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Foreword

It is a pleasure to provide a foreword for this exciting new book about dry eye
disease. It was written by a team of international experts, many of whom have
been personally responsible for advancing our understanding of ocular surface
biology and improving our insight into ocular surface disease. Clinicians will find
themselves dipping into this book time and time again, to refresh their knowledge
of etiology, diagnosis, and the more complex aspects of therapy. They will find
that every area is discussed in full, richly referenced, and replete with historical
perspective.

Several events have led to a better understanding of dry eye disease.
Perhaps one of the simplest, and yet not least important, was the evolution of gen-
eral consensus as to the major categories of dry eye, recognizing the potential
contributions of both aqueous tear deficiency and excessive evaporation to the
disorder. It is also now accepted that while tear hyperosmolarity is an obligatory
component of dry eye, inflammation is also an essential feature, representing both
a part of the mechanism and a potential therapeutic target. Recognition of the role
of inflammation in dry eye disease has focused attention on the immunobiology
of the ocular surface, and there is a fine summary of that subject in this book.
Also, given the clinical overlap between dry eye and some allergic disease, it is
appropriate that there is also a chapter on ocular allergy. The role of autoimmu-
nity in exocrine gland destruction has been of longstanding interest to researchers
and is of particular relevance to the mechanism of lacrimal and salivary gland
destruction in Sjögren’s syndrome; it may also be of relevance to age-related dry
eye. Such studies have been helpful in generating hypotheses as to the evolution
of dry eye disease and have indicated potential targets for therapeutic interven-
tion using anti-inflammatory agents, immunosuppressants, and inhibitors of
specific proinflammatory cytokines.

Another landmark was the discovery of factors that maintain the ocular sur-
face, starting with the recognition of the role played by stem cells and continuing
with the definition of growth factors, hormones, and micronutrients that preserve
the steady state or regulate the response to injury. With this recognition has come
the concept of an ocular surface, comprising two interdependent tissues, occupy-
ing a common environment, bathed by the same tears, sharing a common inner-
vation, and exposed to a similar array of excitatory and inhibitory signals. This
perception has given rise to the view that the ocular surface and its appendages,
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the lacrimal and meibomian glands, form part of a functional unit, in this book
referred to as the “lacrimal functional unit,” whose global response to disease
depends on the sum of responses of its component parts. Thus, in tear-deficient
dry eye, proinflammatory cytokines, released into the tears from the inflamed
lacrimal gland, may excite inflammation at the ocular surface, cause inflamma-
tory nerve damage there, reduce the sensory input to the lacrimal gland, and im-
pair the reflex secretory response that maintains a steady tear flow. It is accepted
too that inflammatory cytokines, produced locally in the lacrimal gland in dry eye
disease, may effect a local, neurosecretory block, leading to a decrease in tear
secretion independent of acinar destruction. These observations have led to new
approaches to treatment, which aim not only to replace the tear deficiency and
conserve native tears but also to break the vicious circle of events that perpetuate
and amplify disease, using topical anti-inflammatory regimes, or stimulating
regimes, or stimulating functionally intact lacrimal acini with lacrimal secre-
togues. This book is a treasure trove of information about dry eye disease and I
anticipate that it will be the forerunner of many future editions.

Anthony Bron, PhD.
University of Oxford

Oxford, England

iv Foreword
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Preface

Dry eye is one of the most common ophthalmic medical problems. Complaints of
dry eye are among the most common reasons patients seek help from eye doctors.
Many patients with this condition have had to live with constant and occasionally
debilitating pain. Research suggests that the impact on quality of life from this
disease is approximately equal to that of angina.

Dry eye was traditionally considered to be an age-related dysfunction of the
lacrimal gland. Based on this concept, therapy of dry eye was primarily directed
toward lubricating and hydrating the ocular surface. This type of ocular surface
palliation provided, at best, transient symptomatic relief due to the fact that this
therapy does not address the underlying cause of the disease. Research over the
last fifteen years has led to the acknowledgment that dry eye is a complex in-
flammatory syndrome of the tear-secreting apparatus that results in compositional
changes of the tear film.

In 1993 a workshop convened at the National Eye Institute by Dr. Michael
Lemp began the process of standardizing the nomenclature and diagnostic
criteria involved in this problem. This was an important initial step in formal-
izing the subclassification of dry eye into aqueous deficient and evaporative
loss.

We now understand that the tear film is secreted reflexively from the
lacrimal functional unit, which is composed of the ocular surface tissues, the
lacrimal glands, and their interconnecting sensory and autonomic innervation.
This reflex secretion is initiated by subconscious stimulation of the highly inner-
vated ocular surface epithelia. Almost all clinical “dry eye” conditions are due to
dysfunction of this integrated functional unit. This may result in a decrease in the
quantity of tears, but more importantly it leads to changes in tear composition that
result in loss of tear film integrity and promote inflammation. 

In this book, rather than following the traditional view of “dryness” as the
putative cause of ocular surface disease, we have defined dry eye as an inflam-
matory disease of the lacrimal functional unit resulting in tear film compositional
changes. We refer to this syndrome as LKC (lacrimal keratoconjunctivitis). This
approach allows us to recognize the array of clinical conditions resulting in or
from a dysfunctional tear film.

As evidence mounted in support of these concepts, we determined that
there was a need to coalesce this body of research into a single usable reference.
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The focus of this book is to make dry eye (LKC) a recognizable clinical entity
based on the inflammatory paradigm.

Contributors to this book are internationally recognized investigators in in-
dividual aspects of lacrimal physiology and inflammation research. They were
asked to use the lacrimal functional unit as the central theme when writing their
chapters. Key illustrations in the book were prepared by Elaine Kurie, who did a
masterful job capturing the concepts and new information.

We feel that the strength of this book is the comprehensive and unified
approach to the understanding of this disease. We hope that you will use it as a
guide to the pathophysiology, diagnosis, and treatment of LKC.

Stephen C. Pflugfelder
Roger W. Beuerman

Michael E. Stern

vi Preface
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1

1
Dry Eye: The Problem

Stephen C. Pflugfelder
Baylor College of Medicine, Houston, Texas, U.S.A.

I. WHAT IS DRY EYE?

Dry eye was defined by the National Eye Institute (NEI)/Industry workshop in
1993 as a “disorder of the tear film due to tear deficiency or excessive evapora-
tion, which causes damage to the interpalpebral ocular surface and is associated
with symptoms of discomfort” (1). This book supports a more comprehensive
definition of dry eye as a syndrome in which an unstable tear film inadequately
supports the health of the ocular surface epithelium, promotes ocular surface
inflammation, and stimulates eye pain.

The NEI/Industry Workshop definition is more clinically oriented and does
not focus on the pathogenetic mechanisms by which the tear film disorder devel-
ops or the cascade of events on the ocular surface that occur in response to dry-
ness. It is now recognized that the ocular surface and tear-secreting glands act as
a complex integrated lacrimal functional unit that is interconnected by sensory and
autonomic nerves (see Chapter 3 for more detail) (2). This functional unit main-
tains health and suppresses inflammation on the ocular surface by reflexively
replenishing tear film components and clearing used tears from the ocular surface.

Disease or dysfunction in any of several subparts of the lacrimal function-
al unit results in an unstable and unrefreshed tear film of altered composition that
no longer supports the normal functioning of the ocular surface (Fig. 1). For
example, elevated tear osmolarity and the appearance of proinflammatory medi-
ators and proteases in the tear film, which are commonly associated with ocular
surface diseases, have adverse consequences for corneal and conjunctival tissues.

The ocular surface inflammation that accompanies dysfunction of the
lacrimal functional unit further destabilizes the tear film (often amplifying the
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dysfunction), causes epithelial disease, and stimulates discomfort (Fig. 1).
Primary dysfunction of any component of the lacrimal functional unit may be
secondarily transferred across the entire system through its extensive neural con-
nections (2). This concept accounts for the overlap in clinical features observed
among the various subgroups of dry eye in the NEI scheme (1). We propose a
more comprehensive definition of dry eye: a disorder whereby dysfunction of
the lacrimal functional unit causes an unstable tear film which in turn promotes
ocular surface inflammation, epithelial disease, and symptoms of discomfort
(Table 1).

2 Pflugfelder

Figure 1 Pathogenesis of lacrimal keratoconjunctivitis (LKC). Dysfunction of the
lacrimal functional unit manifests as altered tear-composition, ocular surface inflamma-
tion, and dysfunction of the tear secreting glands. Primary dysfunction of one component
can lead to secondary dysfunction in others. All forms of lacrimal functional unit dys-
function can be recognized by the resulting tear film instability. Ocular discomfort and
ocular surface disease, including apoptosis of glandular and epithelial cells, are important
consequences of tear film instability. The overall disorder, previously called dry eye
syndrome, is referred to in this book as lacrimal keratoconjunctivitis (LKC).
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II. DRY EYE: AN OCULAR SURFACE INFLAMMATORY
SYNDROME

Ocular surface inflammation is foremost among the consequences of the unstable
and exhausted tear film that results from dysfunction of the integrated lacrimal
functional unit. Failure of the tear film incites a constellation of inflammatory
events on the ocular surface that involves both cellular and soluble mediators
(3,4). This immune-based inflammatory response, which will be elaborated upon
in Chapter 4, plays a major role in the corneal epithelial disease of dry eye, and
because of the impact of inflammation on corneal sensory nerves, contributes
substantially to ocular discomfort. Recognition of the key role of inflammation in
the pathogenesis of dry eye underscores the need to consider dry eye as more than
just a simple deficiency of one or more tear film components, as proposed in the
NEI classification scheme. Continuing to view dry eye solely as a tear deficien-
cy trivializes the complexity of this condition and its impact on ocular surface
health.

