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Purpose. To review the advances in the diagnosis, pathogenesis,
and management of dry eye disease in the past 25 years. Methods.
Literature review. Results. The preocular tear film is a hydrated
mucus gel that contains soluble antimicrobial proteins and growth
factors that protect and support the ocular surface. The final com-
mon pathway in dry eye is a perturbation of the integrated ocular
surface/lacrimal gland reflex unit. Diagnostic tests evaluating tear
composition and clearance appear to show stronger correlation
with the severity of ocular irritation symptoms and keratoconjunc-
tivitis sicca (KCS) than the conventional Schirmer tests. KCS is a
condition of abnormal differentiation and mucus production by the
ocular surface epithelium that results in a poorly lubricated, ab-
normally permeable ocular surface that has increased susceptibility
to environmental insults. Chronic subclinical ocular surface in-
flammation appears to play a key role in the pathogenesis of KCS.
New therapeutic strategies are aimed at reducing the ocular surface
inflammation of dry eye disease. Conclusions. There has been a
tremendous increase in knowledge regarding dry eye disease in the
past 25 years that has resulted in improved diagnostic classifica-
tion and new targeted therapies.

Key Words: Dry eye—Tear film—Keratoconjunctivitis sicca—
Meibomian gland disease.

Perhaps there is no other area in the field of Cornea and External
Disease where more advances have been made in the past 25 years
than in the diagnosis, pathogenesis, and treatment of dry eye and
tear film disorders. This article will review the major advances in
this area.

TEAR FILM STRUCTURE AND COMPOSITION

The precorneal tear film traditionally was reported to consist of
three separate layers: mucus, water, and oil. Imaging studies per-
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formed in rodents and humans indicate that the mucus, protein, and
aqueous components in the precorneal tear film combine to form a
hydrated gel (Fig. 1).'~ The composition of this mucus gel has not
been firmly established but appears to consist of a mixture of
soluble and gel-forming mucins that are produced by the lacrimal
glands, stratified ocular surface epithelium, and conjunctival gob-
let cells (Table 1). These are anchored by chemical bonds to the
underlying membrane-bound mucins (glycocalyx) on the superfi-
cial cornea epithelium.* The integrity of the precorneal mucus gel
is essential for maintaining high quality vision and ocular comfort.
Experimental removal of the mucus gel results in a transient al-
teration of corneal barrier function to fluorescein dye, a decrease in
contrast sensitivity and an increase in corneal surface irregularity.
These findings are similar to those observed in eyes with kerato-
conjunctivitis, the ocular surface pathology of dry eye that is as-
sociated with decreased and abnormal production of mucins by the
ocular surface epithelium.

We have learned that the tear fluid consists of much more than
just water and electrolytes. The tear fluid is a complex biochemical
mixture of mucins, immunoglobulins, antimicrobial proteins (ly-
sozyme and lactoferrin), and growth factors such as transforming
growth factor-alpha, epidermal growth factor, and hepatocyte
growth factor.”® These growth factors regulate cellular processes
through their interaction with specific cell surface receptors. The
exact biological function of these peptide factors has not been
firmly established, but it is likely that some function to maintain
ocular surface homeostasis, whereas others regulate wound healing
after ocular surface trauma.

There has also been a tremendous increase in knowledge re-
garding the composition and structure of the Meibomian gland
lipid composition. Hydrophilic polar lipids, including phospholip-
ids (phosphatidylcholine, phosphatidylethanolamine), sphingomy-
elin, ceramides, and cerebrosides, form the lipid layer adjacent to
the aqueous—mucin gel.>'° The bulk of the tear lipid layer consists
of the overlying nonpolar hydrophobic lipids (wax esters, choles-
terol esters, triglycerides, free fatty acids, and hydrocarbons) that
are associated with the polar phase by means of hydrophobic
bonds. "'

LACRIMAL GLAND-OCULAR
SURFACE INTERACTION

It is now recognized that the ocular surface (cornea, conjunctiva,
accessory lacrimal glands, and Meibomian glands) and the inter-
connecting neural reflex arcs function as an integrated or “func-
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tional” unit.'> Communication between these tissues occurs
through their sensory/autonomic neural reflex loop (Fig. 2).

The majority of tear secretion by the lacrimal glands is reflexive.
Tear flow is engendered through stimulation (mostly subcon-
scious) of the ocular surface and nasal mucosa.'®!* This initiates
sensory afferent nerve traffic along the ophthalmic branch of the
trigeminal nerve (CN-V) to the central nervous system in the area
of the pons. It is here where the nerve signals are integrated with
input from emotional (cortical) and various other appropriate cen-
tral nervous system centers. Efferent nerves consist of parasym-
pathetic fibers that travel in the facial (CN-VII) nerve and sym-
pathetic fibers that emanate from the paraspinal sympathetic chain.
The parasympathetic nerves synapse in the pterygopalatine gan-
glion en route to the main and accessory lacrimal glands. The
sympathetic fibers course along with the parasympathetic nerves,
without synapsing at the pterygopalatine ganglion. Both types of
nerve fibers cause water movement and tear secretion.

