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Research in Dry Eye:
Report of the Research Subcommittee 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 Im,
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.

KEYWORLCS DEWS,dry eye, Dry Eye WorkShop,
mechanisms of dry eye, pathology of dry eye
I\/I grouped according to their particular areas of
expertiseand asked to review theevidencefor the
basic mechanismsof dry eye pathology within that area. To
facilitatethis, a standadizedtemplatewasdevelopedthe
DEWSResearch Committee Report Form—Appendix 1 [ac-

cessat: www.tear Im.org]), which membersused to present
their ndings. Basedn theinformationderivedfrom the
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returnedreports, information matrices wedeveloped.

Evidencerelatedto the tear Im, lacrimalglandand
accessy lacrimalglands pcularsurfaceepithelia(includ-
ing corneaand conjunctiva),meibomianglands,lacrimal
duct systemandtheimmunesystemwvasevaluatedCon
siderationwasgivento both animaland humanreseech
data.Resultsre presentedn a matrix of informationthat
identi es whatis known, with supportingrefeencesand
identi es aeas for further investigation.

Il. GOALS OF THERESEARCHSUBCMMITTEE
Goals of the Resed Subcommittee we as follows:

A. To consder whether thereissuf cient evidencetode ne
the basic mechanisms underlying/aye disease.

1. To summarizehe stateof knowledgeaboutprimary
dterationsand/or secondary responses of the follow-
ing ocularand systemicomponentghat contribute
to tear Im dysfunction.

a. Tear Im

b. Lacrimal gland and accesgdacrimal glands
c. Ocular surface epithelia, m@®a, conjunctiva
d. Meibomian gland

e. Lacrimal duct system

f. Immune system

2. To constructaninformationmatrix to identify areas
where knowledgeis insuf cient andto determineif
there are commonpathologiesaaossthe syndome.

3. To identify areaswhere clinicalinformationis avait
able or lacking.

B. Basedn dataderivedfrom PartA, to answerQuestion
2: Isthestateof basicknowledgeon mechanismsf dry
eyesuf cient to determinehow thesegiveriseto disease
symptoms?

C. Develop,if possible,de nitions of the mechanismof
dry eyepathologyor developmajor hypothesesn the
mechanism that can be tested.

I1l. THETEARS AND TEARFILM
A. Human Disease
The evidencepresentedat the lastdry eyeworkshop
report (Nationd EyeIngitute[NEI]/Industry Workshop of
1995, hereafterreferedto asthe “1995 Workshop”)indi-
catedthattear Im osmolarityis increasedn all formsof
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I. Introduction
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VI. Hypothesis of the mechanism of acute and chronic
in ammation in d ry eye disease

VII. Lacrimal/accessory lacrimal glands/nasolacrimal
duct

A. Human disease
B. In vitro/animal models
VIII. Meibomian gland
A. Human disease
B. In vitro/animal models
IX. Mechanisms underlying dry eye pathology

dry eye(DE) and that tear volumeand certain lacrimal tear
proteins, such aslysozymeand lactoferrin, aredecreased in
aqueous-de cientiry eye! Anevaporativéorm of dry eye
wasalsorecognizedcausedfor examplepy a deadeased
integrity of the tear Im lipid laye

Newevidencesincethe 1995 Workshopindicateshat
meibomian lipid composition and distribution isatered in
DE and anumber of bioactivetear proteins, including plas-
min, matrix metallopoteinasefMMPs), defensivemol-
ecules, and phospholipase A2 llain DEareincreased. There
isasoanincreaseinin ammatory cytokinesin non-§ogren
syndome(NSS dry eye,aswell asin Sjogensyndome
(SS) dry eye, and adecreasein goblet cell mucin MUCS5AC
in keratoconjunctivitis sicca (KCS) and SS (Table 1).

Giventhe sparsityof information availableaboutthe
changesin thecompostion of thetear Imlisted above, itis
uncleathowthechange# humantearcompositiorrelate
to teardysfunction.To betterunderstandhe mechanism
of dry eyediseasethere is needfor proteomic,lipidomic,
and glycomic anayses of thetearsfrom large, well-de ned,
staged, and age-matched patientsor subject populations, to
develop biomarkersspeci ctodry eyedisease. Progresshas
been madein developing proteomic basdline studies of tear
proteins,but studiescomparingnormalanddry eyetears
arelacking#-44*Massspectomety isapowerfulanalytical
tool for identi cation* of moleculesand compounds, and it
is beingusedto developastandad lipid pro le of normal
tearsandto identify speci c componentdifferencesn the
tears fom DE models.

