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Research in Dry Eye:
Report of the Research Subcommiittee of
the International Dry Eye WorkShop (2007)

ABSTRACT Members of the DEWS Research Subcommittee
reviewed research into the basic mechanisms underlying dry
eye disease. Evidence was evaluated concerning the tear film,
lacrimal gland and accessory lacrimal glands, ocular surface
epithelia (including cornea and conjunctiva), meibomian
glands, lacrimal duct system and the immune system. Con-
sideration was given to both animal and human research data.
Results are presented as a series of information matrices,
identifying what is known and providing supporting references.
An attempt is made to identify areas for further investigation.
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. INTRODUCTION
embers of the Research Subcommittee were
grouped according to their particular areas of
expertise and asked to review the evidence for the
basic mechanisms of dry eye pathology within that area. To
facilitate this, a standardized template was developed (the
DEWS Research Committee Report Form—Appendix 1 [ac-

cess at: www.tearfilm.org]), which members used to present
their findings. Based on the information derived from the
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returned reports, information matrices were developed.

Evidence related to the tear film, lacrimal gland and
accessory lacrimal glands, ocular surface epithelia (includ-
ing cornea and conjunctiva), meibomian glands, lacrimal
duct system, and the immune system was evaluated. Con-
sideration was given to both animal and human research
data. Results are presented in a matrix of information that
identifies what is known, with supporting references, and
identifies areas for further investigation.

Il. GOALS OF THE RESEARCH SUBCOMMITTEE

Goals of the Research Subcommittee were as follows:

A. To consider whether there is sufficient evidence to define
the basic mechanisms underlying dry eye disease.

1. To summarize the state of knowledge about primary
alterations and/or secondary responses of the follow-
ing ocular and systemic components that contribute
to tear film dysfunction.

Tear film

Lacrimal gland and accessory lacrimal glands

Ocular surface epithelia, cornea, conjunctiva

Meibomian gland

Lacrimal duct system

. Immune system
2. To construct an information matrix to identify areas

where knowledge is insufficient and to determine if
there are common pathologies across the syndrome.

3. To identify areas where clinical information is avail-
able or lacking.

B. Based on data derived from Part A, to answer Question
2: Is the state of basic knowledge on mechanisms of dry
eye sufficient to determine how these give rise to disease
symptoms?

C. Develop, if possible, definitions of the mechanism of
dry eye pathology or develop major hypotheses on the
mechanism that can be tested.

-0 A0 T

Ill. THE TEARS AND TEAR FILM
A. Human Disease
The evidence presented at the last dry eye workshop
report (National Eye Institute [NEI]/Industry Workshop of
1995, hereafter referred to as the “1995 Workshop”) indi-
cated that tear film osmolarity is increased in all forms of
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dry eye (DE) and that tear volume and certain lacrimal tear
proteins, such as lysozyme and lactoferrin, are decreased in
aqueous-deficient dry eye.! An evaporative form of dry eye
was also recognized, caused, for example, by a decreased
integrity of the tear film lipid layer.

New evidence since the 1995 Workshop indicates that
meibomian lipid composition and distribution is altered in
DE and a number of bioactive tear proteins, including plas-
min, matrix metalloproteinases (MMPs), defensive mol-
ecules, and phospholipase A2 1Ia in DE are increased. There
is also an increase in inflammatory cytokines in non-Sjogren
syndrome (NSS) dry eye, as well as in Sjogren syndrome
(SS) dry eye, and a decrease in goblet cell mucin MUC5AC
in keratoconjunctivitis sicca (KCS) and SS (Table 1).

Given the sparsity of information available about the
changes in the composition of the tear film listed above, it is
unclear how the changes in human tear composition relate
to tear dysfunction. To better understand the mechanism
of dry eye disease, there is need for proteomic, lipidomic,
and glycomic analyses of the tears from large, well-defined,
staged, and age-matched patients or subject populations, to
develop biomarkers specific to dry eye disease. Progress has
been made in developing proteomic baseline studies of tear
proteins, but studies comparing normal and dry eye tears
are lacking. *1-** Mass spectrometry is a powerful analytical
tool for identification® of molecules and compounds, and it
is being used to develop a standard lipid profile of normal
tears and to identify specific component differences in the
tears from DE models.

The application of mass spectrometry to the character-

ization and identification of the lipids of the meibomian
gland secretions is demonstrating that the previously
reported compositions are in need of revision. Compli-
cating these efforts is the observation that the lipids are
very diverse in class and functionality. Different analytical
approaches for isolation and detection are needed to dif-
ferentiate lipid classes.

High throughput mass spectroscopic and glycan array
methodologies are now available for glycomic analysis,
and these could be used to analyze tear glycans in normal
and DE patients. Similarly, determination of ratios and
amounts of membrane-associated and secreted mucins in
tear film is necessary. It will also be important to determine
the relationship between various measures of tear stability
(eg, tear film breakup time [TFBUT]) and the mucin and
lipid quantity and character of the tears.