Based on our current knowledge of dry eye, it is more appropriate to
consider it as an ocular surface inflammatory syndrome rather than simply a tear
film insufficiency. Indeed, the term keratoconjunctivitis sicca (KCS), used for
decades to describe the ocular surface disease that develops in dry eye (5), by def-
inition acknowledges an inflammatory etiology. In keeping with our broader
definition of dry eye, the term lacrimal keratoconjunctivitis (LKC) seems more
appropriate to describe the ocular surface inflammation that develops from tear
film failure (Table 1). We will use this term and unified concept throughout this
book.

Dry Eye: The Problem 3

Table 1 Definitions of Dry Eye

Lacrimal keratoconjunctivitis: a
Keratoconjunctivitis unified concept of dry eye

Disorder of the tear film
Mechanism due to tear deficiency or Dysfunction of the integrated

of dry eye increased evaporation lacrimal unit

Consequences 1. Discomfort 1. Unstable tear film
2. Damage to the interpalpebral 2. Altered tear composition

ocular surface 3. Ocular surface and glandular
inflammation

4. Ocular surface epithelial disease
5. Discomfort
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III. THE CLINICAL IMPACT OF LACRIMAL
KERATOCONJUNCTIVITIS

Patients with LKC typically experience ocular discomfort. The most common
irritation symptoms include scratchiness, grittiness, foreign body sensation, burn-
ing, and itching; these symptoms are exacerbated by prolonged visual activity
(e.g., viewing a video display terminal) and environmental stresses, such as low
humidity and air drafts (6). LKC patients often complain of blurred and fluctuat-
ing vision that stimulates them to blink more frequently to clear their vision.
Together, these symptoms are a considerable source of ocular fatigue; many
patients report that they are unable to read or concentrate for more than a few
minutes at a time.

LKC symptoms significantly impact quality of life as documented by util-
ity scores. Utility scores quantitate how many years a subject would give up from
the end of his or her life in exchange for avoiding a particular malady. Utility
scores for dry eye (7) (Table 2) were similar to those of angina (8). The chronic
and unremitting nature of dry eye syndrome can lead to despair, depression,

4 Pflugfelder

Table 2 Utility of Dry Eye in Comparison to Other Health States

Medical condition Mean utility
Health state of subjects (TTO)

Treatment with Warfarin Atrial fibrillation 0.98
Mild psoriasis Psoriasis 0.89
Mild dry eyea Dry eye 0.81
Asymptomatic dry eyea Dry eye 0.78
Moderate dry eyea Dry eye 0.78
Moderate anginaa Angina 0.75
Severe dry eyea Dry eye 0.72
Class III/IV anginaa Angina 0.71
Disabling hip fracture Hip fracture 0.65
Monocular painful blindnessa Dry eye 0.64
Severe dry eye with tarsorrhaphya Dry eye 0.62
Moderate stroke Atrial fibrillation 0.39
Binocular painful blindnessa Dry eye 0.35
Complete blindness Cataract 0.33
AIDS HIV 0.21
Major stroke Atrial fibrillation 0.11

a Co-morbidity explicitly incorporated in utility.
TTO = time trade-off method of utility determination: quantitates how many years a subject would
give up from the end of his or her life to be free of a particular malady (on a relative scale of 0–1).
Source: Data from Ref. 7.
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decreased productivity, and, in some cases, permanent job disability (9). The
physical and psychological impact of LKC symptoms is similar to that experi-
enced by patients with other chronic regional pain syndromes such as lower back
pain (9).

LKC can also cause considerable ocular morbidity. The thinned and unsta-
ble precorneal tear layer and the altered corneal epithelial barrier function that
accompany LKC are major risk factors for sterile keratolysis (10,11) and micro-
bial keratitis (12). Severe and recurrent corneal ulceration resulting from LKC can
lead to reduced vision, blindness, or, in the worst cases, loss of the eye (13,14).

Preexisting LKC is an important cause of complications following corneal
surgery, including penetrating keratoplasty and LASIK (15), leading to decreased
vision, pain, epithelial and stromal wound healing problems, haze, ulceration and
predisposition to microbial infections (6). Surgical amputation of the corneal
sensory nerves that drive glandular secretion, a direct consequence of LASIK and
other refractive procedures (16,17), negatively impacts the integrated ocular sur-
face secretory gland functional unit (18). This exacerbates preexisting LKC (19),
and likely results in new cases of dry eye as well.

Treatments for dry eye mostly attempt to increase the volume of the
patient’s tear film. They range from over-the-counter artificial or lubricating tears
to punctal plugs or surgery to occlude lacrimal drains. Symptoms may be treated
with analgesics or anti-inflammatory therapeutics. Despite treatment, most dry
eye patients report no improvement in their symptoms (20).

IV. THE SCOPE OF THE PROBLEM

The prevalence of dry eye in the general population is still not precisely known.
In epidemiological studies of dry eye performed in a variety of patient popula-
tions (Table 3), the prevalence of symptoms has ranged from 6% of an Australian
population 40 years and older (23) to 15% of a population over the age of 65 in
Maryland, U.S.A. (21). The prevalence was lower when a combination of signs
and symptoms were used as diagnostic criteria (i.e., 0.7% of patients with irrita-
tion symptoms and a Schirmer score ≤ 5 mm and rose bengal staining) in the
Salisbury Eye Study (21). Using an estimated prevalence of 6% and the 2000
U.S. Census data, there are 7.1 million people in the United States over the age
of 40 who experience dry eye symptoms. Most studies found increasing preva-
lence with age. Some studies indicated that the prevalence of dry eye is greater
in women (Table 3), an association that has long been suspected by dry eye
specialists. The variation in prevalence of dry eye in these studies is likely due
to the different subjective and objective criteria used to define dry eye, although
the different age ranges and ethnicities of the populations surveyed may have
contributed.

Dry Eye: The Problem 5
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6 Pflugfelder
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Dry eye is also prevalent in patients who have undergone LASIK, because
this procedure interrupts corneal sensory nerves important for driving glandular
secretion and, ultimately, for maintaining tear film stability. From 32 to 60% of
patients experience ocular irritation and LKC in the first 6 months after LASIK
(27–29). The high frequency of these symptoms may be due partly to the difficulty
in clinically detecting preexisting mild LKC preoperatively. Although many
patients may have had preexisting mild LKC that was exacerbated by LASIK, many
others may be new cases of dry eye. Given the large numbers of LASIK procedures
performed each year, 800,000 to 900,000 per year in the United States alone (30),
surgical causes of dry eye are likely to increase its prevalence significantly.

Costs of LKC to society are substantial. Dry eye is one of the most com-
mon complaints that patients bring to visit eye care practitioners (6). In one study
(20), more than 60% of dry eye patients surveyed (N = 74) had visited a physi-
cian for their dry eye symptoms in the year preceding the study; 64% reported
using artificial tears regularly, more than 40% had punctal occlusions, and 30%
reported the use of medications such as analgesics, antibiotics, and anti-inflam-
matory agents to alleviate their symptoms. Despite treatment, over 76% of dry
eye patients reported their symptoms as “the same” or “worse” than in the previ-
ous year; among the working patients, symptoms interfered with work for an
average of 186 days per year, and the estimated cost of lost productivity was over
$5000 per year. In another study (21) of an elderly population 65 years and older
(N = 2520), 14.6% experienced one or more dry eye symptoms often or all the
time; of these subjects, 25% used artificial tears or lubricants and 73% visited an
eye care professional during the previous year. These reported figures are sub-
stantiated by estimates that global sales of artificial tears exceeded $540 million
annually in 2002 (31). The market potential for efficacious therapeutic agents for
dry eye is enormous, especially considering the inadequacy of existing therapies.

V. CONCLUSIONS

Dry eye, previously defined only as a tear film insufficiency, is now known to
involve disruption of a complex functional unit: the ocular surface, the tear-
secreting glands, and the neural network connecting them. Malfunction of any
one of these components causes tear film instability and may also alter its com-
position, which in turn leads to ocular surface inflammation—a key player in the
pathogenesis of dry eye. The outcome at best includes ocular fatigue; at worst,
ocular surface damage and even morbidity.

Costs of dry eye include decreased productivity at work as well as
increased spending for doctor visits and (often ineffective) remedies. The key to
solving these problems is a better understanding of dry eye, an important prereq-
uisite for developing more effective therapies.
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VI. SUMMARY

1. Disease or degeneration of the lacrimal functional unit results in an
unstable and unrefreshed tear film, frequently of altered composition,
that can no longer support the normal functioning of the ocular surface.

2. Dysfunction of the lacrimal functional unit is accompanied by ocular
surface inflammation that destabilizes the tear film, causes epithelial
disease, and stimulates discomfort. We propose the term lacrimal ker-
atoconjunctivitis (LKC) to describe more appropriately the constella-
tion of pathologic events on the ocular surface that occurs in response
to tear film failure.

3. LKC is a common condition. It becomes more prevalent with age and
is more common in women.

4. LKC decreases quality of life and has a substantial cost to society.
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I. INTRODUCTION

The definition of lacrimal keratoconjunctivitis (LKC) presented in Chapter 1
embodies the concept that maintenance of a refreshed and stable tear film is essen-
tial for ocular surface health. This is critical for the survival of any species in that
it allows successful visual function in diverse environments. Ocular surface health
depends on a sensitive and precise lacrimal reflex and on proper operation of the
lacrimal functional unit.