Theapplicationof massspectomety to the character
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ization and identi cation of the lipids of the meibomian
gland secretions is demonstrating that the previously
reported compositions are in need of revison. Compli-
catingtheseefforts is the obsevation that the lipids are
very diversein classandfunctionality. Differentanalytical
approachedor isolationand detectionare neededto dif-
ferentiate lipid classes.

High throughputmassspectoscopicand glycanarray
methodologies are now available for glycomic analysis,
andthesecould be usedto analyzeearglycansn normal
and DE patients. Smilarly, determination of ratios and
amountsof membrane-associatasd secetedmucinsin
tear Imisnecessary. It will dso beimportant to determine
therelationshipbetweervariousmeasuesof tearstability
(eg,tear Im breakuptime [TFBUT]) andthe mucinand
lipid quantity and character of the tears.

Abbreviations used in text and tables

| = Increase in/ increased

n= Decrease in/ decreased

$= Change in/ changes to
—/ — = Homozygous null mouse
— = totally depleted
ACAT-1 = Acyl-CoA:cholesterol acyitransferase-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

MG = Loss of meibomian glands

MGD = Meibomian gland dysfunction

NSS = Non-Sjogren syndrome

NSS/ ACQ = Agueous-de cient non-Sjogren syndrome
Nasolac = Nasolacrimal

NLD = Nasolacrimal duct

RAMGD = 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
rvit A= Vitamin Ade cient

Vit A= Vitamin Atotally depleted
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Table 1.

Tear Volume/ Osmolarity:
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Information matrix: human tear Im

Contact
Lens/ DE

Androgen
De ciency

| Osmolarity, nVolume 2-6
| Evaporation 1,79
nMeniscus 5,10-13
Correlation: Evaporation to

osmolarity & lipid layer e
nBUT, | Surface tension 5,12,16-20

Mucins:

nGlycoproteins, MUC5AC

21-23

$Lipid patterns, Distribution 24,25
nPolar lipids 26
nLipid layer, | Evaporation 14

$Proteins 27,28
| Plasmin levels 29
| MMPs 30,31
| In ammation markers, PRPs 32
nLactoferrin 33
| Nine defensive molecules 34
nLysozyme, Lactoferrin 35
| Phospholipase A2 lla 36, 37

In ammatory Mediators:

Proin ammatory cytokines: IL-1, IL6, IL-8, TNFA

38-40

*Type not de ned

B. Animal Models of Dry Eye

Animal modelsdiscussedht the 1995 Workshopin-
cluded arabbit modd in which themeibomian and lacrimal
glandsand the nictitanswere ablated which causedear
hyperosmolarity and ocular surface damage, mimicking

the featwes of human DE.
New modelsand nd -
ingssincethe 1995 Work-
shop include: 1) mouse
modelsof DE that employ
scopolamineand envion-
mental, dessicating stress
that show increasesn in-
ammatory cytokinesand
osmolarity in their tears;
2) neurturin-de cient mice
that developDE and have
increased inflammatory
mediatorsintheir tear Im;
3) arabbit lacrimal gland
ablationmodelthat shows
that treatment with dexa
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methasonereversesthedecreased TFBUT and ocular surface
damageand4) rabbitlacrimalglanddenevationmodels
that produceatered tear protein and lipid pro les(Table2).
One critical areaof investigationwith respectto the
existingevidencepresentedegads the needto correlate
tearosmolariy, tearbreakup,andthe in ammatory stress

Table 2. Information matrix: animal tear Im
Rabbit Mouse Refs
Tear Vol/ Osmolarity
| Osmolarity + nTear volume —Meibomian glands  Scop & Env Str 48-49
| Osmolarity, | surface injury —Lacrimal gland 50
nBUT, nsurface injury with dexamethasone —Lacrimal gland 51
| Acylglycerols —Lacrimal gland/ nictitans 45
Lipids in rabbit/ human match —Lacrimal gland/ nictitans 45

nProtein —Nerves 52
|IL1 B —Neurturin 53

=
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responseTo that end,immortalizedhumancornealand
conjunctival epithelia cell linesarenow availablethat have
differentiationcharacteristicef nativeepithelia?é4” They
will beusefulto studyeffectsof tearosmolariy;, in amma-
tory mediators, and DE tears on surface epithelia.

Mass spectrometry, lipidomics, and proteomics in
animalmodelsof dry eyeshould be doneto providein-
sightinto the DE condition. Comparisonof animaltear
proteomes, lipidomes, and glycomes will help ascertain
the most appropriate human-relevant models (eg, totd
chloroformextractablesfrabbittearsmatchcloselythose
of human tears)®

IV. OCULARSURFACE
A. Human Disease

Aspectf dry eyesurfacepathologydiscussedat the
1995 Workshop included thelack of epithelid barrier func-
tion asdemonstrated by increased dye uptake (with no data
availableon mechanism), an increased tear Im osmolarity
causing ocular surface damage, aloss of conjunctival goblet
cells,andanincreasedgquamousnetaplasiafthesurface
epithelial cells (morphological olysations).