Abbreviations used in text and tables

T = Increase in/increased

1 = Decrease in/decreased

A = Change in/changes to

—/— = Homozygous null mouse

— = totally depleted

ACAT-1 = Acyl-CoA:cholesterol acyltransferase-1

Auto-AG = Autoantigen

BUT = Breakup time

CALT = Conjunctiva-associated lymphoid tissue

Chr Bleph = Chronic blepharitis

CIC = Cicatrizing disease

Conj = Conjunctiva/conjunctival

Cont lens = Contact lens

DE = Dry eye

DES = Dry eye syndrome

EDA = Ectodermal dysplasia

ENV STR = Environmental stress

epi = Epithelia/epithelial

Epi. Diff/sq metaplasia = Epithelial differentiation/squamous
metaplasia

GVHD = Graft vs host disease

KCS = Keratoconjunctivitis sicca

Lac = Lacrimal

Meibom = Meibomian

LMG = Loss of meibomian glands

MGD = Meibomian gland dysfunction

NSS = Non-Sjogren syndrome

NSS/ACQ = Aqueous-deficient non-Sjogren syndrome

Nasolac = Nasolacrimal

NLD = Nasolacrimal duct

RA-MGD = Retinoic acid induced MGD

SCOP = Scopolamine

siRNA = Small interfering RNA

Spont DE = Spontaneous dry eye

SS = Sjogren syndrome

TALT = Tear duct-associated lymphoid tissue

TBUT = Tear breakup time

Undif KCS = undifferentiated keratoconjunctivitis sicca

LVit A = Vitamin A deficient

-Vit A = Vitamin A totally depleted
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Table 1. Information matrix: human tear film

NSS

Androgen Contact
Deficiency Lens/DE

Tear Volume/Osmolarity:

T Osmolarity, | Volume v v v v v 2-6
T Evaporation v v 1,79
! Meniscus v v v v v 5,10-13
Correlation: Evaporation to
osmolarity & lipid layer 4 1 L8
1 BUT, T Surface tension v/ v/ v v v/ 5,12,16-20

{ Glycoproteins, MUC5AC v v 21-23
A Lipid patterns, Distribution v 24,25
d Polar lipids v 26
{ Lipid layer, T Evaporation v 14

A Proteins 4 27,28
T Plasmin levels v 29
T MMPs v 30,31
T Inflammation markers, PRPs 4 4 32
{ Lactoferrin 33
T Nine defensive molecules v 34
! Lysozyme, Lactoferrin 35
T Phospholipase A2 Ila v v 36,37

Inflammatory Mediators:

Proinflammatory cytokines: IL-1, IL-6, IL-8, TNF-o.

4 38-40

*Type not defined

B. Animal Models of Dry Eye

Animal models discussed at the 1995 Workshop in-
cluded a rabbit model in which the meibomian and lacrimal
glands and the nictitans were ablated, which caused tear
hyperosmolarity and ocular surface damage, mimicking
the features of human DE.

New models and find-

methasone reverses the decreased TFBUT and ocular surface
damage; and 4) rabbit lacrimal gland denervation models
that produce altered tear protein and lipid profiles (Table 2).

One critical area of investigation with respect to the
existing evidence presented regards the need to correlate
tear osmolarity, tear breakup, and the inflammatory stress

ings since the 1995 Work- Table 2. Information matrix: animal tear film

shop include: 1) mouse 5

models of DE that employ Rabbit Mouse Refs
scopolamine and environ- U WE BT T

mental, dessicating stress T Osmolarity + | Tear volume -Meibomian glands ~ Scop & Env Str  48-49
that show increases in in- T Osmolarity, T surface injury —Lacrimal gland 50
flammatory cytokines and 4 BUT, | surface injury with dexamethasone -Lacrimal gland 51
e oot
2) neurturin-deficient mice . —

that develop DE and have T Acylglycerols —Lacrimal gland/nictitans 45
increased inflammatory Lipids in rabbit/human match —Lacrimal gland/nictitans 45
mediators in their tear film; I
3) a rabbit lacrimal gland 1 Protein —Nerves 52
ablation model that shows TIL1B Neurun 53

that treatment with dexa-
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response. To that end, immortalized human corneal and
conjunctival epithelial cell lines are now available that have
differentiation characteristics of native epithelia.*®*" They
will be useful to study effects of tear osmolarity, inflamma-
tory mediators, and DE tears on surface epithelia.

Mass spectrometry, lipidomics, and proteomics in
animal models of dry eye should be done to provide in-
sight into the DE condition. Comparison of animal tear
proteomes, lipidomes, and glycomes will help ascertain
the most appropriate human-relevant models (eg, total
chloroform extractables of rabbit tears match closely those
of human tears).*

IV. OCULAR SURFACE
A. Human Disease

Aspects of dry eye surface pathology discussed at the
1995 Workshop included the lack of epithelial barrier func-
tion as demonstrated by increased dye uptake (with no data
available on mechanism), an increased tear film osmolarity
causing ocular surface damage, a loss of conjunctival goblet
cells, and an increased squamous metaplasia of the surface
epithelial cells (morphological observations).