DEFINITION OF DRY EYE

For years, there has been considerable confusion regarding the
definition of dry eye as well as the diagnostic classification of dry

eye conditions. To address these issues, specialists in the field of
dry eye participated in two workshops held at the National Eye
Institute (December 13-14, 1993 and December 5-6, 1994) at
which time a definition and classification scheme for dry eye dis-
ease was proposed.'® Dry eye was defined as “a disorder of the tear
film due to tear deficiency or excessive evaporation that causes
damage to the interpalpebral ocular surface and is associated with
symptoms of discomfort.”'> Consistent with this definition is a
proposed classification scheme (Fig. 3) that stratifies patients with
dry eye from those with decreased aqueous tear production by the
lacrimal glands to those with increased evaporative loss.

DIAGNOSIS OF DRY EYE DISEASE

Most clinicians still rely on traditional diagnostic tests, such as
fluorescein tear breakup time, the Schirmer test, and ocular surface
dye staining, for diagnosis of dry eye disease. It is now recognized
that a diagnostic algorithm using many diagnostic tests is better for
identifying a patient’s dry eye condition than a single test alone."®
One such approach that we have found useful for diagnostic clas-
sification is presented in Figure 4.'® Many new diagnostic tests
with improved sensitivity and specificity over these conventional

TABLE 1. Mucins detected in the ocular surface epithelium and tear fluid

Source sample (detection

Mucins method)

Normal KCS Reference

MUC-1 Corneal and conjunctival
specimens (PCR, in situ
hybridization, IHC)

Conjunctival specimens (IHC) —

Found in conjunctival and corneal —
epithelium

Inatomi et al., 1995%¢

Decreased expression Jones et al., 19982°

SMC/MUC-4 (protein,

mRNA)

MUC-4

MUC-5AC

H185

MEM

Conjunctival and corneal
epithelium, tear fluid (IHC,
immunoprecipitation, western
blotting, northern blotting)

Conjunctiva (northern blotting and
in situ hybridization)

Conjunctival goblet cells (in situ
hybridization)

Conjunctiva and tear fluid
(RT-PCR, IHC, western
blotting)

Conjunctival impression cytologies
(IHC)

Conjunctival epithelium (IHC)

Found in the tear fluid and in the
corneal and conjunctival
epithelium

Found in the stratified conjunctival
epithelium
Found in conjunctival goblet cells

Found in conjunctival goblet cells,
superficial conjunctival
epithelium and tear fluid

Mosaic staining pattern

of glycosylated form
A

NA

NA

Starry sky pattern

Sjogren’s syndrome

Pflugfelder et al., 2000*

Inatomi et al., 199657
Inatomi et al., 199657

Jumblatt et al., 199958

Danjo et al., 19982"

Pflugfelder et al., 199722

NA, not evaluated; MEM, mucosal epithelial membrane mucin; SMC, sialomucin complex; RT-PCR, reverse transcription polymerase chain
reaction; IHC, immunohistochemistry.
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FIG. 2. Integrated ocular surface/lacrimal gland functional unit. Af-
ferent sensory nerve impulses from the ocular surface and nasal
mucosa synapse in the brainstem with efferent autonomic secreto-
motor nerve impulses that innervate the lacrimal gland. Stimulation
of this reflex loop results in delivery of tear fluid and proteins on
demand to the ocular surface.

tests have been reported over the past 25 years. These techniques
include tear film osmolarity, tear fluid protein immunoassays, and
fluorescein tear clearance.'”2° Although none of these tests has
yet to gain widespread clinical acceptance, the results of studies
evaluating these tests indicate that tear composition and clearance
appear to show stronger correlation with the severity of ocular
surface irritation symptoms and ocular surface disease than the
Schirmer test that evaluates tear production alone.

PATHOGENESIS OF DRY EYE DISEASE

There has been a considerable increase in knowledge regarding
the pathogenesis of the keratoconjunctivitis sicca (KCS) that oc-
curs in dry eye disease. The pathologic features of this condition
include increased epithelial stratification and proliferative index
and abnormal differentiation with maintenance of a basal pheno-
type.' Cells throughout the abnormally thickened conjunctival
epithelium express cytokeratin 14, a cytoskeletal protein normally
produced by the basal epithelial cells. Furthermore, there is re-

Dry Eye

duced expression of secretory and membrane-bound mucins by the
superficial ocular surface epithelial cells.?***