New evidence since that report indicates that there
are alterationsn cell-surfaceand secetedmucinsandin
keratinization-related proteinsexpressed by epithdlia cells.
There alsoare alterationsin cornealinnervation density
and sensitiviy. Studiesdocumentincreasedconjunctival
epithelia cel turnover. Evidenceindicatesthat conjunctiva

Table 3. Information matrix. human ocular surface

Undif KCS  NSS/ ACQ SS

Corneal and conj. epi. cell
damage as indicated by

dye penetrance — Huorescein,
lissamine green, rose bengal

epithelialcellsareactivein theimmuneresponsendarea
souce of in ammateoy mediators® (Table 3).

Despitewhatis known, informationaboutthetear Im
and ocular surfacein dry eyediseasss still de cient. It
would be of valueto determinethe conjunctivalepithelial
proteomeand glycomein awell-de ned, stageddry eye
populationcompaedto age-andsex-matchedontolsto
identify commonchangesn apical surfacecomponents
with diseaselt is desirableto determineif ageand sex,
or acombinationthereof,in uence the effectsof environ-
mental stresson ocular surfaceepithelia.lt is important
to determine any genetic predictors of susceptibility to
DE. Finally, a comparisonof early intermittent stagesof
the disease to chronic disease may distinguish primary
pathways causing DE from secondary responses associated
with the disease.

B. In Vitro and Animal Models

Informationgatheedfromin vitro andanimalmodels
asof the 1995 Workshop identi ed lack of barrier function
asdemonstratedy dye uptakein severabnimalmodels
of dry eye,lossof gobletcellsin severahnimalmodelsof
dry eye,andkeratinizationof ocularsurfaceepitheliumin
vitamin A de cieng.

Sncethe 1995 Workshop, investigationshaveidenti ed
therole of membrane-associated mucinsasaprotective bar-
rier (human epithelia cellsin vitro), increased cell turnover
(mouseexperimentaldry eye),and increasedexpression

CiCc nVit A Cont Lens LASIK Refs

W\l established

nGoblet cells | 54-61
nMUC5AC 22,23
Mucin glycosylation altered 62-65
$Glycosyltransferases 66
$Membrane-associated mucins 22,57, 65,67

$Conj. Cell-Epithelial:

nMicroplicae 68
Flamentary keratitis 69
| Strati cation 66, 70
Epi proliferation 71
$Nuclear/ chromatin structure 72-74
| Apoptosis 75
$Innervation 76-80
| Infection 35,81
| Keratinization related proteins 82-84
In ammatory markers on 75,85

conj. epi. cells
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Table 4.

In vitro/ human

oc surf epi Rabbit

Information matrix: animal ocular surface epithelium

Goblet cells; mucins/ glycoproteins:

Rose bengal penetrance -MUC16 86
nGoblet cells, MUCSAC Vit A Scop & env str Vit A

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

—Neurotrophic keratitis -1 KB Z
$Mucin glycosylation Spont. DE 92
nMembrane associated mucins Vit A —/ — Neurturin Vit A 53,89,93,94
—Serum
nGlycogen —Meibomian gland
—Lacrimal gland 48,50, 88

—Neurotrophic keratitis

Epi. Diff/ sq. Metaplasia:

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

| In ammatory cytokines/ MMPs:
+Hyperosmolar str

—/ — Neurturin
Scop & env str
+ Hyperosmolar str

49,53, 99-101

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

102

of in ammatory cytokines(mouseexperimentalry eye).
New mousemodelshavebeendevelopedasusefultools
to studymoleculamechanismsf ocularsurfacedamage.
Mousemodelsin which the lacrimal and/or meibomian
glands are dysfunctiona have alowed better character-
ization of ocular surfacepathology(staining,gobletcell
densiy, etc [Table 4]).