New evidence since that report indicates that there
are alterations in cell-surface and secreted mucins and in
keratinization-related proteins expressed by epithelial cells.
There also are alterations in corneal innervation density
and sensitivity. Studies document increased conjunctival
epithelial cell turnover. Evidence indicates that conjunctival

Table 3. Information matrix: human ocular surface

Undif KCS NSS/ACQ SS

Corneal and conj. epi. cell

damage as indicated by v v
dye penetrance — Fluorescein,

lissamine green, rose bengal

v

epithelial cells are active in the immune response and are a
source of inflammatory mediators®> (Table 3).

Despite what is known, information about the tear film
and ocular surface in dry eye disease is still deficient. It
would be of value to determine the conjunctival epithelial
proteome and glycome in a well-defined, staged, dry eye
population compared to age- and sex-matched controls to
identify common changes in apical surface components
with disease. It is desirable to determine if age and sex,
or a combination thereof, influence the effects of environ-
mental stress on ocular surface epithelia. It is important
to determine any genetic predictors of susceptibility to
DE. Finally, a comparison of early intermittent stages of
the disease to chronic disease may distinguish primary
pathways causing DE from secondary responses associated
with the disease.

B. In Vitro and Animal Models

Information gathered from in vitro and animal models
as of the 1995 Workshop identified lack of barrier function
as demonstrated by dye uptake in several animal models
of dry eye, loss of goblet cells in several animal models of
dry eye, and keratinization of ocular surface epithelium in
vitamin A deficiency.

Since the 1995 Workshop, investigations have identified
the role of membrane-associated mucins as a protective bar-
rier (human epithelial cells in vitro), increased cell turnover
(mouse experimental dry eye), and increased expression

CIiC LVitA ContLens LASIK Refs

v v v v Well established

| Goblet cells v v v v v T v 54-61
1 MUC5AC v v 22,23
Mucin glycosylation altered v v 62-65
A Glycosyltransferases v 66
A Membrane-associated mucins 4 4 22,57, 65, 67
1 Microplicae v 68
Filamentary keratitis v 69
T Stratification v v 66, 70
Epi proliferation v 71
A Nuclear/chromatin structure v v 72-74
T Apoptosis v v/ v/ 75
A Innervation v v v 76-80
T Infection v 35,81
T Keratinization related proteins v v 82-84
Inflammatory markers on Y Y Y 75,85

conj. epi. cells

182
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Table 4. Information matrix: animal ocular surface epithelium

In vitro/human

oc surf epi Rabbit

Goblet cells; mucins/glycoproteins:

Rose bengal penetrance -MUC16 86
| Goblet cells, MUC5AC -Vit A Scop & env str -Vit A

—Meibomian gland —/— Neurturin 48,53, 87-91

—Neurotrophic keratitis —/-1xB-C
A Mucin glycosylation Spont. DE 92
1 Membrane associated mucins ~ -Vit A —/— Neurturin -Vit A 53,89, 93,94
—Serum
! Glycogen —Meibomian gland
—Lacrimal gland 48,50, 88

—Neurotrophic keratitis

Epi. Diff/sq. Metaplasia:

T Keratinization -Vit A -VitA  Spont. DE 95-97
) Conj epi proliferation Scop & env str 90
T Apoptosis Scop & env str 98

) Inflammatory cytokines/MMPs:

+Hyperosmolar str

—/— Neurturin
Scop & env str
+ Hyperosmolar str

49, 53,99-101

Reversal of ocular surface defects/inflammation without meibomian gland:
EDA knockin

102

of inflammatory cytokines (mouse experimental dry eye).
New mouse models have been developed as useful tools
to study molecular mechanisms of ocular surface damage.
Mouse models in which the lacrimal and/or meibomian
glands are dysfunctional have allowed better character-
ization of ocular surface pathology (staining, goblet cell
density, etc [Table 4]).

Given what is now known, additional research is
needed to determine the role of ocular surface disease
in the mechanism of tear dysfunction. A comparison of
human and mouse tear and apical epithelial surface pro-
teomes/glycomes would identify common components for
validation of the animal models and facilitate interpreta-
tion of dry eye model data. Inducible models of specific
dry eye diseases and models of chronic disease should be
further developed. Importantly, mechanisms of goblet cell
differentiation from epithelial stem cells and mechanisms
of goblet cell loss need to be characterized, as goblet cell
loss characterizes all forms of DE. It would be helpful to
develop functional tests in vitro using siRNA techniques
to elucidate the contribution of different cell surface mol-
ecules to the maintenance of corneal epithelial barrier
function. Advanced genetic manipulation techniques using
knockout, knockin, and knockdown animals to perform
functional tests in standardized animal models of dry eye
should be explored. Determination of the basis of fluores-
cein, lissamine green, and rose bengal staining is needed.
It would be worthwhile to determine if epithelial-stromal
interactions influence development of DE.
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V. IMMUNE SYSTEM
A. Human Disease