An exact mechanism for the development of these pathologic
changes has not been elucidated. The severity of KCS worsens as
aqueous tear secretion decreases and as the ability to reflex tear in
response to sensory stimulation is lost.'® Ocular surface epithelial
function and differentiation may be adversely affected by the in-
crease in tear film osmolarity that occurs in dry eye.** Trauma to
a poorly lubricated and unprotected ocular surface from environ-
mental factors and blinking may be another contributing factor
because KCS is most severe in the exposure zone that is subjected
to these stresses.'>* If KCS represents a chronic wound-healing
response, then it may be perpetuated, in part, by reduced levels of
lacrimal gland-secreted growth factors in the tear fluid.?>>¢

Inflammation may represent another important causative factor
for KCS. Decreased aqueous tear production and tear clearance
leads to chronic inflammation of the ocular surface.?”-*® Evidence
exists that the etiology of this disease is facilitated through a loss
of the antiinflammatory environment within the lacrimal glands
provided through the presence of circulating androgens.?*° At the
time of menopause or due to various pathologic conditions, the
available level of circulating androgens may drop below a thresh-
old, leaving the tissues vulnerable for the initiation of immune-
based inflammation. This is supported by a significantly increased
incidence of dry eye in women.*' Any condition that results in
rapid firing of the “functional unit” can now cause the initiation of
neurogenic inflammation within acini of the lacrimal glands re-
sulting in antigen presentation and cytokine secretion by these
epithelial cells.**** This will draw the attention of vigilantly traf-
ficking T cells within the lacrimal glands. In the normal individual,
trafficking lymphocytes—finding no inflammation present—
would undergo apoptosis (programmed cell death) as they leave
the tissue en route to local lymph nodes. In the presence of in-
flammatory signals, the apoptotic process is aborted (allowing the
accumulation of lymphocytes within the glands) and the lympho-
cytes become activated and secrete proinflammatory cytokines that
will result in the “homing” of additional T cells to the tissue and
an increase in the level of inflammation.>*

It has also been demonstrated that the normally stable, termi-
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Symptoms of Ocular Irritation

Consider non-tear film
related problems

Delayed Tear Fluorescein Clearance
and/or

Fluorescein tear break-up time < 10 seconds

yes

Schirmer 1 <5 mm in one or both eyes

1

[ Aqueous tear deficiency J

Absence of nasal-lacrimal reflex

Presence of serum autoantibodies

Van Bijsterveld rose bengal staining score > 3
Exposure zone fluorescein staining score > 3

Non Sjogren
Syndrome

B

Sjogren
Syndrome

Meibomian gland pathology
signs
1. Orifice metaplasia

2. Acinar atrophy
3. Reduced expressible meibum

yes

Meibomian gland
disease

FIG. 4. Algorithm for diagnosis of dry eye disease.

nally differentiated, acinar epithelial cells of the lacrimal gland
undergo abnormal (pathologic) apoptosis.®* Tears now secreted to
the ocular surface will contain proinflammatory cytokines and will
inflame the tissues of the ocular surface. Abnormal apoptosis has
also been detected within the epithelial cells and lymphocytes of
the ocular surface.** This ocular surface inflammatory response
consists of inflammatory cell infiltration, activation of the ocular
surface epithelium with increased expression of adhesion mol-
ecules, inflammatory cytokines and pro-apoptotic factors, in-
creased concentrations of inflammatory cytokines in the tear fluid,
and increased activity of matrix-degrading enzymes in the tear

fluid (summarized in Table 2).26-2%-33-3 Significant positive cor-
relation has been observed between the levels of inflammatory
cytokines in the conjunctival epithelium and the severity of ocular
irritation symptoms, corneal fluorescein staining, and the severity
of conjunctival squamous metaplasia in patients with Sjogren’s
syndrome KCS.?¢

THERAPY OF DRY EYE DISEASE

There have been many recent advances in the treatment of dry
eye disease. First, there is increasing recognition that the frequent

TABLE 2. Cytokines, growth factors and matrix degrading enzymes detected in the ocular surface tissues and in the tear fluid of patients
tear film disorders

Cytokine/growth factor Source sample

(detection method)

Dry eye diseases

Reference

EGF (protein) Tear fluid (ELISA)

IL-1 o« (MRNA) Conjunctival epithelium (RT-PCR on
conjunctival cytology specimens)

IL-6 (MRNA)

IL-8 (MRNA)

TNF-a (MRNA)
TGF-B1 (mRNA)
HGF (protein)?
IL-1 « (protein)
Pro-MMP-9

IL-1 « (protein)
IL-6 (protein)
Plasmin

MMP-3 (protein)
MMP-9 (protein)
TIMP-1 (protein)

Tear fluid (ELISA)
Tear fluid (ELISA)
Tear fluid (ELISA)
Tear fluid (ELISA)
Tear fluid (ELISA)
Fluorometric assay
Tear fluid (ELISA)

Decreased in ocular surface diseases and
Sjogren’s syndrome
Sjogren’s syndrome increased