We proposed the lacrimal functional unit in 1998, comprising the ocular
surface (cornea, conjunctiva, meibomian glands), the main and accessory
lacrimal glands, and the neural network that connects them (1). This functional
unit controls secretion of the three major components of the tear film in a regu-
lated fashion, incorporating feedback from environmental, endocrinological, and
cortical factors. The overall purpose of the lacrimal functional unit is to maintain
the clarity of the cornea and the quality of the image projected onto the retina.
Retinal image quality ultimately depends on the integrity of the tear film and the
health of the ocular surface. Functions of tissues in the lacrimal functional unit
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are integrated by sensory nerves, which carry information about the system’s
status to the lacrimal center in the brainstem, and are directed by autonomic
secretomotor nerves. This chapter will review the components of the lacrimal
functional unit and their interactions in the lacrimal reflex.

II. THE LACRIMAL FUNCTIONAL UNIT IS A HOMEOSTATIC
MECHANISM

The ocular surface is a unique region whose primary purpose is maintenance of
corneal clarity and vision. Conjunctival and corneal tissues require specialized
support tissues to protect their delicate epithelial surfaces from environmental
challenges, and to prevent pathological changes that could interfere with vision.
The lacrimal glands, together with unique regions in ocular surface tissues such
as the accessory lacrimal glands of the conjunctiva and the eyelids, the corneal
limbus, and the meibomian glands, have crucial supportive roles. The functional
theme of these tissues is secretion of tear components for maintenance of a sta-
ble, protective, and supportive tear layer which is critical for optimal functioning
of the optics of the eye (1). Varying (but normally small) levels of bioelectric
energy from ocular surface sensory nerves provide constant input into central
nervous system (CNS) pathways which ultimately link changes in the ocular sur-
face environment with tear secretory activity by these specialized support tissues
(Fig. 1). The concept of the lacrimal functional unit unifies the actions of these
tissues by which the ocular surface protects and controls its own environment,

12 Beuerman et al.

Figure 1 Neural pathways linking components of the lacrimal functional unit.

20106_CH02(11-40).ps  5/17/04  3:53 PM  Page 12

dramroo@yahoo.com



and it provides a framework for understanding how the system dysfunctions in
dry eye patients.

A complex of sensory, sympathetic, and parasympathetic nerves links the
components of the lacrimal functional unit into a homeostatic loop with the
essential role of protecting and supporting the ocular surface. Acting through
areas of the CNS, the tissues are linked together by specific neural input and out-
put pathways (Fig. 1). The tissues and their neural components can be classified
by function. For example, the cornea provides sensory input to the functional
unit, whereas the lacrimal glands, despite their secretory function, contain all
three types of neural tissues. Sensations arising from the cornea are always along
the pain continuum, and corneal nerves are responsible for the patient’s percep-
tion of discomfort in dry eye (2). Indeed, a role for pain-associated fibers in the
control of tear flow was recently proposed based on clinical observations (3).

III. INNERVATION OF OCULAR SURFACE COMPONENTS

A. The Cornea

Situated prominently in the palpebral fissure, the cornea is broadly subject to envi-
ronmental challenges. To protect itself, the cornea has developed the most densely
innervated epithelial surface in the body. This specialized innervation is sensory
and the neural receptors are only of the morphologically unspecialized type, or
“free nerve endings,” which terminate throughout all layers of the corneal epitheli-
um (Fig. 2A). They are protected from direct stimulation by the zonula occludens
of the outer surface cells, as well as by the tear mucin gel. Similar types of senso-
ry nerves are present throughout the ocular surface epithelia (Fig. 2B) (4,5).

Psychophysical studies in humans have shown that sensations evoked by
stimulation of the cornea are unpleasant or painful in nature (2,6). Until middle
age, sensory experiences involving the cornea are infrequent for most normal
individuals. In contrast, patients who develop keratoconjunctivitis more com-
monly experience unpleasant corneal sensations, usually described as “gritty,”
“sandy,” or “itchy.” This new sensory state is often the introduction to a long
unpleasant relationship with the corneal innervation, as it signals the onset of a
persistent pathophysiological state. Activation of corneal sensory inputs informs
the patient that a problem has arisen on the ocular surface, namely, a chronic state
of inflammation and altered tear composition. Patients may attempt to moderate
unpleasant corneal sensations by closing their eyes, which provides some imme-
diate relief. Later in development of dry eye, sensory mechanisms may become
compromised, which correlate with the development of ocular surface epithelial
disease and dye staining (7). Contributions from the sympathetic system in this
process are not well substantiated, and evidence is lacking for their role in the
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Figure 2 Innervation of the ocular epithelium. (A) Transmission electron micrograph of
the human corneal epithelium depicting a cluster of the so-called free nerve endings with-
in the deep aspect of the basal epithelium. These electron-lucent profiles are surrounded
by basal epithelium cytoplasm; however, there are no connections between the two cell
types, and both are surrounded by double-layer cell membranes. Magnification � 8400.
(B) Transmission electron micrograph of the lid margin of an adult M. fascicularis mon-
key illustrating a partially keratinized epithelium. Within the anterior stroma, almost
touching the base of the epithelium, are seen a cluster of unmyelinated nerves which are
in turn surrounded by Schwann cell processes. Magnification � 15384.
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cornea in dry eye. However, the excess reflex tearing experienced by patients with
early dry eye suggests that the homeostatic mechanisms controlling it are altered.

Since corneal sensation is infrequent for most individuals over the span of
their lives, what is the normal function of corneal nerves? It could be argued that
corneal nerves lie dormant and become activated only under particular pathological
circumstances. However, the brief but intense sensations of pain arising from con-
tact of the corneal surface with a speck of dirt, a fingernail, or an eyelash indicate
functionality throughout one’s lifespan. As an indication of normal corneal sensi-
tivity, even the smooth action of the eyelids moving micrometer-sized objects
across the corneal epithelial surface can be very unpleasant (8). Chronic dysfunction
shifts the homeostasis of the lacrimal functional unit toward inflammation and more
constant psychological suffering, but at a less intense, although still significant,
level of sensory discomfort than is triggered by brief trauma of physical origin.

The cornea is largely innervated by unmyelinated axons, together with
small-diameter myelinated axons. These two fiber types are uniquely associated
with sensory transmission of pain stimuli. In the cornea, these axons contain both
substance P and calcitonin gene-related peptide (CGRP). When released through
axon activation or damage, substance P and CGRP can act upon anterior segment
vascular elements, leading to neurogenic inflammation with release of immune
cells from the vascular space onto the ocular surface. This may contribute to the
ocular irritation symptoms of dry eye.

B. Meibomian Glands

The lipid-secreting glands of the eyelid are innervated by axons containing
neuropeptide transmitters of several origins. Transmission electron microscopy
has shown a network of unmyelinated axons with both granular and agranular
vesicles. Although sensory input is suggested by the finding of substance P- and
CGRP-positive axons (9,10), their role is unclear, as they would be expected to
conduct information to the CNS. Parasympathetic fibers innervating the meibo-
mian glands are probably more abundant. The parasympathetic neurotransmitters
neuropeptide Y and vasoactive intestinal peptide (VIP) have been detected
around the meibomian glands, as well as tyrosine hydroxylase associated with
sympathetic axons, suggesting that both types of autonomic nerves may be
involved in stimulating lipid secretion onto the ocular surface.

C. Conjunctiva

A loose network of axons traverses under the mucosal surface of the conjunctiva
and lid margin (Fig. 2B). Neuropeptides of sensory, sympathetic, and parasympa-
thetic origin have been documented in the conjunctiva by a number of studies (11).
Among the numerous tear-secreting glands of the conjunctiva, neural innervation
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of the accessory lacrimal glands has been the best documented (12–14). Nerve
fibers immunoreactive to protein gene product and to S-100 protein were found
throughout the interlobular stroma, whereas CGRP- and substance P-immunore-
active fibers were associated with secretory tubules, interlobular and excretory
ducts, and blood vessels. However, the extent of neural control over accessory
lacrimal glands has not been as clearly demonstrated as it has for orbital lacrimal
glands.

Goblet cells of the conjunctival surface display a secretory response to the
parasympathetic cholinergic muscarinic output from the pterygopalatine ganglion.
Goblet cells have M3-muscarinic receptors on their membranes, whereas M1 and
M2 receptors are found throughout the conjunctiva (15). Nerves of sympathetic
origin in the conjunctiva are suggested by the presence of α1A- and β3-adrenergic
receptors in conjunctival goblet cells. Interestingly, cholinergic agonists acting in
concert with growth factors may control proliferation of goblet cells (16).

IV. OCULAR SURFACE NEUROPATHY IN DRY EYE

Ocular surface pain and discomfort in severe sicca disease may partially result
from the well-documented neuropathy associated with Sjögren’s syndrome,
which is grouped with the neuropathies associated with connective tissue disease.
Clinical evidence has shown that peripheral sensory neuropathy may be an
important presenting sign for Sjögren’s patients (17,18). In accordance with this,
ocular surface discomfort is often the initial motivation for dry eye patients to
visit the ophthalmologist. In affected individuals, antibodies are found in periph-
eral nerves, dorsal root ganglia, and dorsal roots, as well as inflammatory cells in
the ganglia. Although the trigeminal system has not been as well studied, the
ocular surface discomfort of dry eye may be a form of sensory neuropathy; how-
ever, this theory requires confirmation. Small-diameter myelinated and unmyeli-
nated axons in the cornea are potential targets for peripheral nerve disorders, and
inflammatory cells infiltrating the ocular surface are well documented in dry eye.
These cells, in combination with antibodies to gangliosides and other neural
proteins, could cause local degeneration of small-diameter axons and their termi-
nals. Cranial neuropathies may be more common in Sjögren’s syndrome than is
currently recognized, and the dysthesias associated with the cornea may indicate
an inflammatory neuropathy within the trigeminal system (19).