Evidence from the 1995 Workshop indicated that SSDE
is the result of an autoimmune disease in which response
to autoantigens causes inflammatory destruction of the
lacrimal tissue. The new evidence since the 1995 report
indicates that proinflammatory cytokines and T-cell popula-
tions are increased in conjunctival tissue and lacrimal tissue
in NSSDE as well as in SSDE. Chemokines and their recep-
tors are increased in dry eye. Dry eye in graft vs host disease
(GVHD) is associated with inflammation and immune cell
infiltration of the lacrimal gland and ocular surface epithe-
lia. The disease is also characterized by fibrosis associated
with fibroblast and bone marrow-derived cell infiltration.
It is clear that ocular surface epithelial cells can modulate
inflammatory responses (Table 5).

Information is still lacking about the role played by the
immune system in human tear dysfunction in DE. There
is little or no information about the changes in cornea (vs
tear film or conjunctiva) or the early changes in and role
of immune factors causing disease. It is not known which
changes are primary and which are secondary, information
that is required in order to determine “cause and effect.”

There is a need to determine more precisely the role of
immunomodulatory proteins and peptides present in cornea
and tear film (TGF-B, o-MSH, IL-1Ra, etc) and to delineate
the role of innate immunity in dry eye disease (including
lactoferrin, lysozyme, toll-like receptors, complement, ki-
nin-kininogen, arachidonic acd metabolites, neuropeptides).
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Table 5. Information matrix: human immune system/dry eye

Undifferentiated KCS NSS Rosacea DE SS GVHD Refs
Conjunctiva:
T CD3, CD8 cells v v 103
T CD4 and T cells v v/ v 104-108
T Chemokine CCR5 receptor v v v v 109, 110
T Fas v 75
TICAM-1 v 111

Conjunctiva and Tears:
TIL-1, TNFo and IL-8, IL-6
Conjunctiva and Lacrimal Gland:

38-40

T MHC class Il, HLA-DR v v v v 75,105, 107,110-113
T CD40, CD40 ligand, CD80, CD86 v v v v 75,107
Fibrosis v 107,108, 114

Lacrimal Gland:

Lacrimal gland: T CD4, T & B cells v v v 108, 115-117
TICAM-1 v v 107,118
Inflammatory infiltrate v v 119, 120
Shared autoantigens, lacrimal & salivary gland v 115

T Fas-Fas ligand, IL-18, IL-6, IFN-y, vascular cell

adhesion molecule-1 & intercellular adhesion 4 121-123

molecule-1 Infiltrating lymphocytes, apoptosis

B. InVitro/Animal Models of Dry Eye—Immune System

The models and findings of the 1995 Workshop con-
firmed that cyclosporine A is effective in the treatment of a
spontaneous canine dry eye model. New evidence available
since the 1995 report indicates that IFN-y can upregulate
HLA-DR and ICAM-1 in human conjunctival cells, indicat-
ing that ocular surface cells can respond to and modulate
inflammation. Mouse models of dry eye that employ either
scopolamine and environmental stress or environmental
stress alone show that ocular surface stress can induce the
inflammatory/T-cell alterations seen in human dry eye.
Evidence suggests that inflammation induced by desiccat-
ing stress is mediated by T-cells!?® (Table 6).

What questions can be answered or what promising
types of basic research need to be done in model systems to
determine the role of the immune system in the mechanism
of tear dysfunction in DE? There is a dearth of information
regarding understanding the role of T cells in the early im-
munopathogenesis of the ocular surface (vs lacrimal gland)
disease in DE. The extent to which the ocular surface disease
is T-cell-mediated needs to be clarified. It is also necessary
to determine the role of autoimmunity in this disorder
and the nature of the autoantigens. Studies are needed to
characterize the effect of inflammatory cytokines on mucin
genes and proteins. Delineation of the role of the innate im-
mune system in dry eye syndrome is also needed (including

Table 6. Information matrix: animal immune system

In vitro Animal Rabbit Mouse Dog Refs
IFN-y T HLADR, ICAM-1 Conj Primary Culture 124
Ianar_nmann T Conj, . Scop & Env Str Spont. DE 96, 98

lacrimal gland apoptosis
IFN-y in TH1-type inflammations and DE Scop & Env Str,
118,125
Env Str

T cells mediate local inflammation to eye drying Scop & Env Str 126

Lac Inflammation & DE

T T cells, CD4 especially Autoimmune dacryoadenitis 127
T CD3 T cells; CD8, CD4 GVHD Model 128
T ICAM-1 MRL/Ipr mice 118
T MHC class Il DE 129

18

g
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lactoferrin, lysozyme, complement,
kinin/kininogen, arachidonic acid
metabolites, neuropeptides, toll-like
receptors, and surfactant protein-D).