Given what is now known, additional research is
needed to determine the role of ocular surface disease
in the mechanisnof tear dysfunction.A comparisonof
humanand mousetearand apicalepithelialsurfacepro-
teomes/glycomesgould identify commoncomponentgor
validationof the animalmodelsand facilitateinterpreta
tion of dry eyemodel data.Inducible modelsof speci c
dry eyediseaseand modelsof chronic diseaseshouldbe
further developedimportantl, mechanismsf gobletcell
differentiationfrom epithelialstemcellsand mechanisms
of gobletcelllossneedto be characterizedasgobletcell
losscharacterizeall formsof DE. It would be helpful to
developfunctionaltestsin vitro using siRNAtechniques
to elucidatethe contribution of different cell surfacamol-
ecules to the maintenance of cornea epithelia barrier
function. Advanced genetic manipulation technigquesusing
knockout, knockin, and knockdownanimalsto perform
functionaltestsin standadizedanimalmodelsof dry eye
shouldbeexplaed. Determinatiorof the basisof uo res
cein,lissaminegreen,and rosebengalstainingis needed.
It would beworthwhile to determineif epithelial-stomal
interactions in uence development of DE.
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V. IMMUNESYSTEM
A. Human Disease

Evidencefrom the 1995 Workshop indicated that SSDE
is the resultof an autoimmunediseasén which response
to autoantigens causes in ammatory destruction of the
lacrimaltissue.The new evidencesincethe 1995 report
indicatesthat proin ammatory cytokinesand T-cdll popula-
tionsareincreased in conjunctival tissueand lacrimd tissue
in NSSDE aswell asin SSOE. Chemokinesand their recep-
torsareincreased in dry eye. Dry eyein graft vshost disease
(GVHD) isassociatedith in ammation andimmunecell
in Itration of thelacrimalglandandocularsurfaceepithe
lia. Thediseasés alsocharacterizethy b rosisassociated
with b roblastand bonemarow-derivedcellin Itration.
It is clearthat ocularsurfaceepithelialcellscanmodulate
in ammatory responseslable 5).

Informationis still lackingabouttheroleplayedby the
immune systemin humanteardysfunctionin DE. There
is little or no informationaboutthe changesn cornea(vs
tear Im or conjunctiva)or the earlychangesn androle
of immunefactorscausingdiseaselt is not known which
changesre primary andwhich aresecondsy, information
that isrequired in ader to determine “cause anflext.”

Thereis aneed to determine more precisdy the role of
immunomodulatory proteinsand peptidespresent in cornea
andtear Im (TGF- B AMSH, IL-1Ra, etc) and to ddineste
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
Conjunctiva:
| CD3, CD8 cells 103
| CD4 and T cells 104-108
| Chemokine CCR5 receptor 109,110
| Fas 75
| ICAM-1 111

Conjunctiva and Tears:
| IL1, TNFAand IL-8, IL-6
Conjunctiva and Lacrimal Gland:

38-40

| MHC class II, HLADR

75,105, 107, 110-113

| CD40, CD40 ligand, CD80, CD86

75,107

Fbrosis
Lacrimal Gland:

107,108, 114

Lacrimal gland: | CD4, T & B cells 108, 115-117
| ICAM-1 107,118
In ammatory in ltrate 119,120
Shared autoantigens, lacrimal & salivary gland 115

| Fas+as ligand, IL-1 BIL-6, IFN-Gvascular cell

adhesion molecule-1 & intercellular adhesion 121-123

molecule-1 In ltrating lymphocytes, apoptosis

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

Themodelsand ndings of the 1995 Workshopcon
rmed thatcyclosporiné\is effectivein thetreatmenbfa
spontaneouscaninedry eyemodel. New evidence available
sincethe 1995 reportindicatesthat IFN- Ganupregulate
HLA-DRand ICAM-1 in human conjunctival cells, indicat-
ing that ocularsurfacecellscanrespondto and modulate
in ammation. Mousemodelsof dry eyethatemployeither
scopolamineand envronmentalstressor envronmental
stressaloneshowthat ocularsurfacestresscaninducethe
in ammatory/T-cell dterations seen in human dry eye.
Evidencesuggestthatin ammation inducedby desiccat
ing stess is mediated bl¢cell$?6 (Table 6).

What questionscan be answeed or what promising
typesof basic research need to bedonein mode systemsto
determinetheroleof theimmune system in themechanism
ofteardysfunctionin DE?Thereis adearthofinformation
regading understandingheroleof T cellsin the earlyim-
munopathogenesis of the ocular surface (vslacrima gland)
diseasein DE. Theextent to which theocular surfacedisease
is T-cell-mediatedheeddo beclari ed. It isalsonecessy
to determine the role of autoimmunity in this disorder
andthe nature of the autoantigensStudiesare neededo
characterizetheeffect ofin ammatory cytokineson mucin
genesand proteins. Ddineation of theroleof theinnateim-
munesystem in dry eye syndromeisalso needed (including

Table 6. Information matrix: animal immune system
In vitro Animal Rabbit Mouse Dog Refs
IFN- Gl HLADR, ICAM-1 Conj Primary Culture 124
L etugiien [ Qe Scop & Env Str Spont. DE 96,98
lacrimal gland apoptosis
IFN- Gn TH1type in ammations and DE Scop & Env Str, 118,125
Env Str
T cells mediate local in ammation to eye drying Scop & Env Str 126

Lac In ammation & DE

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

18

~
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lactoferrin, lysozyme, complement,
kinin/kininogen, arachidonic acid
metabolites, neuropeptides, toll-like
receptors, and surfactantqtein-D).