V. THE TRIGEMINAL AND CNS PATHWAYS

As shown in Fig. 2a and 2b, small-caliber myelinated and unmyelinated nerves
end in the epithelial tissues of the cornea, limbus, and conjunctiva on the ocular

16 Beuerman et al.
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surface, and the eyelids. The pseudo-unipolar neurons within the trigeminal or
semilunar ganglion have processes with axonal properties that reach their periph-
eral target tissues in the eye and adnexal tissues through the first or ophthalmic
division of the trigeminal ganglion, as well as the second or maxillary division.
As with other ganglia, this structure is outside of the central nervous system, but
the central process forming the trigeminal nerve enters the brainstem and sends
axonal terminations to all levels of the spinal trigeminal ganglion. The third divi-
sion or mandibular portion of the trigeminal does not appear to be involved in
ocular sensations. The peripheral axons, or so-called primary afferents, end blind-
ly among the epithelial cells of the cornea and the conjunctiva. They do not
synapse with the epithelial cells nor do they have secondary sensory structures
that aid in transducing stimuli; thus, they are referred to as “free nerve endings”
(Fig. 2A). Their exact mechanism of action is not yet clear. However, these axons
course to the spinal trigeminal nucleus, where they synapse on secondary neurons
in the various nuclear regions of the spinal trigeminal nucleus, which extends
from the pons to the upper cervical spinal cord. Of the ocular surface sensory
inputs, the cornea is the best studied and the axons have been shown to terminate
in the nucleus interpolaris and caudalis (20–22). These nuclei of the spinal
trigeminal system are important because they have been uniquely associated with
processing of painful stimuli (23,24). Recent tracing studies have shown that the
sensory inputs from the upper eyelid in primates originate from first-division
trigeminal ganglion cells and terminate entirely unilaterally in the laminae of the
nucleus caudalis. The sensory terminals from the lower lid, which are of maxil-
lary origin, are located somewhat more dorsally (25). The trigeminal system is
associated with more than general somatic sensation, and the trigeminal reflexes
established by these neural connections have been often used to monitor and
investigate brainstem regions.

VI. CONNECTIONS FROM PARASYMPATHETIC GANGLIA TO THE
OCULAR SURFACE

Small-diameter axons leave the bilaterally placed parasympathetic ganglia, locat-
ed on the inferior medial aspect of the maxillary nerves, to stimulate secretion
by the lacrimal gland, the meibomian glands, the conjunctival goblet cells, and
perhaps by other secretory glands such as the accessory lacrimal glands, and
harderian glands in rodents. As seen in Fig. 3, the small, peripherally located
sphenopalatine (pterygopalatine) ganglia provide postganglionic secretory drive
through activation of muscarinic receptors located on the postsynaptic membrane
of the secretory glands on the ocular surface. The sphenopalatine (pterygopalatine)
ganglia contain several thousand neurons and have been studied intensively
because of their central role in cerebral blood flow and secretory control of the 
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salivary glands (26). Axonal inputs to the preganglionic neurons (Fig. 1) have been
suggested to be trigeminal in nature based on the presence of substance P and
CGRP. A variety of neuron types are found in the ganglia based on the distribution
of neuropeptides. VIP is detected in most of these neurons, while neuropeptide Y
and enkephalin have been identified in a smaller percentage (27).

The output of the parasympathetic ganglia consists largely of unmyelinated
fibers that provide the postganglionic output to many ocular surface tissues includ-
ing the lacrimal glands, meibomian glands, harderian glands, small vessels, and
conjunctival goblet cells. These conclusions are based on the results of a number
of anterograde blood and retrograde tracing studies using wheat germ agglutinin,
and horseradish peroxidase in combination with wheat germ agglutinin (28–30).

VII. MAJOR FLUID SECRETING ORGANS: THE MAIN AND
ACCESSORY LACRIMAL GLANDS

The main lacrimal gland resides in the superior temporal orbit. It consists of two
lobes that are separated by the lateral extension of the levator muscle aponeuro-
sis. The larger orbital lobe, about the size of an almond, is located superiorly

18 Beuerman et al.

Figure 3 The sphenopalatine ganglia. Original magnification � 125.
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within the lacrimal fossa of the frontal bone. The palpebral lobe, about one-half
the size of the orbital lobe, is found below the orbital lobe, under the conjunctiva
in the superotemporal fornix. The excretory ducts of the lacrimal gland pass
through the palpebral lobe to exit onto the ocular surface. The accessory lacrimal
glands are located in the superior conjunctiva and include the glands of Krause in
the fornix and the glands of Wolfring in the tarsal conjunctiva just above the
upper edge of the tarsus.

The lacrimal glands are composed of numerous lobules separated by
fibrovascular septa. These lobules have a tubuloacinar structure with secretory
acini and ducts that converge into the excretory ducts that drain on to the ocular
surface (Fig. 4). The acini appear as rosettes of polarized columnar secretory
epithelial cells in cross section. The epithelial cells’ apical surfaces terminate in
the central lumen, and their basal cell surfaces sit on a basement membrane,
enveloped by a discontinuous layer of flattened myoepithelial cells. The nucleus
of an acinar cell is located basally and is surrounded by a prominent endoplasmic
reticulum and Golgi apparatus. The mid and apical regions of acinar cells contain
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Figure 4 Epithelial and immunoarchitecture of the normal lacrimal gland.
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numerous secretory granules of the protein products to be secreted. Acinar
secretions drain into intralobular ducts that converge into interlobular ducts and
eventually merge to form the excretory ducts.

The acinar and ductal epithelia secrete water, electrolytes (Na+, Cl–, K+,
Ca2+), protein, and mucus into the tear fluid. Two types of acini have been iden-
tified, the predominant serous acini that secrete fluid and proteins, and the
mucous acini that stain positively for acid mucopolysaccharides. The serous acini
vary in the complement of proteins that they secrete (31). Concentrations of
proteins in tears can vary as well. For example, epidermal growth factor and IgA
concentrations decrease following sensory stimulation, whereas concentrations of
other lacrimal proteins such as lactoferrin and lysozyme remain constant in reflex
tear fluid (32,33).

Lacrimal glands are components of the mucosal-associated lymphoid tissue
(MALT). Lymphoid follicles with T and B lymphocytes and abundant IgA-
producing plasma cells are scattered in the stroma surrounding secretory acini in
the lacrimal glands (Fig. 4). Other secretory organs of the lacrimal functional unit
include the meibomian glands (described in Chapter 12), the ocular surface
epithelia, and the conjunctival goblet cells (described in Chapter 5).

The majority of tear secretion by the lacrimal epithelia occurs in response
to neural stimulation (34). Parasympathetic, sympathetic, and sensory nerves
innervate acini, ducts, and blood vessels of the lacrimal gland. Parasympathetic
nerves release the neurotransmitters acetylcholine and VIP, whereas sympathetic
nerves release norepinephrine, and sensory nerves release substance P and CGRP
(35). Maintenance of the lacrimal gland secretory environment is also regulated
by serum-derived factors, including sex hormones (e.g., androgen, estrogen, and
progesterone), cortisol, insulin, thyroxin, and growth factors (36).

Parasympathetic cholinergic nerves are primarily responsible for signaling
reflex tear secretion. Acetylcholine released from these nerve endings binds to
M3 acetylcholine receptors on the basolateral cell membranes of secretory epithe-
lia (35,37) and VIP binds to VIPergic receptors (38). Each receptor initiates a
signal transduction cascade that results in increased levels of second messengers,
fusion of secretory granules with the apical cell membrane, activation of cell
membrane ion transporters, and insertion of ion pumps that together mediate
secretion of electrolytes and osmotically entrained water. Specific signal trans-
duction pathways have also been identified for sympathetic stimulation of tear
secretion.

When acetylcholine binds to the extracytoplasmic domain of a M3 receptor
in the lacrimal epithelial cell basolateral membrane, it activates the heterotrimer-
ic GTP-binding proteins, Gq and G11, at the cytoplasmic surface (39). The α sub-
units, Gαq and Gα11, dissociate from the βγ subunits, release bound GDP,
and bind GTP. Both GTP-bound α subunits are believed to mediate the same
function, i.e., activation of the phosphatidylinositol-specific phospholipase C,

20 Beuerman et al.
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phospholipase Cβ (PLCβ). Phospholipase Cβ hydrolyzes phosphatidylinositol
bisphosphate (PIP2) to generate the intracellular mediators, inositol 1,4,5-trisphos-
phate (IP3) and diacylglycerol (DAG). IP3 activates IP3-regulated Ca2+ channels,
presumably associated with the endoplasmic reticulum and Golgi complex,
allowing Ca2+ that had been stored in those compartments to be released to the
cytosol. The elevation of cytosolic Ca+ then activates a plasma membrane Ca2+

channel, ICRAC, to allow influx of additional Ca2+.
The other major parasympathetic neurotransmitter in the lacrimal gland,

VIP, which also elicits protein secretion in the lacrimal gland (40), binds to
type I and type II VIP receptors, which couple to Gs. The activated α subunit,
GTP-Gαs, activates adenylyl cyclase, elevating cytosolic cAMP (38).