VI. HYPOTHESIS OF THE
MECHANISM OF ACUTE AND
CHRONIC INFLAMMATION IN

DRY EYE DISEASE

The Cullen Symposium on Cor-
neal & Ocular Surface Inflammation
(Baylor College of Medicine, Houston.
TX, January, 2005, The Ocular Surface,
Vol. 3, Supplement) attempted to
provide a unified mechanistic view
of acute and chronic ocular surface
inflammation (Figure 1), including
that seen in DE.130

1) Acute: Trritation of the ocular
surface (viral, bacterial, environmen-
tal) leads to rapid vascular endothelial
selectin expression and diapedesis of
non-primed (non-targeted) T-cells
into the conjunctiva.

2) Chronic: Challenge to the
ocular surface (over time) leads to
activation and drainage of antigen-
presenting (including dendritic) cells
to lymphoid organs permitting T-cells
to be primed and capable of targeting
the ocular surface.

3) Symptoms correlate primar-
ily with corneal epithelial damage,
thought to be due to cumulative dam-
age mediated by cytotoxic effects of in-
flammatory and pro-apoptotic stimuli,
and hyperosmolarity. Concomitant
with epithelial loss/devitalization is
the stimulation of corneal nociceptive
nerve endings
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Figure 1. Hypothesis of the mechanism of acute and chronic immune inflammation.

I. Inflammatory stimuli (microbial antigens, trauma, UV light, hyperosmolar stress) initiate
acute immune inflammation by stimulating production and release of inflammatory cytokines
(eg, IL-1, TNF-o, and IL-6) by the ocular surface epithelial cells, which activate immature
antigen presenting cells (APCs) and increased expression of adhesion molecules (eg, ICAM-
1) and selectins by the conjunctival vascular endothelium, which facilitates recruitment of
inflammatory cells to the ocular surface.

Il. Chronic immune inflammation, which involves procurement and processing of antigens by
ocular APCs that migrate to the regional lymph nodes and spleen via conjunctival lymphatics
and veins, respectively, and prime naive T-cells. Primed CD4 T-cells travel to the conjunctiva,
where they adhere to activated vascular endothelium and enter the tissue through diapede-
sis. Cytokines produced by activated T-cells, such as IFN-y, amplify the immune response by
increasing adhesion molecules (eg, VCAM) expression by conjunctival blood vessels.

APCs = antigen presenting cells; CPls = corneal proteases; DC = dendritic cell; TNF-o. =
tumor necrosis factor alpha; IL-6 = interleukin 6; IFN-y = interferon gamma. (Reprinted from
McDermott AM et al. Pathways of corneal and ocular surface inflammation: a perspective
from the Cullen Symposium. Ocul Surf 2005;3(4):S131-S138.)

Vil. LACRIMAL/ACCESSORY LACRIMAL
GLANDS/NASOLACRIMAL DUCT
A. Human Disease

Evidence from the 1995 Workshop indicated that the
lacrimal glands of SSDE patients are infiltrated by lympho-
cytes and that tear secretion is decreased in volume. Some
evidence suggested a potential Epstein-Barr virus infection
link to dry eye, although this area was controversial. It
was known that occluding the nasolacrimal duct improves
ocular surface staining in DE.

Evidence accumulated since the 1995 Workshop has
identified the lymphocyte types, Fas-Fas ligand expression,
and apoptotic markers in lacrimal glands of SS patients.
There is some evidence to suggest a link between hepatitis
C and HIV infection with NSDE and SSDE. An autoan-
tibody to the M3 muscarinic acetylcholine receptor has

been identified, and increased serum levels correlate with
decreased nasally stimulated Schirmer value and increased
rose bengal staining score. There is an increase in lacrimal
mucin in DE (Tables 7 and 8).

Questions remain to be answered about the role of
the lacrimal gland, the accessory lacrimal glands, and the
nasolacrimal duct in dry eye. Based on the current level
of information, it would be useful to compare the lacrimal
proteome in a population of well-characterized age/sex-
matched normals to that of DE patients, as well as to com-
pare the lacrimal proteomes of different KCS in order to
identify potential biomarkers of the disease types.

Information is particularly lacking about the accessory
lacrimal glands and the nasolacrimal duct in humans with
dry eye disease. All histologic and immunohistochemical
data on accessory lacrimal glands are from normal tissue;
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no information is available
regarding the glands in dry
eye of any type. We do not
know the extent to which
they are affected in DE;

because they are embedded
in subconjunctival tissue

at the ocular surface, they
are an important thera-
peutic target for topical,

lacrimal secretagogues.
Gene expression in acces-

sory glands, compared to
the main lacrimal glands,

is not defined. The relative
contributions of accessory
and main lacrimal glands to
basal tear secretion or im-

