious or non-inflamed
obstructive MGD [57]. However, while the characterization of this pa-
tient setting has indeed advanced the field, continued research is still
needed to fully describe the exact prevalence of this form of MGD. Also,
germane will be whether subclinical inflammation is present in these
patients [58]. Addressing these knowledge gaps is critical if we are to
extrapolate this into a generalizable understanding in MGD pathogen-
esis. Meanwhile, for in-depth mechanistic and causative studies in
complex disease settings, our most robust tool is animal models. While
various MGD models have successfully recapitulated cardinal features of
MGD via advanced aging, orifice cauterization, genetic disruption of
meibum synthesis and composition, induction of sterile inflammation,
and other methods [4], in this section we primarily focus on the AED
mouse model [10,59-66]. The AED model was the first model to
demonstrate that an immune response can induce the cardinal features
of MGD, including orifice obstruction, ductal dilation, some level of
glandular atrophy, and meibum inspissation, observed as
toothpaste-like meibum upon manual gland expression that hinders its
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ability to evenly coat the ocular surface [10]. This model has enabled
in-depth mechanistic studies into the immunopathogenesis of MGD.

5.1. Allergic eye disease (AED) mouse model

The AED model uses an exogenous antigen-driven systemic immune
response followed by ocular instillations of antigen to model chronic-
like ocular allergy, including associated neutrophil recruitment and
MGD pathogenesis similar to that observed in patients with atopic
keratoconjunctivitis (AKC) [10]. Specifically, C57Bl/6 (B6) mice are
immunized against the model allergen, ovalbumin (OVA), with adju-
vants aluminum hydroxide and pertussis toxin. Allergy and MGD is then
induced 2 weeks later through a 7-day course of daily, topical ocular
instillation with OVA [10,67].

5.2. A role for type 3 lymphocyte responses in MGD pathogenesis in the
AED model

The inflammatory processes underpinning ocular surface manifes-
tations in the AED model involves parallel, but distinct, lymphocyte
responses that fall under the classification of type 2 and type 3
lymphocyte-mediated immune responses, referred to here as type 2 and
type 3 immune responses (Table 1) [68]. Briefly, type 2 immunity relies
on production of IL-4, IL-5, and IL-13 by GATA-3" lymphocytes and
downstream eosinophil recruitment, while type 3 immunity leverages
IL-17A produced by RORyt* lymphocytes and downstream neutrophil
recruitment [68]. This dual-pronged inflammatory profile is similarly
observed in tear washes from patients with AKC [10]. However, Reyes
et al., demonstrated that MGD pathogenesis in the AED model is spe-
cifically driven by a type 3 immune response through numerous lines of
evidence [10] (Fig. 3). First, characteristic of type 3 immune responses,
T cells in the draining lymph node of AED mice are skewed towards a T
helper 17 (Th17) phenotype. Furthermore, inhibition of Th17 skewing
or effector function through genetic deletion of interleukin (IL)-17A or
pharmacologic blockade of IL-23 (Th17 survival/differentiation factor)
led to significant reduction of the meibomian gland orifice obstruction,
suggesting a causative role for these lymphocytes. Concordantly,
adoptive transfer of in-vitro expanded Th17 cells into mice with a mild
allergic conjunctivitis without MGD resulted in meibomian gland
obstruction, thereby demonstrating that Th17 cells are sufficient to
induce MGD. In contrast, meibomian gland obstruction was not induced
with transfer of in-vitro expanded Th2 cells into this mild allergic
conjunctivitis model, suggesting that type 2 responses are unable to
drive MGD pathogenesis [10]. Independently, Lou et al. demonstrated
that lymphatic endothelial deletion of Vegfr3 in AED mice inhibits
development of clinical allergy signs, but not meibomian gland
obstruction [66], thereby lending further credence to a role for type 3

Table 1
Overview of type 1, 2, and 3 lymphocyte responses.
Type 1 Type 2 Type 3
Master transcription T-bet GATA3 RORyt
regulator
Response-mediating Thl Th2 Th17
lymphocytes ILC1 ILC2 ILC3
Tbet+ y8 T GATA3+y8T  RORyt+ 7y T
cell cell cell
Effector cytokines IFNy IL-4 IL-17A
TNF IL-5 IL-17F
IL-13 1L-22
Downstream effector Macrophages Mast cells Neutrophils
leukocytes CTLs Eosinophils
B cells