The major sympathetic neurotransmitter, norepinephrine, interacts with both
α1- and β-adrenergic receptors. The β-adrenergic receptors, like VIP receptors,
couple to Gs (39). α1-Adrenergic agonists elevate cytosolic Ca2+ (41). There are
reports that α1-adrenergic receptors couple to Gq (42) in rabbit lacrimal gland, and
that in rat lacrimal glands these receptors lead to stimulation of ADP-ribosylcy-
clase to convert β-NAD to cADP-ribose, which activates ryanodine receptor Ca2+

channels to release Ca2+ from an intracellular pool distinct from the IP3-receptor
regulated pool (43). The G proteins that couple α1 receptors to downstream medi-
ators in rat lacrimal glands have not been delineated.

Lacrimal epithelial cells also respond to purinergic agonists, indicating that
they possess P2Y1 receptors, but little is known about the purinergic innervation
of the lacrimal glands (44).

It appears that parasympathetic and sensory nerves also may activate
lacrimal epithelial secretion indirectly, by stimulating mast cells to release hista-
mine (45). The lacrimal epithelial histamine receptors have not been character-
ized, but classically H1 receptors couple to Gq/G11, and H2 receptors couple both
to Gs and Gq/G11 (46). Availability of histaminergic signaling pathways would
raise the possibility that inflammation may initiate lacrimal gland secretion
directly, i.e., without eliciting sympathetic or parasympathetic neurotransmission.

There are some interesting clues that cross-talk between the classical G pro-
tein-coupled receptor (GPCR) signaling pathways and between GPCR and non-
GPCR pathways may be physiologically significant. In addition to elevating
cAMP, VIP stimulation also appears to cause a small but significant elevation of
cytosolic Ca2+ (38). Neutralizing antibodies to Gs partially inhibit responses to the
muscarinic cholinergic agonist, carbachol, suggesting that M3 receptors couple to
Gs as well as to Gq/G11 (39). Epidermal growth factor stimulates protein secretion
in rat lacrimal acinar cells (47), and M3 receptor stimulation causes transactivation
of epidermal growth factor receptors (48). Carbachol stimulation also appears to
activate MAP kinase, which, via pathways presently unknown, partially inhibits the
secretory response (49). Interestingly, opioid receptor activation inhibits secretory
responses, at least in some species, by stimulating Gi family proteins (50).

The Lacrimal Functional Unit 21

20106_CH02(11-40).ps  5/17/04  3:53 PM  Page 21

dramroo@yahoo.com



The intracellular signaling mediators, Ca2+ and diacylglycerol, elicit a set of
downstream responses. Diacylglycerol is an activator of protein kinase C (PKC).
Lacrimal acinar cells contain five different protein kinase C isoforms, PKCα, -β,
-γ, -ε, and -λ/ι, all of which are activated by diacylglycerol and some of which also
require elevation of cytosolic Ca2+. These appear to be differentially distributed
among the various intracellular compartments and to play different roles in the
secretory process (51).

VIII. ELECTROLYTE AND WATER SECRETION

Secretion of water by epithelial tissues is an osmotic phenomenon, driven by
the active secretion of proteins, mucins, and electrolytes. Lacrimal epithelial cells
contain aquaporin (AQP) water channels (52); AQP5 is present in the apical mem-
brane, while AQP3 and AQP4 are present in the basolateral membranes (53). While
the aquaporins are known to mediate the flux of water through cell membranes,
aquaporin knockout mice do not exhibit a notable decrement in tear production.

Oncotic pressure associated with secretion of proteins and mucins likely
contributes to the secretion of water, but it generally is believed that the greatest
component of water secretion results from the epithelial cells’ ability to secrete
electrolytes, primarily Na+, K+, and Cl–. Cumulative evidence from several
laboratories suggests a cellular model for this process that involves five different
transporters—Na+,K+-ATPase, Na+/H+ exchangers, Cl–/HCO3

– exchangers,
Na+K+Cl2– cotransporters, and K+ channels—arrayed in parallel on the basolat-
eral plasma membrane, and at least two additional transporters—Cl– channels and
K+ channels—arrayed in parallel on the apical plasma membrane (Fig. 5A)
(54–58). Intracellular mediators and effectors generated by receptor activation
lead to opening of the apical Cl– channels and both the apical and the basolateral
K+ channels. Opening of the K+ channels hyperpolarizes the electrical potential
difference across the cell membrane, thereby increasing the force driving Cl– out
of the cell and into the forming lacrimal gland fluid. Intracellular mediators and
effectors also activate Na+K+Cl2– cotransporters and Na+/H+ exchangers, accel-
erating Na+ influx and also accelerating Cl– influx, both directly and indirectly.
The increased rate of H+ extrusion by activated Na+/H+ exchangers alkalinizes
the cytosol. Cytoplasmic alkalinization increases the net influx of Cl– mediated
by Cl–/HCO3

– exchangers in the baslateral membrane kinetically, by increasing
the cytosolic HCO3

– concentration, and allosterically, by activating a pH-depend-
ent regulatory site. Recruitment of additional Na+,K+-ATPase pump units to the
plasma membrane from large intracellular stores helps the cell maintain ionic
homeostasis.

It generally is assumed that Na+ ions, which are pumped back out of the
cell into the surrounding interstitial space by Na+,K+-ATPase in the basolateral
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Figure 5 Lacrimal secretion mechanisms. (A) Secretion of water into tear fluid by
lacrimal epithelial cells depends mainly on osmotic pressure generated by secretion of elec-
trolytes. Five types of transporters in the basolateral plasma membrane (from top to bottom:
Na+K+Cl2– co-transporters, Cl–/HCO3

– and Na+/H+ exchangers, Na+,K+-ATPases, and K+

channels), together with Cl– and K+ channels in the apical plasma membrane, are thought
to be involved in this process. See text for details. (B) Lacrimal secretory proteins are syn-
thesized in response to neurotransmitter receptor stimulation at the basolateral membrane
(blm). Synthesis occurs in the endoplasmic reticulum, then secretory proteins transit through
the Golgi and the trans-Golgi network (TGN), where carbohydrate side chains are modified.
The secretory proteins are concentrated in secretory vesicles (SV), which fuse with the api-
cal plasma membrane (apm), releasing their contents. After secretion, vesicle membranes are
recycled as endocytic transport vesicles (etv) to the Golgi and trans-Golgi network.
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membrane, are secreted through the epithelium via the paracellular pathway. The
driving force is the lumen-negative transepithelial electrical potential difference
generated by secreted Cl– ions (35).

IX. LACRIMAL PROTEINS

The population of large, protein- and mucin-containing secretory vesicles dense-
ly packed into the apical cytoplasm is perhaps the most striking structural feature
of the lacrimal secretory epithelial cell (59). According to the classical merocrine
secretory mechanism, the lacrimal secretory proteins are synthesized and manno-
sylated in the endoplasmic reticulum, and the carbohydrate groups are modified
during subsequent transit through the Golgi complex. Secretory proteins are
collected into transport vesicles in specialized domains of the trans-Golgi net-
work, then, presumably, delivered to newly forming secretory vesicles. Both Ca2+

(60) and PKCα (61) activate exocytic fusion of preformed secretory vesicles with
the apical plasma membrane, so that the content proteins are released into the
forming lacrimal gland fluid.

A second apical secretory pathway recently has been discovered to emerge
from the trans-Golgi network. In this pathway, secretory transport vesicles move
directly to the apical plasma membrane in response to secretory stimulation (62)
It is not yet known whether the same population of secretory transport vesicles,
carrying the same spectrum of proteins, mediates direct secretion in the stimulat-
ed state and formation of secretory vesicles in the resting state. However, both
processes appear to be driven by the microtubule minus-end-directed molecular
motor, dynein.

After exocytic protein and mucin secretion, the lipids and proteins that had
comprised the secretory vesicle membranes are endocytically retrieved and
returned to the Golgi complex and trans-Golgi network, where they are collected
into new secretory transport vesicles (63). The endocytic transport vesicles
appear to be driven by the microtubule plus-end-directed molecular motor,
kinesin. In-bound traffic, like the secretory traffic, is controlled directly by intra-
cellular signaling mediators (64).

X. TRANSCYTOTIC SECRETION

Lacrimal gland fluid also contains macromolecular products that are synthesized
by cells other than the secretory epithelial cells. The most notable of these is
secretory IgA (sIgA), which is released by plasma cells in the space surrounding
the epithelium. The mechanism of dimeric IgA secretion has been studied
in MDCK cells transfected with polymeric immunoglobulin receptors (pIgR).
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MDCK cells are a renal epithelial cell line that do not normally secrete IgA, but
they offer the experimental advantage that the cells form polarized monolayers,
with both surfaces accessible to manipulation; as such they may not necessarily
recapitulate all the adaptations expressed by cells that are specialized for dimer-
ic IgA transcytosis. The basic model is that newly synthesized polymeric
immunoglobulin receptors emerge from the trans-Golgi network in transport
vesicles targeted to the basolateral plasma membrane (65). At the basolateral
membrane, polymeric immunoglobulin receptors bind dimeric IgA, and the com-
plex is internalized to an early endosome. From the early endosome the complex
is transferred to an apical or common endosome, where it is collected into bud-
ding transport vesicles targeted to the apical plasma membrane. The polymeric
immunoglobulin receptor extracytoplasmic domain, which contains the dimeric
IgA-binding region commonly referred to as secretory component, is cleaved
from the membrane-spanning tail to release the secretory component-dimeric IgA
complex, i.e., sIgA, into the forming lacrimal gland fluid.