pairment of tear secretion
are not known, and there is

need for comparison of ac-
cessory and lacrimal gland

Table 7. Information matrix: human lacrimal gland/nasolacrimal duct
KCS SS GVHD  Aging Refs
Lacrimal Gland
Inflammatory infiltrate v 107,108, 119, 120
Shared autoantigens, lacrimal
. 115
and salivary gland
T FAS-FAS ligand, IL-1p, IL-6, IFN-y,
VCAM-1, ICAM-1, Infiltrating v 121-123
lymphocytes, apoptosis
Vlrsl etlglogy of hepatitis C, HIV, v v 131-135
pstein Barr
Autoantibodies to M3 muscarinic v 136
acetylcholine receptors
Correlation: Serum autoantibody
levels to Schirmer with nasal v/ 137
stimulation and rose bengal/
fluorescein staining
T MUCs 4, 5AC & 5B in human
lacrimal gland (4 cadavers with v 138
dry eye)
{ Innervation in lacrimal glands v v 139
T Fibrosis v 140

gene expression.

Likewise, information is
lacking on the nasolacrimal
duct function in dry eye
disease. Long-term studies

Occluding nasolac. syst.

Nasolacrimal Ducts (NLD)

of the benefit of punctal
occlusion are lacking. Yen

et al!® found that ocular adyancetiagewemsn

(puntum plugs, etc.) improves v v >100 refs.
oc. surf. DE

DE & nasolac diseases occur
frequently in middle to v v 141

surface sensation and tear

production decreased after temporary punctal occlusion
in normal subjects. However, in normal subjects, there ap-
pears to be an autoregulatory mechanism that returns tear
production and tear clearance to preocclusion levels 14 to
17 days after punctal occlusion, a mechanism that seems
to be lacking in DE patients.'>® Thus, it could be suggested
that the absorption of tear fluid components into the blood
vessels of the surrounding cavernous body!'*!!>? could
provide a signal for tear fluid production that ceases when
tears are lacking. Studies are needed to characterize feed-
back systems in the nasolacrimal duct epithelia and blood
vessels and their connections to the ocular surface system.

B. In Vitro/Animal Models
In the 1995 Workshop report, mouse models of SS had
been identified, in which lacrimal inflammation was shown
to be reduced by androgens.
Since the 1995 report,
studies have been done
with microarray analysis,
showing dramatic changes
in lacrimal gland gene ex-

Table 8.

model of SS, as well as altered cholinergic function and
neurotransmitter release. Alpha-fodrin has been identified
as an autoantigen in the NFS mouse model of SS, and ICA69
is the autoantigen identified in the NOD mouse model of SS.
Muscarinic receptors are autoantigens for SS in a rat model.
It has also been demonstrated that nasolacrimal ducts can
absorb labeled cortisol, an indication that absorption of tear
components can occur within the duct (Table 9).

To validate animal models of dry eye, it may be im-
portant to characterize and compare the lacrimal gland
transcriptome and proteome in both human and mouse.
Comparing the proteomes of lacrimal glands from normal
and DE mice could also be informative. It is also important
to determine which signaling pathways are altered to cause
the decrease in lacrimal gland secretion that occurs in aging
mouse or rat models. Yet to be determined in animal models

Information matrix: human accessory lacrimal gland (not DE relevant)

pression after acute corneal

injury in the mouse. Cyto-

kines and chemokines have

Acinar structure similar in accessory and main glands 142,143
Secretory immune system of accessory and main gland similar 142,144, 145
Innervation of accessory and main gland similar 146, 147
Protein secretion and signaling pathways similar in accessory and main glands 145, 148, 149

been identified in a mouse
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Table 9. Information matrix: animal lacrimal gland/nasolacrimal duct
In Vitro Rabbit Mouse Rat Dog Refs
Lacrimal Gland:
Coculture of lacrimal acinar cells/ Lacrimal gland v 153-157
lymphocytes activates lymphocytes
and cause inflammation in host
lacrimal gland
) Lymphocytic infiltration, CD4, CDS; MRL/Ipr mouse 158-166
T Fas, Fas-Ligand & cytokine NOD mouse
model of SS
Androgens d inflammation, are MRL/Mp-lpr/ Exp. Dog DE 161,
immunosuppressive & decrease Ipr mice; autoimmune 167-176
androgen receptors NZB/NZW dacryoadenitis
F1 Mouse
Lacrimal gland autoantigen or extract Mouse in vivo Rat in vivo 172,173,
causes lymphocytic infiltration in 177,178
lacrimal gland
Cholinergic function altered Sjogren’s NOD mouse 179, 180
syndrome ICAG9 is autoantigen model of SS
Lymphocytic infiltration blocks lacrimal MRL/Ipr 181
gland secretion by preventing nerve mouse model
release of neurotransmitters in of SS
Sjogren’s syndrome
o-fodrin is an autoantigen for the lacrimal NFS Mouse 182
gland and causes Sjogren’s syndrome model of SS
T vulnerability to herpes infection Cells of female 174
lacrimal gland
A Lacrimal gland gene express. Normal mouse 183

in corneal injury

Nasolacrimal duct (NLD):