Abbreviations: T-bet, T-box transcription factor 21; GATA3, GATA Binding Protein 3;
ROR, retinoic acid-related orphan receptor; Th, T helper; ILC, innate lymphoid cell;
IFNy, interferon gamma; TNF, tumor necrosis factor; IL, interleukin; CTLs, cytotoxic
T-cells.
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Fig. 3. Immune-mediated MGD is driven by type 3 immune responses. Similar to other type 3 responses, immune mediated MGD appears to rely on conjunctival
IL-17A production leading to downstream neutrophil recruitment, which induces glandular dysfunction through mechanisms that are still being studied. NET for-
mation is a leading hypothesis, but the specific mechanism requires further study. Abbreviations: AED, allergic eye disease; IL, interleukin; Th, T helper; MGD,

Meibomian gland dysfunction; NET, neutrophil extracellular traps.

lymphocyte responses in MGD pathogenesis.

Future research is needed to further resolve this type 3 response. For
example, T helper cell expression of IFN-y is classically categorized as
type 1 lymphocyte response. However, as in hyperdessication-induced
DED models [69] (and other autoimmune models [70,71]), polyfunc-
tional Th17 cells expressing both IL-17A and IFN-y have been identified
in the AED model [10]. Despite the latter, an isolated role for IFN-y in
MGD pathogenesis in the AED model has not been examined. Interest-
ingly, like AED, Perez et al. demonstrated that a mouse model of o0GVHD
associated with MGD contains CD4 " T cells in the draining lymph node
that significantly express both IL-17A and IFN-y [72]. The oGVHD
setting is particularly important because patients experience aggressive
MGD [72].

Though pathogenic Th17 responses are central to MGD causation in
the AED model, and independently in DED models [73], the role of other
lymphocytes that produce IL-17A, such as gamma-delta (y5) T cells [74],
in MGD pathobiology have not yet been closely evaluated. This may be
important, as recent evidence from the Pinkie mouse model suggests
that conjunctival y& T cells expressing IL-17A can contribute to ocular
surface disease [75]. Pinkie mice possess a retinoid X receptor alpha
(RXRa) mutation that results in exacerbated signs of age-related DED
[75] - including meibomian gland orifice obstruction [Pflugfelder,
personal communication]. Moreover, young bone marrow chimeric
mice that are wildtype for RXRa, but with Pinkie mouse bone marrow,
exhibit a more severe DED phenotype compared to normal B6 mice
when exposed to desiccating stress, thereby demonstrating that the
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RXRa mutation in immune cells is sufficient to exacerbate the phenotype
[75].

The role of IL-17A in patients with MGD is not yet fully understood,
but several studies have reported direct correlations between IL-17A
levels in the tears and disease severity [76,77]. One study comparing
patients with MGD to healthy controls showed elevated levels of IL-17A
in their tears, like those of ocular surface inflammatory disorders
including oGVHD, S§jS, and Sjogren’s syndrome. Interestingly, the
anti-inflammatory effect of intense pulsed light treatment was able to
decrease IL-17A tear levels, especially after 1 week of treatment. Addi-
tional literature regarding tear IL-17A concentrations in MGD patients
with various clinical scenarios is summarized in Table 2 [78-85].

5.3. Type-3 lymphocyte — neutrophil axis in MGD pathogenesis

Neutrophils can function as downstream effector cells in type 3 re-
sponses [68,86], similarly making them a target for future study in MGD.
However, neutrophils are considered unable to respond directly to
IL-17A, as they do not express the IL-17RA - IL-17RC heterodimers that
enable response to IL-17A [87]. Instead, non-hematopoietic cells are
often recognized as the primary downstream responders to IL-17A, with
subsequent neutrophil responses being shaped by IL-17A-driven gene
expression changes, including release of neutrophil-influencing che-
mokines [88,89]. Indeed, neutrophils were shown to infiltrate the
conjunctival tissues in the AED model, and Th17 inhibition reduced this
recruitment. Also, systemic depletion of neutrophils (via anti-Ly6G
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Table 2
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Studies reporting elevated levels of IL-17 in patients with MGD associated with different clinical scenarios.