A somewhat more nuanced model is suggested by observations that
lacrimal acinar cells contain large intracellular pools of polymeric immunoglob-
ulin receptors and, by analogy to an unusual pattern of traffic that receptors for
epidermal growth factor, have been found to undergo in lacrimal acinar cells (66).
According to this model, the bulk of the cell’s polymeric immunoglobulin recep-
tors cycle constitutively between the intracellular pools and the basolateral
plasma membrane. The polymeric immunoglobulin receptor pool turns over as
the fraction that enter lysosomes and are degraded and the fraction that are
hydrolyzed at the apical plasma membrane are replaced by newly synthesized
polymeric immunoglobulin receptors emerging from the trans-Golgi network.
Stimulation with carbachol dramatically increases secretory component secretion
and presumably reduces polymeric immunoglobulin receptors’ traffic to the
lysosomes (67). It is reasonable to assume that binding of dimeric IgA
elicits a similar response, but possible dimeric IgA-polymeric immunoglobulin
receptor signaling pathways in lacrimal secretory cells have not yet been
investigated.

It has been known for some time that expression of polymeric
immunoglobulin receptors is one of the lacrimal epithelial cell functions
that exhibits a striking sexual dimorphism; tear secretory component and
sIgA concentrations may be fivefold or more greater in males than in females
(68). However, there is still no information about whether this dimorphism is
related to males’ generally greater resistance to autoimmune lacrimal gland
disease (69).

The general principles of the transcytotic secretion of dimeric IgA may apply
to the secretion of other products as well. Lacrimal gland fluid contains serum albu-
min and IgG, and it also contains hepatocyte growth factor (HGF), which appears to
be released by fibroblasts (70). Albumin and IgG secretion may occur via fluid phase
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traffic through the series of compartments that comprise the transcytotic pathway. In
contrast, HGF transcytosis may involve a receptor-mediated mechanism.

XI. INFLAMMATION AND SECRETION

It has been a puzzling observation that the lacrimal glands of Sjögren’s patients
with severe salivary and lacrimal insufficiencies can contain large masses
of secretory parenchyma (71). While it has been recognized that some mecha-
nism(s) associated with lymphocytic infiltration must be responsible for
maintaining a state of functional quiescence, until recently there has been little
information about the nature of the signals involved. Secretomotor innervation
appears largely intact, except in the immediate vicinity of lymphocytic foci. It
seems well established that neurotransmission is impaired in the MRL/lpr mouse
model of autoimmune lacrimal gland disease (72) and that the epithelial cells
exhibit exaggerated responses to carbachol, as expected for denervation hyper-
sensitivity (73). Moreover, impaired neurotransmission can be replicated ex vivo
by treatment with IL-1 and TNF-α (74).

A different process may operate in human Sjögren’s syndrome.
Immunohistochemical analyses of labial salivary gland biopsies from Sjögren’s
syndrome patients indicate that plasma membrane muscarinic receptors are
upregulated, as might be expected to occur in denervation hypersensitivity (75).
Except within areas of lymphocytic infiltration, parasympathetic innervation
appears intact in Sjögren’s syndrome patients’ labial salivary glands (76).
Moreover, the patients’ saliva contains relatively high concentrations of VIP,
suggesting that neurotransmission is not impaired (77). Ex-vivo studies indicate
that epithelial cells from Sjögren’s syndrome patients’ labial salivary glands are
unable to elevate cytosolic Ca2+ in response to stimulation with the cholinergic
agonist, pilocarpine (78). Immunocytochemical studies indicate that expression
of protein kinase Cα is decreased (79). Such observations suggest that signals
associated with the presence of autoimmune infiltrates cause secretory epithelial
cells to become functionally quiescent (80).

One possible clue to the nature of the quiescence-inducing signals is sug-
gested by reports that Sjögren’s syndrome patients’ sera contain M3 receptor-acti-
vating autoantibodies (81,82). If so, chronic autoantibody-mediated stimulation
might induce functional quiescence by downregulating postreceptor signaling.
Preliminary reports of studies with an ex-vivo model suggest that chronic stimu-
lation with a half-maximal concentration of carbachol causes a wide spectrum
of functional and biochemical changes, many of which mimic the changes
documented in Sjögren’s patients’ labial salivary gland biopsies (83,84). Total
muscarinic acetylcholine receptor ligand-binding activity per milligram of cellu-
lar protein is not altered, but receptors are redistributed from the endosomes to
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the plasma membrane; protein kinase Cα immunoreactivity is downregulated;
and the cells fail to elevate cytosolic Ca2+ or secrete protein in response to acute
stimulation with 100 µM carbachol. Cellular expression of Gq and G11 is down-
regulated, suggesting that while the muscarinic receptors are present and their
plasma membrane expression is upregulated, they are unable to transduce signals
to downstream mediators and effectors. The cells exhibit several additional
changes, which suggest that their ion and dimeric IgA secretory functions also are
quiescent: Na,K-ATPase is internalized from the basolateral plasma membranes
to endomembrane compartments, and total cellular content of polymeric
immunoglobulin receptors is downregulated.

XII. SECRETORY EPITHELIAL CELLS MAY PROVOKE AND
EXACERBATE AUTOIMMUNE INFLAMMATION

The specialized adaptations lacrimal epithelial cells have developed to fulfill
their role in the lacrimal functional unit may cause them to participate actively
in initiating and expanding the autoimmune responses that impair their
function.

One of the early suggestions for the initiation of autoimmune responses to
the Ro/SSA and La/SSB autoantigens was based on observations that their
expression levels are upregulated and their subcellular localization shifts from the
nucleus to the cytoplasm and plasma membranes in response to various pertur-
bations, including viral infections, cytokine stimulation, and oxidative stress in
vitro (85,86), and that an analogous redistribution of La/SSB occurs in Sjögren’s
syndrome patients’ salivary glands (87). While this mechanism may indeed
occur, and while it would increase exposure of the autoantigens to B-cell antigen
receptors and autoantibodies, some additional process is required to account
for the activation of CD4+ T cells, which dominate the Sjögren’s lymphocytic
infiltrates.

More recent efforts to understand the pathways by which autoantigens
come to be exposed and presented in the lacrimal and salivary glands have
focused on the role of apoptosis. Apoptotic fragments have been shown to con-
tain several known lacrimal autoantigens, including Ro/SSA, fodrin, and M3

receptors (88). Apoptosis appears to be a relatively rare event in the normal
lacrimal gland, but it does occur at a detectable rate. Interestingly, ovariectomy
causes a wave of lymphocyte apoptosis in the lacrimal gland, and this is followed
by signs of increased epithelial cell necrosis (89). Both the lymphocyte apoptosis
and the epithelial cell necrosis induced by ovariectomy can be prevented by
administration of either dihydrotestosterone or estradiol (90). Presumably, apop-
totic material and necrotic cell debris are cleared by macrophages, which may
then process the autoantigens and present pathogenic epitopes.
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An alternative model, in which intact, functioning lacrimal epithelial cells
expose autoantigens and presented autoantigen eptitopes, has also been proposed.
Compared to the absorptive epithelial cells that have been studied with the same
analytical methods, lacrimal acinar cells contain unusually large intracellular
pools of proteins that function classically in the plasma membranes. These
include Na+,K+-ATPase, Na+/H+ exchangers, Cl–/HCO3

– exchangers, muscarinic
acetylcholine receptors, β-adrenergic receptors, epidermal growth factor recep-
tors, and the heterotrimeric GTP-binding proteins, Gq, G11, Go, Gi3, and Gs

(91,92). At least in ex-vivo preparations of acinar cells from rabbit lacrimal
glands, recycling between the plasma membrane and the network of endomem-
brane compartments is remarkably rapid; half-times for internalization of extra-
cellularly labeled membrane proteins are 30 s, and half-times for return to the
plasma membrane are roughly 5 min (93).

This traffic may serve several goals. It may sustain a large flux of
polymeric immunoglobulin receptors to the basolateral membrane to mediate
dimeric IgA transcytosis, and a strategy of bulk membrane internalization and
recycling may be energetically less costly than selective sorting of polymeric
immunoglobulin receptors for endocytosis at the plasma membrane. It may per-
mit the cell to fine-tune the number of Na+,K+-ATPase molecules in place in the
plasma membrane to match changes in the rate of Na+ influx as Na+/H+ exchang-
ers and Na+K+Cl2– co-transporters are activated and inactivated. It may permit
rapid adjustments in cell surface area as cell volume changes in response to the
osmotic losses associated with the effluxes of Cl– and K+ mediated by activated
ion-selective channels. Finally, it may permit the continuous replacement and
reactivation of inactivated neurotransmitter receptors to support secretory
responses to sustained stimuli.

The apparent problem created by this functional specialization is that it also
provides a pathway by which the cell may constitutively secrete potentially path-
ogenic autoantigens into the surrounding space. It is possible to induce autoim-
mune lacrimal gland disease by immunizing animals with several different
lacrimal autoantigens (94–96). This result indicates that potentially pathogenic
CD4+ T cells specific for lacrimal autoantigen epitopes must routinely escape
clonal deletion (97,98). It also indicates that the epitopes recognized by autore-
active lymphocytes are constitutively available and are associated with antigen
presenting cells in the milieu of the lacrimal glands. Therefore, it appears that
lacrimal autoimmunity is a normal state. If so, it must normally be prevented
from progressing to a disease state by immunoregulatory mechanisms.