3H-cortisol incorporated from NLDs into Absorpt. of No absorption
rabbit blood lipophillic of lipophillic
substances fr. substance from 184,185
tear fluid by tears by epi.
epi. of NLDs of NLDs
Anatomy useful for investigating NLDs Comparative Comparative
. . 184-186
studies studies
| Secretion
{ Innervation Aging model 187
T Lipofusci

is the role of myoepithelial cells in lacrimal gland dystunc-
tion. It may be useful to determine, using the autologous
lymphocyte rabbit model, if exposure of cryptic antigens
through errors in recycling initiates SS. Determination of the
cellular mechanisms used to induce autoimmune disease
in the lacrimal gland could also employ the autologous
lymphocyte rabbit model. This model could also be used
to determine if the exocytotic process for protein secretion
is a target for lacrimal gland dysfunction and to determine
the role of lacrimal gland duct cells in lacrimal gland dys-
function through laser capture microdissection.

With regard to the nasolacrimal ducts, information is
lacking regarding cells of the ducts, and cell lines of naso-
lacrimal duct epithelium are not currently available. Ques-
tions to be answered in animal models include whether the
absorption of tear fluid components into the blood vessels

of the cavernous body surrounding the nasolacrimal ducts
changes or ceases in dry eye models, and what happens to
drained tear fluid in the nasolacrimal passage.

Vill. MEIBOMIAN GLAND
A. Human Disease

The 1995 Workshop report documented decreased and/
or altered meibomian lipids in DE, as well as morphologic
abnormalities of the gland acini and tubules.

New evidence since the 1995 report identifies keratini-
zation of ductal epithelium, orifice metaplasia, and reduced
quality of meibomian gland secretions in people during
aging, in patients taking antiandrogen therapy, and/or in
women with Complete Androgen Insensitivity Syndrome
(Androgen Deficiency). Correlations have been made be-
tween nutrient intake (eg, omega 3 fatty acids, vitamin B6,
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vitamin D) and the polar lipid profiles of meibomian gland
secretions in women with SS. It has been determined that
meibomian gland disease may be a contributing factor in
over 60% of all dry eye patients (Table 10).

Information is still lacking about the role of the human
meibomian gland in the tear dysfunction of dry eye. Fac-
tors influencing meibomian duct keratinization should be
explored further, with the hypothesis (not new) that duct
hyperkeratinization is a common factor and key event lead-
ing to meibomian gland disease (MGD) in both primary
and secondary MGD.

Some clues may derive from the literature concern-
ing epinephrine toxicity in the rabbit and, perhaps more
relevantly, retinoid toxicity in humans. Clues may also be
derived from an insubstantial but interesting literature sug-
gesting that conjunctivitis (eg, allergic, chronic) or SS dry
eye are associated with MGD, with the implication that me-
diators (proinflammatory or otherwise) might be transferred
across the conjunctiva to the meibomian glands and ducts.

Investigative approaches could include:

1) A review of the literature of keratinization processes
in multiple epithelia;

2) A review of the mechanism of retinoid action and
genetically regulated processes involved with kerati-
nization, in mucosae, transitional epithelia (like the
meibomian ductal epithelium) and in skin;

3) A comparative review of potential points of interac-
tion of signaling pathways under retinoid control
and pathways under adrenergic, particularly alpha
adrenergic, control, with respect to the keratinization
process;

4) Attention to the histochemistry and electronhis-
tochemistry of keratinization at the cellular levels,
markers of keratinization;

5) A search for retinoids or other compounds capable of
blocking or reversing the action of anti-acne retinoid
compounds;

6) Clinical studies of the comparative frequency of MGD
in eyes treated with adrenergic agonists for glaucoma,

Table 10. Information matrix: human meibomian gland

particularly where agonists are used unilaterally.

We need to know the minimum number of glands
required to provide an adequate lipid layer for tear film
function and the molecular mechanisms leading to loss
or to morphologic abnormalities of the meibomian gland.
Determining how the lipid layer is attached to the aque-
ous layer and whether this changes in DE is important,
as is defining the role of lipocalin and other lipid carriers
in tear film stability. We need a comprehensive qualita-
tive and quantitative evaluation of the meibomian gland
secretions of normal subjects and DE patients, obtained
with modern analytical techniques, in particular, using
liquid chromatography/mass spectrometry to determine
if the molar ratio of the critical lipid species that are
present in the meibomian gland secretions changes with
the development of DE. It would be helpful to create an
artificial model of the tear film lipid layer that mimics the
lipid composition of the meibomian gland secretions col-
lected from normal subjects and has similar biophysical
properties. Questions exist as to the etiology of meibomian
gland obstruction, eg, why doesn't a chalazion form with
every obstruction?

Additionally, we need to know more about age-related
changes in meibomian gland function and the relationship
between meibomian gland obstruction and nutrition. The
role of lipids in lubricity of the lid and ocular surfaces
should be clarified. Is there a role of the lid wiper and lid
wiper epitheliopathy within MGD?