Author (year) Study objective

Study findings

Kang et al. (2011) [78] Cytokine levels patients with MGD, OSIDs, and healthy

controls

Lee et al. (2011) [79]
MGD

Lee et al. (2014) [80]

only for moderate-severe MGD

Landsend et al. (2018)
[81] vs healthy controls

Gurumurthy et al.
(2018) [82]

To compare pre- and post-MMG cytokine profiles in SjS
patients

Choi et al. (2019) [83]
Gao et al. (2019) [84]

Anti-inflammatory effect of IPL for MGD

compresses for MGD

Roy et al. (2023) [85] Correlation of cytokine levels with DED symptoms

Oral minocycline and ATs vs. ATs only in moderate to severe

Topical loteprednol etabonate and lid hygiene vs. lid hygiene

Inflammatory cytokine levels in congenital aniridia with MGD

Comparison of IPL vs. tobramycin/dexamethasone plus warm

Significantly higher concentration of IL-17 in MGD and inflammatory disorders
compared to controls.

Significant reduction in levels of IL-1b, IL-6, IL-7, IL-8, IL-12p70, IL-17a, IFNy, TNFaq,
and MCP-1 in patients who received minocycline.

Loteprednol group: Significant decreases in IL-1b, IL-6, IL-8. Slight, but not significant
decrease in IL-17.

Lid hygiene group: Significant decrease in IL-6 and IL-8.

Increased levels of IL-1b, IL-9, IL-17a, bFGF, and MIP-1« in aniridia patients, all had a
positive correlation with MGD parameters.

Decreased IL-1RA/IL-1b ratio in aniridia patients.

Pre-MMG: Increased GM-CSF, IL-1b, IL-2, IL-8, IL-15, IL-17a, MCP-1, and bFGF.
Decreased IP-10.

Post-MMG: Increased IL-15, IL-17a, and bFGF.

Decreased levels of IL-4, IL-6, IL-10, IL-17a, and TNFa after completing three sessions.
Lower level of IL-1b and IL-17 at 1-week post IPL, but levels returned to baseline after 1
month.

Lower corneal staining correlated with higher IL-17a, IL-10, and IFNy

Higher IFNy levels correlated with lower conjunctival staining.

Higher IL-17a levels correlated with higher TBUT score

Abbreviations: MGD, meibomian gland dysfunction; OSIDs, ocular surface inflammatory disorders; IL, interleukin; ATs, artificial tears; IFNy, interferon gamma;
TNFa, tumor necrosis factor alpha; MCP-1, macrophage chemoattractant protein 1; bFGF, basic fibroblast growth factor; MIP-1a, macrophage inflammatory protein 1
alpha; MMG, mucous membrane grafting; SjS, Stevens-Johnson syndrome; GM-CSF, granulocyte macrophage colony stimulating factor; IP-10, interferon gamma-

induced protein 10; IPL, intense pulsed light; TBUT, tear film breakup time.

antibody) inhibited the formation of meibomian gland orifice obstruc-
tions in the AED model [10]. Further supporting the role of a
Th17-neutrophil axis in MGD, adoptive transfer of in vitro differentiated
Th17 cells in the mild allergic conjunctivitis model led to increased
neutrophil recruitment and development of MGD [10]. It was therefore
concluded that Th17 responses result in neutrophil recruitment, and that
these neutrophils in turn cause MGD in the AED model. Supporting this
conclusion, Singh et al., showed in the AED model that administration of
topical lifitegrast (LFA1-ICAM1 inhibitor indicated for DED treatment)
led to reduced MGD signs, but not allergy clinical scores. Concordantly,
in the conjunctiva of these mice, a reduction in neutrophils, but not
eosinophils, was demonstrated [90]. These findings also fit with work by
Sun et al., who demonstrated that lifitegrast likewise reduces corneal
neutrophil recruitment in an infectious keratitis model in mice [91].

In patients, the role of neutrophils in MGD is less well understood

Table 3

than in mice, but it was observed that the number of neutrophils in
patient tears directly correlated with meibum viscosity, indicating that
the type 3 immune skewing observed in mice may similarly be relevant
in the clinic [10]. Interestingly, a recent study demonstrated greater
improvement in signs of meibomian gland function with lifitegrast
compared with thermal pulsation procedure in patients with inflam-
matory MGD [92]. Additional studies evaluating neutrophils in patients
have been summarized in Table 3 [10,65,72,93-95]. Hence, these links
between MGD neutrophil abundance, lifitegrast neutrophil targeting,
and MGD amelioration implicate a possible role for neutrophils in
certain forms of human MGD.

Though the precise way neutrophils cause MGD is not fully under-
stood, a role for neutrophil extracellular traps (NETs) in MGD has been
proposed. Mahajan et al., demonstrated that MGD severity in the AED
model is reduced through topical application of DNase-1, which breaks

Studies reporting elevated levels of neutrophils at the ocular surface of patients with MGD associated with different clinical scenarios.