(Hypothesized to be deceased)
Increased in ocular rosacea

Increased in ocular rosacea
Increased in Sjégren’s syndrome
Increased in Sjégren’s syndrome
Increased in ocular rosacea

Van Setten 19912°
Pflugfelder et al., 199926
Pflugfelder et al., 19992°

Jones et al., 19945

Li et al., 1996°
Afonso et al., 199927

Barton et al., 199728
Tishler et al., 199838
Virtanen et al., 19975°
Sobrin et al., 20003°

2 Normal (after surgery).

EGF, epidermal growth factor; MMP, matrix metalloproteinase; TNF, tumor necrosis factor; TGF, transforming growth factor; HGF, hepa-
tocyte growth factor; TIMP, tissue inhibitor of metalloproteinase; ELISA, enzyme-linked immunosorbent assay; RT-PCR, reverse transcription

polymerase chain reaction.
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use of artificial tear solutions that are preserved with benzalko-
nium chloride may be toxic to the ocular surface epithelium.*%*!
To avoid the risk of preservative toxicity to the abnormal ocular
surface epithelium of eyes with KCS, there has been an increase in
trend over the past decade to use unit-dose nonpreserved artificial
tears in patients who must frequently instill artificial tears to con-
trol their irritation symptoms. Laboratory studies have shown that
certain electrolyte compositions and the use of a bicarbonate buff-
ering system in artificial tear solutions promotes normal ocular
surface differentiation and homeostasis.?*** Currently, there are
many commercially available artificial tear preparations with these
features. Several different multidose artificial tear preparations
with disappearing preservatives have also been released.

Although artificial tears have been reported to improve irritation
symptoms and to decrease ocular surface dye staining in eyes with
KCS, their use has not been found to improve conjunctival squa-
mous metaplasia.*> For this reason, there is increasing interest in
developing therapeutic agents for KCS. Extracellular uridine tri-
phosphate and other nucleotides that stimulate P2Y2 purinergic
receptors, which have been reported to increase chloride, fluid, and
mucin secretion by the conjunctiva.***> These agents may prove
to have therapeutic benefit for treatment of dry eye disorders.

Consistent with an immunologic mechanism for development of
KCS, antiinflammatory therapy has been reported to improve both
irritation symptoms and ocular surface disease. Cyclosporin is a
potent immunomogulatory agent that inhibits T cell activation and
downregulates the production of many inflammatory cytokines.
Topically applied cyclosporin has been reported to significantly
improve signs of KCS in dogs that develop this condition and it
has been approved for treatment of veterinary dry eye disease.*® A
prospective double-masked randomized placebo-controlled clini-
cal trial evaluating a topical cyclosporin emulsion showed signifi-
cant improvement in the severity of ocular irritation symptoms and
ocular surface disease in the cyclosporin treated group compared
to those treated with vehicle.*” Furthermore, when compared to the
vehicle, cyclosporin was found to decrease many inflammatory
markers and the level of the inflammatory cytokine interleukin-6
(IL-6) in the conjunctiva.*®

Our center has reported that topically applied corticosteroids
remarkably improve the irritation symptoms and ocular surface
signs of KCS.**->° Furthermore, we have found that steroids de-
crease levels of the chemotactic cytokine IL-8 in the conjunctival
epithelium.?® We currently reserve the use of topical corticoste-
roids for treatment of those patients who experience intolerable
irritation symptoms despite maximal aqueous enhancement
therapy (artificial tears and punctual occlusion). The fact that cor-
ticosteroids have been found to have excellent efficacy for treat-
ment of KCS provides proof of the principle that inflammation
plays a key role in the pathogenesis of dry eye disease.

Female gender has been reported to be a risk factor for devel-
oping KCS, particularly that associated with Sjogren’s syn-
drome.>' Experimental evidence indicates that androgen hormones
improve lacrimal gland secretory function.>® Furthermore, sys-
temically administered androgenic hormones have been reported
to significantly reduce lacrimal gland lymphocytic infiltration and
improve lacrimal gland function in murine models of Sjogren’s
syndrome.’*>* At the present time, there have been no controlled
clinical trials of androgen hormones for treatment of dry eye dis-
ease in humans.

The normal human tear fluid contains many biologically active
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growth factors, such as epidermal growth factor, that are secreted
by the lacrimal glands. The concentration of these factors have
been reported to decrease in patients with lacrimal gland dysfunc-
tion. Autologous human serum, which contains many of the
growth factors that are present in tear fluid, has been reported to
improve KCS and stimulate conjunctival mucus production.” Re-
cent advances in the field of biotechnology provide the opportunity
to formulate tear replacements containing recombinant forms of
these cytokine growth factors. Future research will hopefully de-
fine whether topical application of one or more of these factors
alone will duplicate the therapeutic benefits of serum.
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