VI. HYPOTHEIS OF THE
MECHANSM OFACUTEAND
CHRONC INFLAMMATIONIN

DRY EYE DISEASE

The Cullen Symposium on Cor-
neal& OcularSurfacdn ammation
(Baylor College of Medicine, Houston.
TX, January, 2005, TheOcaular Surface,
Vol. 3, Supplement) attempted to
provide a uni ed mechanistic view
of acute and chronic ocular surface
in ammation (Figure 1), including
that seen in DE30

1) Acute:lrritation of the ocular
surfacgviral, bacterialenvronmen
tal) leadsto rapid vascular endothelia
selectinexpressionand diapedesi®f
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-  Figure 1.

Hypothesis of the mechanism of acute and chronic immune in ammation.

presentingincluding dendritic) cells
to lymphoid organspermitting T-cells
to beprimedandcapableftargeting
the ocular surface.

3) Symptoms correlate primar-
ily with corneal epithelia damage,
thought to bedueto cumulative dam-
agemediated by cytotoxic effectsof in-

ammatory and pro-gpoptatic stimuli,
and hyperosmolarity. Concomitant
with epithelial losydevitalization is
thestimulation of corneal nociceptive

I. Inammato ry stimuli (microbial antigens, trauma, UV light, hyperosmolar stress) initiate
acute immune in ammation by stimulating production and release of in ammato ry cytokines
(eg, IL-1, TNFA 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
in ammato ry cells to the ocular surface.

II. Chronic immune in ammation, 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- Gamplify the immune response by
increasing adhesion molecules (eg, VCAM) expression by conjunctival blood vessels.

APCs = antigen presenting cells; CPIs = corneal proteases; DC = dendritic cell; TNFA=
tumor necrosis factor alpha; IL-6 = interleukin 6; IFN-G= interferon gamma. (Reprinted from
McDermott AM et al. Pathways of corneal and ocular surface in ammation: a perspective

nerve endings

from the Cullen Symposium. Ocul Surf2005;3(4):S131-S138.)

VII. LACRIMAL/ ACCESSORY LACRIMAL
GLANDs/ NASOLACRIMAL DUCT

A. Human Disease

Evidencerom the 1995 Workshopindicatedthat the
lacrimalglandsof SSDBpatientsarein ltrated by lympho-
cytesandthattearsecetionis deaeasedn volume.Some
evidencesuggestedpotentialEpstein-Barvirusinfection
link to dry eye, dthough this area was controversia. It
wasknownthatoccludingthe nasolacrimatluctimproves
ocular surface staining in DE.

Evidenceaccumulatedsincethe 1995 Workshophas
identi ed thelymphocytetypes, Fas-Fasligand expression,
and apoptoticmarkersin lacrimal glandsof SSpatients.
Thereis someevidencdo suggesalink betweerhepatitis
C and HIV infectionwith NSDEand SSDE An autoan
tibody to the M3 muscarinic acetylcholine receptor has

THE OCULAR SURACE / APRIL 2007, \OL. 5, NO. 2 / www.theocularsuface.com

beenidenti ed, andincreasederumlevelscorelatewith
deaeasedasallystimulatedSchirmewalueandincreased
rosebengalstainingscae. Thereis anincreasen lacrimal
mucin in DE {Tables 7 and 8).

Questions remain to be answered about the role of
the lacrimalgland,the accessty lacrimalglands,andthe
nasolacrimatluct in dry eye.Basedn the current level
of information, it would be usefulto compaethelacrimal
proteomein a population of well-characterizecdge/sex-
matchednormalsto thatof DE patientsaswell asto com
pare the lacrimal proteomesof different KCSin order to
identify potential biomarkers of the disease types.

Informationis particularlylackingaboutthe accessy
lacrimalglandsandthe nasolacrimadiuctin humanswith
dry eyediseaseAll histologicand immunohistochemical
dataon accessty lacrimalglandsare from normaltissue;
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no informationis available
regadingtheglandsin dry
eyeof anytype.We do not
know the extentto which
they are affected in DE;
becausethey areembedded
in subconjunctival tissue
at the ocular surface they
are an important thera-
peutic target for topical,
lacrimal secretagogues.
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Table 7. Information matrix: human lacrimal gland/ nasolacrimal duct

KCS SS  GWHD Aging Refs

Lacrimal Gland

In ammatory in Itrate 107,108, 119, 120

Shared autoantigens, lacrimal

Geneexpressionin acces

sory glands, compared to
the main lacrimal glands,

is not de ned. Therelative
contributionsof accessy
and main lacrima glandsto
basaltear secetion or im-

pairmentof tear secetion
arenot known, and thereis

needfor comparisorof ac
cessoy andlacrimalgland

gene exgession.