According to the paradigm of normal lacrimal autoimmunity, autoimmune
disease may result when any of a number of perturbations disrupt local
immunoregulation, e.g., increased expression of pro-inflammatory cytokines,
decreased expression of anti-inflammatory cytokines, and increased exposure
of autoantigens. The endomembrane network is fairly complex. As mapped in
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recent studies (62,66,92), the early basolateral endosome communicates with a
late endosome, a recycling endosome, and the Golgi complex and the trans-Golgi
network. The trans-Golgi network communicates with the recycling endosome
and the late endosome, as well as with the regulated and recruitable apical secre-
tory pathways. The late endosome communicates with the early endosome as
well as with the prelysosome. The endomembrane network is not only complex,
it also is very dynamic, and its organization appears to undergo significant
changes in response to alterations of the local signaling environment. Moreover,
the changes that have been observed experimentally are consistent with increased
secretion of autoantigens as well as with increased plasma membrane exposure,
although it is not yet known whether these are sufficient to disrupt local
immunoregulation (99).

Once local immunoregulation has been disrupted, or once an infection or
trauma has provoked an inflammatory response, it is possible that autoimmune
responses may be initiated and spiral out of control. The presence of cytokines
and inflammatory mediators in the local milieu appears to induce lacrimal epithe-
lial cells to begin expressing major histocompatibility complex (MHC) Class II
molecules (100). Preparations of MHC Class II+ epithelial cells are able to stim-
ulate autologous lymphocytes to proliferate ex vivo, suggesting that they are able
to function as antigen-presenting cells (100,101). This function raises the possi-
bility that when MHC Class II expression has been induced, it leads to epitope
spreading that evades the available immunoregulatory mechanisms.

Interruption of the afferent or efferent pathways results in paralysis of
tear secretion. Immediately after interruption of lacrimal innervation, the acinar
cells continue to produce tear proteins that are stored in secretory vesicles. These
vesicles initially fill the acinar cells, but over time, the acinar cells atrophy in the
absence of innervation.

XIII. TWO STATES OF THE FUNCTIONAL UNIT

To achieve ocular surface protection in a wide range of situations, the components
of the functional unit may be activated differentially depending on environmental
conditions and pathology (Fig. 6). Sensory innervation and hence the lacrimal
functional unit can operate at two states of activation. The first state is under nor-
mal conditions (without trauma or pathology) where a constant, low level of input
to the lacrimal functional unit arrives from sensory nerves on the ocular surface.
In this first state of activation, sensory input is subthreshold, and the individual is
not usually aware that the nerves are sensing the environment. The cornea senso-
ry nerves act in concert with efferent sympathetic and parasympathetic innervation
to modulate secretory activity by the lacrimal and meibomian glands, and by the
conjunctival goblet cells. Tear flow is moderate without excess.
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In the second state of activation, the individual is painfully aware that the
nerves are activated, because a number of involuntary reflexes are set in motion
by a superthreshold sensory event, as highlighted in Fig. 6. These reflexes, which
include reflex lacrimation, a cardiovascular reflex, the blink reflex, and Bell’s
phenomenon, are all nonsuppressible and function to protect the eye from poten-
tial danger. Thus, the excess lacrimation often associated with dry eye is a reflex
in response to the discomfort and pain elicited by conditions on the ocular sur-
face. Corneal hyperesthesia has been observed in dry eye patients, as well as an
inverse correlation between sensory threshold and the degree of corneal punctate
epitheliopathy. This heightened sensation may be due to breakdown of the tight
junctions in the apical corneal epithelium that allows greater access of environ-
mental stimuli to the sensory nerve endings terminating in the wing cell layers of
the corneal epithelium.

XIV. REFLEXES AND THE LACRIMAL FUNCTIONAL UNIT

Reflexes are the ultimate means for protection of the ocular surface and the visu-
al organ. Involuntary reflexes are invoked as part of the response to the reception
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Figure 6 Neural circuitry of the lacrimal functional unit. In the normal state, subthresh-
old sensory input from the ocular surface modulates secretory activity. A superthreshold sen-
sory event on the corneal surface (environment) triggers a number of involuntary reflexes,
including reflex lacrimation (tears).
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of painful stimulation. These reflexes are kept under tight neural control, because
when they are triggered, the organism may become vulnerable due to temporary
visual impairment. In addition to the blink reflex, copious tear secretion from the
orbital lacrimal glands is typically observed. Although meibomian glands and
conjunctival goblet cells have muscarinic parasympathetic innervation, it is not
clear whether reflex secretions from these glands are involved. Dorsoflexion of
the neck to move the head away from the noxious stimulus and a cardiovascular
reflex are among the involuntary reflexes invoked.

Interestingly, the blink reflex is bilateral in humans and primates but
unilateral in most other mammals (102). Recent studies using the blink reflex to
investigate learning and memory have noted the participation of N-methyl-D-
aspartate (NMDA) receptors in the nucleus of the abducens nerve, which acti-
vates the orbicularis muscle when this system is under stimulus control (103).
The constant irritative stimulus associated with dry eye may overdrive the orbic-
ularis motor nucleus, resulting in the increased blink rate that is often observed in
dry eye patients. Indeed, the increased blink rate in dry eye has been found to
correlate with corneal hyperesthesia. Reflexes that have lost neural control, such
as constant tearing in dry eye or blepharospasm (not necessarily associated with
dry eye), can become clinical problems themselves.

Tear secretion is acutely regulated by stimulation of trigeminal sensory
nerves on the ocular surface and adnexal tissues. During nonstressful environ-
mental conditions, the level of sensory stimulation is relatively low. Stressful
environmental conditions, such as wind gusts or low humidity, increase tear
evaporation and disrupt the tear film. This results in stimulation of sensory nerve
endings and a resultant coordinated secretion of factors that stabilize the tear film
and protect the ocular surface. Restoration of a stable tear film improves ocular
surface comfort, and the level of sensory stimulation returns to baseline. Inability
of the integrated unit to respond to ocular surface stress due to conditions that are
reviewed in Chapter 4 worsens tear stability, further stimulates sensory nerves
and causes eye pain.

The spread of tears across the ocular surface and clearance of existing tear
components into the lacrimal drainage system is as important for ocular surface
health as the regulated production of tear components. These functions are regu-
lated by motor components of the integrated unit.

XV. AGING EFFECTS

Aging can affect the lacrimal functional unit in several ways. The first is by reduced
flow of afferent information due to loss of sensory axons, resulting in loss of respon-
siveness to environmental stimuli. Additionally, central nervous system effects of
aging may be evident in synaptic components or neurotransmitter availability,
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which could affect processing of input from the lacrimal functional unit . Corneal
innervation exhibits significant aging effects, with a decrease in sensory threshold
beginning at about the fourth decade of life (104). This may occur by dropout of
the axons, either from degeneration of collaterals, or more directly from loss of
ganglion cells. The latter would have broader implications, but loss of support for
axonal branches would lead secondarily to lowering the density of terminals in
either in the sensory or the autonomic systems. It is clear that age-related dropout of
cholinergic parasympathetic nerves occurs elsewhere (105,106), although it is not
well documented in the eye. All of these aging mechanisms may be acting in the
parasympathetic system to decrease secretory function, increase the possibility of
immune activation, and potentially set the stage for homeostatic dysfunction on
the ocular surface. The blink reflex, a direct result of corneal stimulation, shows
oscillations over the age of 40 and increases in duration in normal subjects over age
60, which may be due to loss of substantia nigra dopaminergic neurons (107).
However, the oscillatory blink reflex is associated with dry eye regardless of age,
and is likely a response to corneal irritation (108).

XVI. SUMMARY

1. The lacrimal functional unit comprises the ocular surface (including
the cornea, the conjunctiva, and the meibomian glands), the main and
accessory lacrimal glands, and the neural network that connects them.
Its overall purpose is to maintain the clarity of the cornea and the
quality of the image projected onto the retina.

2. Acting through areas of the central nervous system, a complex of
sensory, sympathetic, and parasympathetic nerves links the compo-
nents of the lacrimal functional unit into a homeostatic loop.

3. Acinar cells of the lacrimal gland secrete water, electrolytes, protein,
and mucins into tear fluid, mostly in response to neural stimulation.
Neurotransmitter receptors coupled to G proteins ultimately regulate
electrolyte transporters and secretion of proteins via the Golgi complex.

4. In the lacrimal quiescence associated with Sjögren’s syndome, neuro-
transmitter receptors seem unable to transduce signals to downstream
mediators and effectors; however, many details remain to be elucidated,
and whether quiescence in non-Sjögren’s lacrimal keratoconjunctivitis
occurs by a similar mechanism is unclear.

5. Under normal conditions, a subthreshold level of input from ocular
surface sensory nerves is proposed to modulate secretory activity by
lacrimal and meibomian glands. Under stressful conditions, or during
inflammation of the ocular surface as occurs in dry eye, this elaborate
neural control mechanism may be disrupted.
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A normal tear film is required to maintain the health and function of the ocular
surface. The pathological changes seen in dry eye disease affect all components
of the tear film, changing the ocular surface environment from “ocular surface
supportive” to “pro-inflammatory”. In this chapter we will discuss the makeup of
the normal tear film and how it provides a supportive and protective environment
for the mucosal surfaces of the eye—the cornea and conjunctiva.