B. In Vitro/Animal Models

Relatively little was known about animal models
for MGD at the time of the 1995 Workshop other than
that keratinization of the duct epithelium existed in the
epinephrine rabbit models. Since then, new models and
findings have provided the knowledge that androgen de-
ficiency, which in humans is associated with meibomian
gland dysfunction, alters the lipid profiles of meibomian
gland secretions, and causes tear film instability and
evaporative dry eye. Androgen deficiency in mice and

Chr Androgen Cont
KCS Bleph MGD NSS SS Deficiency Aging Lens Refs
Meibomian gland loss/
obstruction/distortion v v /18.5% v60% v v 6, 188-195
decreased secretions
A Lipid profiles v v v 36, 196-198
Keratinization, orifice metaplasia v v 5,10
Melting pt. of lipid 3°
higher than normal v =
Bacterial strains associated
200
with Chr Bleph 4
T Fluorescein, rose bengal v 195
. . . 36,197, 198,
A Lipid layer; T Thickness v v v v 201,902
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Table 11. Information matrix: animal meibomian gland

Rabbit Mouse Hamster Refs
1 MG, Conj. erythema RA-MGD model —/— EDA RA-MGD model 102, 203, 204
T Ductal keratinization MGD/epinephrine model 205
T Sterols and ceramides MGD/epinephrine model 206
Atrophic MG with ocular surface damage —/— ACAT-1 207
J Androgens
As Lipids, gene expression castrated male model castrated male model 208-210

in meibomian gland

rabbits is associated with altered lipid profiles and gene
expression in meibomian glands (Table 11).

Anumber of questions remain to be answered, and basic
research using model systems is needed to determine the
role of the meibomian gland in various forms of DE and
in the mechanism of tear dysfunction. Most importantly,
we need to determine the structure and composition of the
lipid layer and its change in experimental MGD. It is nec-
essary to determine which components of the meibomian
secretion actually spread on the tear film and what change
in composition is required to effect a significant change in
the melting point and expressibility of oil. Finally, we need
to understand the structure of the lipid layer and how it
changes in MGD.

IX. MECHANISMS UNDERLYING
DRY EYE PATHOLOGY

Based on data derived from the information accumulated
in the preceding reports, it was the opinion of the group that
insufficient information was available to define the basic
mechanism underlying dry eye, but that a hypothesis as to
the mechanisms might be advanced. The evidence suggests
that dry eye is multifactorial: factors such as age, hormonal
status, genetics, sex, immune status, innervation status,
nutrition, pathogens, and environmental stress alter the cel-
lular and molecular structure/function of components of the
ocular surface system. The term and concept of the Ocular
Surface System was adopted by consensus agreement at the
DEWS Meeting, Miami, Florida, May 2006.

The “ocular surface system” is defined as the wet-surfaced
and glandular epithelia of the cornea, conjunctiva, lacrimal
gland, accessory lacrimal glands, nasolacrimal duct and mei-
bomian gland, and their apical and basal matrices, linked as a
functional system by both continuity of epithelia, by innervation,
and the endocrine and immune systems (For further expla-
nation see Gipson, 20072!'1). Also included in the ocular
surface system are portions of the eye lids. The rationale for
the description of the unit as the Ocular Surface System is
several-fold. First, the primary functions of the system are to
provide a smooth refractive surface to the cornea (the ocular
surface) and to protect and maintain that surface. Thus, the
name Ocular Surface System is linked to its primary function
at the ocular surface. Second, all the epithelia of the ocular
surface are in continuity and derived embryologically from
surface ectoderm. The corneal and conjunctival epithelium

are in continuity through the ductal epithelium, with the
lacrimal gland, glandular epithelium, as is the case with the
accessory lacrimal glands, the meibomian gland, and the
nasolacrimal system. The glandular systems are essentially
invaginations from and specializations of the ocular surface
epithelium. Thirdly, all regions of the epithelia produce
components of the tear film. The functions of the various
regions of the continuous epithelia are integrated by the
nervous system, endocrine system, immune system, and
vascular system, and are supported by the connective tissue
with its resident cells. Finally, dry eye disease affects and is
detected on the ocular surface.

*The term Ocular Surface System represents an elabora-
tion of the Lacrimal Functional Unit, which has been previ-
ously described by Stern, Pflugfelder, and Beuerman?!2-21>
and is discussed in detail elsewhere in this supplement
(Chapter 1: Definition and Classification).?!® Alterations in
one or several components of the ocular surface system or
its secretions results in changes in the tear film or corneal
epithelial surface composition (eg, tear osmolarity, volume),
leading to susceptibility to desiccation and epithelial dam-
age (as evidenced by dye penetrance). Epithelial damage
leads to release of inflammatory mediators. Attendant
inflammation amplifies and sustains further damage by
chronic deregulation of the ocular surface system.
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