Likewise, informationis
lacking on the nasolacrimal
duct function in dry eye
diseaselong-termstudies

Occluding nasolac. syst.

and salivary gland 115

| FASFAS ligand, IL-1 BIL-6, IFN-G
VCAM-1, ICAM-L, In ltrating 121-123
lymphocytes, apoptosis

Viral ethlogy of hepatitis C, HIV, 131-135
Epstein Barr

Autoantibodies to M3 muscarinic

. 136

acetylcholine receptors

Correlation: Serum autoantibody
levels to Schirmer with nasal 137
stimulation and rose bengal/

uorescein staining

| MUCs 4, 5AC & 5B in human
lacrimal gland (4 cadavers with 138
dry eye)

ninnervation in lacrimal glands 139

| Fibrosis 140

Nasolacrimal Ducts (NLD)

of the benefit of puncta
occlusionare lacking. Yen

et al*® found that ocular advanced-age women

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

DE & nasolac diseases occur
frequently in middle to 141

surfacesensatiorand tear

production deaeasedaftertemporay punctal occlusion
in normalsubjectsHoweve, in normalsubjectsthereap-
pearsto beanautaegulatey mechanisnthatreturnstear
productionandtearclearanceo preocclusiorevelsl4 to
17 daysafterpunctal occlusion,a mechanismthat seems
to belackingin DE patients!® Thus,it couldbesuggested
that theabsorption of tear  uid componentsinto theblood
vessels of the surrounding cavernous body!51152 could
provideasignalfor tear uid productionthatceasewhen
tearsare lacking. Studiesare neededo characterizéeed
backsystemsn the nasolacrimatiuct epitheliaandblood
vesselandtheir connectiongo the ocularsurfacesystem.

B. In Vitro/ Animal Models
In the 1995Workshopreport,mousemodelsof SShad
beenidenti ed, inwhichlacrima in ammation wasshown
to bereduced by anagens.
Sincethe 1995 report,
studies have been done
with microarray analysis,
showingdramaticchanges
in lacrimalgland geneex-

Table 8.

model of SS,aswell asalteed cholinegic function and
neuotransmittereleaseAlpha-fodrinhasbeenidenti ed
asan autoantigen in the NFSmouse model of SS and ICAG9
istheautoantigenidenti ed inthe NOD mouse modd of SS
Muscarinic receptorsare autoantigensfor SSin arat mode.
It hasalsobeendemonstratedhat nasolacrimatluctscan
absorb labeled cortisol, an indication that absorption of tear
components can occur within the dudiaple 9).

To validateanimal modelsof dry eye,it may be im-
portant to characterize and compare the lacrima gland
transcriptomeand proteomein both humanand mouse.
Comparingthe proteomeof lacrimalglandsfrom normal
andDEmicecouldalsobeinformative It isalsoimportant
to determinewhich signaling pathwaysare altered to cause
the decreasein lacrimal gland secretion that occursin aging
mouseor rat models. Yet to bedetermined in anima modes

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

pression after acute cornes
injury in the mouse Cyto-
kinesand chemokineshave
beenidenti ed in amouse

186

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
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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 153-157
lymphocytes activates lymphocytes
and cause in ammation in host
lacrimal gland
| Lymphocytic in Itration, CD4, CD8; MRL/ Ipr mouse 158-166
| Fas, Fas-igand & cytokine NOD mouse
model of SS
Androgens nin ammation, are MRL/ MpApr/ Exp. Dog DE 161,
immunosuppressive & decrease Ipr mice; autoimmune 167-176
androgen receptors NZB/ N2ZW dacryoadenitis
F1 Mouse
Lacrimal gland autoantigen or extract Mouse in vivo Rat in vivo 172,173,
causes lymphocytic in Itration in 177,178
lacrimal gland
Cholinergic function altered Sjégren’s NOD mouse 179,180
syndrome ICA69 is autoantigen model of SS
Lymphocytic in Itration blocks lacrimal MRL/ lpr 181
gland secretion by preventing nerve mouse model
release of neurotransmitters in of SS
Sjogren’s syndrome
Afodrin is an autoantigen for the lacrimal NFS Mouse 182
gland and causes Sjogren’s syndrome model of SS
| wulnerability to herpes infection Cells of female 174
lacrimal gland
$Lacrimal gland gene express. Normal mouse 183

in corneal injury

Nasolacrimal duct (NLD):