Author (year) Study objective

Study findings

To determine the level of nucleases and their relation to
eDNA and NET formation in ocular surface inflammation.

Sonawane et al.
(2012) [93]

Reyes et al. (2018)
[10]

To determine if inflammation has a role in MGD.

Postnikoff et al.
(2020) [94]

To describe the phenotype and activation pattern of closed-
eye neutrophils in DED versus controls.

Nair et al. (2021)
[95]

To determine the proportion of immune cell subsets in the
ocular surface wash samples of DED patients.

Mahajan et al.
(2021) [65]

To investigate the pathogenesis of obstructive MGD in ocular
surface inflammation.

Perez et al. (2023)
[72]

To investigate the role of MGD in the pathogenesis of oGVHD.

Increased eDNA strand length and amount in DED compared to controls, with co-localization
of PMNs and elastase to the eDNA strands.

Increased conjunctival TLR-9, MyD88, IFN-type 1, IL-6, and TNFa in DED compared to
controls.

Increased quantities of neutrophils in MGD patient tear fluid samples strongly correlated with
MGD clinical severity.

Tear cytology of AKC and BKC patients revealed populations of leukocytes including
neutrophils, eosinophils, and mononuclear cells.

Tear neutrophils from DED patients had higher expression of CD66b and higher monocytes
than controls.

Elevated extracellular MMP-9 and neutrophil elastase.

Flow cytometry revealed higher proportions of neutrophils, CD4, CD8 T-cells, and double-
positive T-cells than controls.

Higher neutrophil/NK ratio in evaporative and aqueous DED than in controls.

Positive correlation of flow cytometry findings with clinical indices.

Ocular discharge samples from patients with MGD show aggregated NETs and occlude
meibomian gland orifices as shown via eyelid biopsy fluorescent confocal microscopy.
Increased tear C5a, IL-6, IL-8, and IL-18. Levels of C5a and IL-8 correlated with tear deficiency.
Spectral flow cytometry on tear samples from oGVHD patients revealed a substantial cell
population composed primarily of neutrophils, along with mononuclear, and CD4 cells
compared with healthy controls.

Abbreviations: eDNA, extracellular DNA; NET, neutrophil extracellular trap; DE

D, dry eye disease; TLR-9, toll-like receptor 9; MyD88, mutant myeloid differentiation

primary response 88; IFN, interferon; IL, interleukin; TNFa, tumor necrosis factor alpha; MGD, meibomian gland dysfunction; AKC, atopic keratoconjunctivitis; BKC,
blepharokeratoconjunctivitis; CD, cluster of differentiation; MMP-9, matrix metalloproteinase 9; NK, natural killer cell; oGVHD, ocular graft-versus-host disease.
*The study included “tear-deficient patients” with ocular cicatricial pemphigoid, oGVHD, and neurotrophic keratitis.
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down NETs via degrading extracellular DNA. The authors demonstrated
similar findings with pharmacological inhibition or gene deletion of
peptidylarginine deiminase 4, which plays a notable role in NET gen-
eration, and concluded that NETs were mediating MGD through
obstructing the gland orifice [65]. In another study, An et al. showed
that neutrophil and NET levels at the ocular surface of oGVHD patients
are elevated relative to healthy controls. They also found that NETs
inhibit meibocyte proliferation and meibum production, providing
another possible mechanism through which NETs may induce MGD
[96]. Relatedly, Perez et al. demonstrated that oGVHD is strongly
correlated with MGD development, reporting an incidence of 97% in
oGVHD and an incidence of 93% in their oGVHD mouse model [72].
More studies are required to understand the mechanism underpinning
possible neutrophil and NET interactions with meibomian gland cells
that may be driving long term dysfunction.

6. Towards a unified perspective on the future of MGD
pathogenesis research

The underlying motivation for this piece was to present two opposing
views on the initial drivers of MGD: one view or “pathway” focused on
immune-driven MGD and the other on glandular-driven MGD. However,
it must be acknowledged that neither pathway truly acts in a ‘vacuum,’
particularly in the chronic disease setting. Hence, our discussions further
explored how these two pathways may interact in the MGD disease
process. Below is the synthesis of our discussion, which we based on the
following three points: (1) that either pathway can serve as the early
trigger for MGD; (2) that both pathways interact in MGD; and (3) that
some stimuli may trigger both pathways simultaneously.

(1) Either pathway can serve as the early trigger of MGD: Examples of
glandular-driven MGD induced pharmacologically (e.g. isotreti-
noin) or genetically (e.g. Awat2 KO) in animal models have
already been reviewed herein. Likewise, we reviewed findings
from the AED model, which provided direct evidence of immune-
driven MGD. Hence, it can be concluded that either pathway
(immune or non-immune) may serve as an early trigger of MGD.
Both pathways interact with one another in MGD: For the im-
mune pathway, immune-driven MGD must trigger pathologic
glandular activity to cause disease. As reviewed in the earlier
sections, one possible mechanism by which type 3 immune re-
sponses can negatively affect glandular cells involves NETosis
that leads to meibomian gland obstruction in the AED model
[65], or via the demonstrated in vitro effect that NETs can
directly alter meibocyte physiology [96]. Evidence for the reverse
scenario, that glandular-driven MGD can involve secondary
pathological immune responses, comes from the Awat2 KO
setting [38]. In these mice it was reported that an exacerbated
MGD phenotype was associated with infiltration of immune cells
[38], suggesting a role for immune responses in amplifying the
disease process. Though the precise mechanism by which this
secondary immune response amplified MGD was not investi-
gated, it is conceivable that there may be overlapping activities
from the AED model with respect to neutrophil infiltration.

Some stimuli may affect both compartments simultaneously in
MGD: Interactions between these two pathways do not need to be
sequential. For example, meibocyte expression levels of PPARy
may impact meibocyte physiology and immune cell responses
simultaneously. Meibocyte expression of PPARy is reduced with
aging, and this reduction impairs meibocyte differentiation [28,
31,32]. Separately, it is also known that PPARy can exert
anti-inflammatory effects [97]. As such, age-associated reduction
in PPARy may simultaneously impair meibocyte activity while
being permissive to otherwise restricted inflammatory activity.
Moreover, exposure of meibocytes to IL-1p was shown to decrease
cell proliferation, lipid synthesis, and expression of PPARy [98].

(2

(3)
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Immune-
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Fig. 4. The Yin and Yang of MGD: Dynamics of immune and non-immune
contributions to the MGD disease process. The Yin and Yang analogy cap-
tures the 3 points we argued regarding the need for a more fluid and dynamic
model to represent the disease process. These points are: (1) that the early
initiators of MGD can either be immune-driven or glandular-driven pathologic
pathways; (2) that both pathways can interact in the disease process; and (3)
that some pathologic stimuli may trigger both pathways simultaneously. The
level of contribution from each pathway can change depending on the etiology
and disease state, but both compartments must be considered to holistically
understand MGD pathogenesis. Abbreviations: MGD, Meibomian gland
dysfunction.

Relatedly, IL-1p is also known to promote type 3 immune
response severity [68].

We illustrate the synthesis of these three points in the form of a
simple Yin and Yang diagram, whereby each color represents a given
pathway (Fig. 4). Because either pathway can serve as the early trigger,
can interact, or can be simultaneously affected by stimuli, the benefit of
the Yin and Yang is that it de-emphasizes the sequence of these events.
This point is critical because it is often assumed that inflammation is not
an early trigger. The Yin and Yang analogy also acknowledges the dif-
ferential level of contribution from each pathway in the disease process,
depending on the underlying condition and/or disease, while also
highlighting that both components generally exhibit some level of
contribution to MGD. In short, the Yin and Yang captures a more fluid
concept which recognizes the interplay between both immune-driven
and glandular-driven factors to help contextualize and promote the
study of the synergies between these two seemingly disparate
compartments.

7. Conclusion

In this perspective piece we lay out the evidence and significance of
both glandular-driven and immune-driven pathways in the pathobi-
ology of MGD and discussed mechanistic insights for both. Moreover, we
discussed how neither pathway truly acts in a vacuum, particularly in
the chronic disease setting, and how both pathways could be interactive
and further amplify the disease process. The points raised clearly suggest
an important relationship between pathologic immune responses and
glandular cell dysfunction, regardless of which process serves an up-
stream role. It is hoped that through more diligent research focused on
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the nexus between these two pathways, we will come to a better un-
derstanding of the events leading to dry eye disease. Certainly, it is true
that we do not see that for which we are not looking, and future research
needs to combine both meibomian gland functional and immunological
investigations if we are not going to continue to simply repeat the
studies of the past. Such work would enhance our understanding of the
disease-driving synergies observed between immune and non-immune
mediated dysfunction, especially regarding how both components
contribute, to varying degrees, in distinct disease settings — the Yin and
Yang of MGD.
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