3H-ortisol incorporated from NLDs into Absorpt. of No absorption
rabbit blood lipophillic of lipophillic
substances fr. substance from 184,185
tear uid by tears by epi.
epi. of NLDs of NLDs
Anatomy useful for investigating NLDs Comparative Comparative
) . 184-186
studies studies
nSecretion
ninnervation Aging model 187
| Lipofusci

istherole of myoepitheliakellsin lacrimalglanddysfune
tion. It maybe usefulto determine,usingthe autologous
lymphocyterabbit model, if exposue of cryptic antigens
through errorsin recyclinginitiates SS Determination of the
cellularmechanismsisedto induceautoimmunedisease
in the lacrimal gland could alsoemploy the autologous
lymphocyterabbit model. This modelcould alsobe used
to determindf the exocytotigprocesdgor proteinsecetion
is atargetfor lacrimalglanddysfunctionandto determine
therole of lacrimalglandduct cellsin lacrimalglanddys
function through laser capte miaodissection.

With regad to the nasolacrimatucts,informationis
lackingregading cellsof the ducts,andcelllinesof nase
lacrimalductepitheliumarenot currentlyavailableQues
tionsto beanswered in animal modédsincludewhether the
absorptionof tear uid componentsnto thebloodvessels
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of the cavenousbodysuroundingthe nasolacrimadiucts
change®r ceasem dry eyemodels,andwhathappengo
drained tear uid in the nasolacrimal passage.

VIII. MEIBOMIAN GLAND

A. Human Disease

The 1995 Workshop report documented decreased and/
or alteed meibomianlipids in DE,aswellasmorphologic
abnormalities of the gland acini and tubules.

Newevidencesincethe 1995reportidenti es keratink
zation of ducta epithelium, ori cemetaplasia, and reduced
quality of meibomiangland secetionsin peopleduring
aging,in patientstaking antiandogentherapy, and/orin
womenwith CompleteAndrogeninsensitivitySyndome
(AndrogenDe ciency). Correlationshavebeenmadebe
tweennutrientintake(eg,omega3 fatty acids vitamin B6,
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vitaminD) andthe polarlipid pro les of meibomiargland
segetionsin womenwith SSIt hasbeendeterminedhat
meibomianglanddiseasenay be a contributingfactorin
over 60% of all dy eye patientsTable 10).

Informationis still lackingabouttherole of thehuman
meibomianglandin the teardysfunctionof dry eye.Fac
torsin uencing meibomianduct keratinizationshouldbe
explaedfurther, with the hypothesignot new)that duct
hyperkeratinization isacommon factor and key event lead-
ing to meibomianglanddiseas€MGD) in both primary
and secondy MGD.

Some clues may derive from the literature concern-
ing epinephrinetoxicity in the rabbit and, perhapsmore
relevanty, retinoid toxicity in humans.Cluesmayalsobe
derived from an insubstantia but interesting literature sug-
gestingthat conjunctivitis(eg,allergic, chronic) or SSdry
eyeare associated with MGD, with theimplication that me-
diators(proin ammatory or otherwise) might betransferred
aaosstheconjunctivao themeibomiarglandsandducts.

Investigative appaches could include:

1) Areviewoftheliterature of keratinizationprocesses

in multiple epithelia;

2) A reviewof the mechanisnof retinoid actionand
geneticaly regulated processesinvolved with kerati-
nization,in mucosaetransitionalepithelia(like the
meibomian ductal epithelium) and in skin;

3) A comparativeeviewof potentialpointsof interac
tion of signalingpathwaysunder retinoid control
and pathwaysunder adreneqgic, particularlyalpha
adrenergic, control, with repect to thekeratinization
process;

4) Attention to the histochemistry and electronhis-
tochemisty of keratinizationat the cellularlevels,
markers of keratinization;

5) A search for retinoids or other compounds capable of
blocking or reversingtheaction of anti-acneretinoid
compounds;

6) Clinica studiesof thecomparativefrequency of MGD
in eyestreated with adrenergic agonistsfor glaucoma,

Table 10. Information matrix: human meibomian gland

particularly whee agonistsra used unilaterall

We need to know the minimum number of glands
required to provide an adequate lipid layer for tear Im
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,
asisde ningtheroleof lipocalin and other lipid carriers
in tear Im stability. We need a comprehensive qudlita-
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
arti cial model of thetear Im lipid layer that mimicsthe
lipid composition of the meibomian gland secretionscol-
lected from normal subjects and has similar biophysica
properties. Questionsexist asto the etiology of meibomian
gland obstruction, eg, why doesn't a chalazion form with
every obstruction?

Additionally, we needto know more aboutagerelated
changes meibomiarglandfunctionandtherelationship
betweemmeibomianglandobstructionandnutrition. The
role of lipids in lubricity of the lid and ocular surfaces
shouldbeclari ed. Is there arole of the lid wiperandlid
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. Snce then, new models and
ndings have provided the knowledge that androgen de-
ciency, which in humansis associated with meibomian
gland dysfunction, atersthelipid pro lesof meibomian
gland secretions, and causes tear Im instability and
evaporative dry eye. Androgen de ciency in mice and

Chr Androgen Cont
KCS Bleph MGD NSS SS De ciency Aging Lens Refs
Meibomian gland loss/
obstruction/ distortion 18.5% 60% 6,188-195
decreased secretions
$Lipid pro les 36,196-198
Keratinization, ori ce metaplasia 5,10
Melting pt. of lipid 3° 159
higher than normal
Bacterial strains associated 200
with Chr Bleph
| Huorescein, rose bengal 195
N i 36,197,198,
$Lipid layer; | Thickness 201, 202

188
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Table 11. Information matrix: animal meibomian gland

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

in meibomian gland

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

A number of questionsremain to beanswered, and basic
reseech usingmodelsystemss neededo determinethe
role of the meibomianglandin variousformsof DE and
in the mechanisnof tear dysfunction.Mostimportantly,
weneedto determinethe structureandcompositiorof the
lipid layerandits changen experimentaMGD. It is nec
essay to determinewhich componentof the meibomian
secetionactuallyspreadon thetear Im andwhatchange
in compositionis requiredto effectasigni cantchangen
themeltingpoint andexpressibilityof oil. Finally, weneed
to understandthe structure of the lipid layerand how it
changes in MGD.

IX. MECHANSMS UNDERYING
DRY EYE PATHOL@Y

Based on dataderived from theinformation accumulated
in the preceding reports, it wasthe opinion of thegroup that
insuf cient information was available to de ne the basic
mechanism underlying dry eye, but that ahypothesisasto
the mechanisms might be advanced. The evidence suggests
that dry eyeis multifactoria: factors such as age, hormona
status, genetics, sex, immune status, innervation status,
nutrition, pathogens, and environmenta stressater thecd-
lular and molecular structure/function of componentsof the
ocular surface sysem. The term and concept of the Oaular
Qurface Sygem was adopted by consensus agreement at the
DEWS Meeting, Miami, Florida, May 2006.

The“ocular surfacesysem” isde ned asthewet-surfaced
and dandular epithdia of the cornea, conjundtiva, lacrimal
gland accessotgcrimalglandsnasolacrimaluctandmet
bomiargland andtheirapicallndbasamatricedjnkedasa
functional syslem by bath continuity of epithdlia, by innervation,
andthe endocrineandimmunesystemg@-or further expla
nation seeGipson,2007?1Y). Alsoincludedin the ocular
surface system are portionsof theeyelids. Therationaefor
the descriptionof the unit asthe OcularSufaceSystens
severd-fold. Firgt, theprimary functionsof thesystem areto
provideasmooth refractive surfaceto the cornea(the ocular
surface) and to protect and maintain that surface. Thus, the
name Ocular rface Sygemislinked to itsprimary function
attheocularsurfaceSecondall the epitheliaof the ocular
surfacearein continuity and derived embryologically from
surface ectoderm. The corneal and conjunctival epithelium
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are in continuity throughthe ductal epithelium,with the
lacrimal gland, glandular epithelium, asisthe casewith the
accessy lacrimalglands,the meibomiangland,and the
nasolacrimasystemTheglandularsystemsre essentially
invaginationsfrom and specidizationsof theocular surface
epithelium. Thirdly, all regionsof the epitheliaproduce
componentof thetear Im. Thefunctionsof the various
regionsof the continuousepitheliaare integratedby the
nervous systemendocrinesystem,immune systemand
vascular system, and are supported by the connectivetissue
with its residentcells.Finally, dry eyediseaseffectsandis
detected on the ocular surface.
*ThetermOcularSufaceSystemepresent@anelabora
tion of the LacrimalFunctiondUnit, which hasbeenprevt
ouslydescribedy Sten, P ugfelde, and Beuermafi?-215
and is discussed in detail dsewhere in this supplement
(Chapter 1: De nition and Class cation).?!6 Alterationsin
oneor severatomponent®f the ocularsurfacesystenor
its secetionsresultsin changesn thetear Im or corneal
epitheliad surface composition (eg, tear osmolarity, volume),
leadingto susceptibilityto desiccatiormndepithelialdam:
age(asevidencedy dye penetrance)Epithelialdamage
leads to release of in ammatory mediators. Attendant
in ammation ampli es and sustains further damage by
chronic deregulation of the ocular surface system.
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