I. FUNCTIONS OF THE TEAR FILM

The tear film serves four important functions: a smooth optical surface for normal
vision, maintenance of ocular surface comfort, protection from environmental and
infectious insults, and maintenance of epithelial cell health.

First, the tear film is a critical component of the eye’s optical system. It and
the anterior surface of the cornea combine to provide approximately 80% of the
refractive power for the eye’s focusing mechanism (1). Even a small change in tear
film stability and volume will significantly change the quality of vision (primarily
contrast sensitivity) (2,3). The lens and its controlling anatomy “fine-tune” this
refractive power. Tear film breakup causes optical aberrations that can degrade the
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quality of images focused on the retina (4). Accordingly, the irregular preocular
tear film of patients with lacrimal keratoconjunctivitis may be responsible for
symptoms of visual fatigue and photophobia (5–7).

Second, the tear film helps maintain ocular surface comfort by continuously
lubricating the ocular surface. The normal tear film is subjected to a shear force of
about 150 dynes/cm2 by the superior lid margin traversing the ocular surface dur-
ing a normal blink cycle (1,8). Non-Newtonian properties of the tear film’s mucin
layer decrease this shear force, which would otherwise be exerted on the ocular
surface epithelium, to a negligible level (9). In lacrimal keratoconjunctivitis, alter-
ations of the mucin layer render the ocular surface epithelial cell membranes more
susceptible to this shear force, resulting in increased epithelial desquamation and
induction of pathological apoptosis (10).

Third, the tear film protects the ocular surface from environmental and infec-
tive intrusions. The ocular surface is the most environmentally exposed mucosal
surface of the body. It continually encounters temperature extremes, humidity,
wind, UV irradiation, allergens, and irritants, such as pollutants and particulate
matter. The tear film must have sufficient stability to buffer the ocular surface
microenvironment against these challenges. Protective components of the tear film,
such as immunoglobulin A, lactoferrin, lysozyme, and peroxidase, resist bacterial
or viral infections. The surface lipid layer minimizes evaporation of the aqueous
component of the tear film in adverse environments. Additionally, tear production
may be stimulated to help wash out particulates, irritants, and allergens.

Fourth, the tear film provides a trophic environment for the corneal epithe-
lium. Because it lacks vasculature, the corneal epithelium depends on the tear film
for growth factors and for certain nutritional support. The electrolyte and oxygen
supply of the corneal epithelium is provided by the tear film (see Table 1). While
most of the glucose utilized by the corneal epithelium is supplied by diffusion
from the aqueous humor, tears contain about 25 µg/mL glucose, roughly 4% of
the glucose concentration in blood (13), a sufficient concentration to support
nonmuscular tissue (Table 2). Tear film antioxidants help maintain a reducing
environment and scavenge free radicals. The tear film also contains a plethora of
growth factors, important for the constant regeneration of the corneal epithelium,
and for wound healing (Table 3).

II. ALTERATIONS OF THE TEAR FILM LEADING TO LKC

Alterations of these tear film functions can result in visual disturbance and irrita-
tion, inflammation, and infection. As discussed at length in Chapter 2, the cornea
is the most densely innervated surface of the body. Disruption of the corneal
epithelium causes acute, severe pain. When the ocular surface is subjected to con-
stant irritation, constant stimulation of ocular surface sensory nerve endings leads
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to release of neuropeptides, such as substance P and calcitonin gene-related
peptide (CGRP), which are capable of inducing neurogenic inflammation. This is
believed to be an important initiating factor in the pathogenesis of many cases of
lacrimal keratoconjunctivitis. If left unchecked, constant environmental stimula-
tion and increased surface shear forces will cause further irritation, abnormal
sloughing of the ocular surface epithelium, and hyperemia of conjunctival ves-
sels. Inflammation is initiated by blood proteins and immune cells leaking from
the vessels into the substantia propria of the conjunctiva. Chronic inflammation
of the ocular surface activates genes responsible for differentiation, such as
keratins. Hyperkeratinization of the corneal and conjunctival epithelium results in
a poorly lubricated and nonwettable surface (82,83), perpetuating a cycle of
increasing inflammation and decreasing tear production.

III. TEAR FILM STRUCTURE AND STABILITY

The tear film is structured to maintain a stable supportive environment for the ocu-
lar surface in the face of challenging environments. The traditional structure of the
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Table 1 Electrolyte Concentrations in the Tear Film of Healthy Subjects

Sodium 133 mM
Potassium 24 mM
Calcium 0.80 mM
Magnesium 0.61 mM
Chloride 128 mM
Bicarbonate 33 mM
Nitrate 0.14 mM
Phosphate 0.22 mM
Sulfate 0.39 mM

Data sources: Refs. 11 and 12.

Table 2 Small-Molecule Concentrations in the Tear Film

Molecule Concentration Function Reference

Retinol

Vitamin C
Tyrosine
Glutathione
Glucose
Prostaglandin E2

16 ng/mL

117 µg/mL
45 µM
107 µM
26 µg/mL
82 pg/mL

Epithelial maintenance
and differentiation

Antioxidant
Antioxidant
Antioxidant
Cellular metabolism

14

12
12
12
12
15
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tear film proposed by Wolff comprises three distinct components: the mucin layer
coating the surface epithelium, the aqueous layer making up the majority of the tear
film, and the thin lipid layer sitting on top and slowing evaporation (84). However,
several types of measurements question the existence of a free fluid layer beneath
the lipid layer (85–87). The currently proposed tear film structure is that of a
mucin/aqueous gel decreasing in density toward the lipid layer (Fig. 1) (9,88).

IV. EPITHELIAL SURFACE

The ocular surface is composed of two important, structurally divergent epithe-
lia: on the corneal and on the conjunctival surface (89). Each of these epithelia
secretes components which enable the tear film to protect the ocular surface.
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Figure 1 Normal tear film structure and components.
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The corneal epithelium is approximately five to seven cell layers thick. The
superficial epithelium contains microvilli that help anchor the tear film (Fig. 2).
As cells become senescent and slough, exfoliation holes may be seen by electron
microscopy (90). Tear film proteases partially regulate corneal epithelial cell
exfoliation. Lacrimal keratoconjunctivitis may disrupt the balance between these
proteases and their inhibitors, thereby affecting corneal epithelial thickness. For
example, in vitamin A deficiency, decreased production of matrix metallopro-
tease 9 (MMP-9) correlates with marked thickening of the corneal epithelium,
whereas in aqueous tear deficiency, increased protease activity correlates with
accelerated desquamation of the corneal epithelium (Fig. 3) (75,91–93).

The barrier function of the corneal epithelium is due to epithelial tight junc-
tions and to the mucins and glycogen coating the apical epithelium. Junctional zonu-
lar occludens in the apical corneal epithelium impede pericellular water and protein
movement through the corneal epithelium from the tear film or the hygroscopic
corneal stroma (94). Epithelial cells synthesize transmembrane mucins, high-molec-
ular-weight glycoproteins that coat the hydrophobic cell membranes of the superfi-
cial differentiated epithelial cells and extend into the tear film. These mucins lower
surface tension and facilitate tear spreading and wetting of the corneal surface. They
also serve to anchor the overlaying mucin/aqueous gel to the corneal surface.

The Normal Tear Film and Ocular Surface 51

Figure 2 Transmission electron micrograph of the apical layers of the human cornea.
The microvilli and microplique are several tenths of a micrometer in length and support
small filaments that radiate into the tear layer. They help maintain a regular tear film across
the cornea. Tight junctions (zona occludens) are highly resistant to passage of aqueous
solution and proteins between the adjacent flattened apical epithelial cells of the cornea.
Magnification 17,500.
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The conjunctival epithelium, typically four cell layers thick, contains
specialized goblet cells that secrete soluble mucins (95). Soluble mucins wash over
the entire epithelial surface and interact with transmembrane mucins anchored to
the surfaces of conjunctival and corneal epithelial cells, forming a mucin gel.
Additionally, significant numbers of immunocompetent dendritic cells (Langerhans
cells) inhabit the conjunctival epithelium and help provide immune protection for
this tissue (see Chapter 6 for more detail).

V. MUCIN LAYER

The mucin layer functions as a surfactant for the ocular surface, allowing an
evenly spread tear film to wet the hydrophobic epithelium. It is primarily respon-
sible for tear film viscosity, protecting against the shear force of blinking (96) that
would otherwise cause abnormal sloughing of epithelial cells, ocular surface
irritation, and eventual inflammation. The mucin layer also helps to maintain the
ocular surface’s optical purity and refractive power.

Although at first glance the mucin layer appears loosely organized and
amorphous, recent findings have demonstrated that it is highly organized in a
manner which facilitates its function. Conjunctival and corneal epithelia express
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Figure 3 Mechanism of desquamation of the apical corneal epithelium.
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transmembrane mucins 1, 2, and 4, which form the glycocalyx and anchor the
mucin layer to the hydrophobic epithelial cell surface (97–99). The membrane-
spanning domain of MUC1 anchors it to epithelial cells and its extracellular
domain extends 200–500 nm into the glycocalyx (100). MUC4, expressed by
the stratified conjunctival epithelium (101), forms a sialomucin complex on the
surfaces of corneal and conjunctival epithelial cells, and can also be shed into tear
fluid as a soluble mucin (48). Conjunctival goblet cells secrete the soluble mucin
MUC 5AC (101), which interacts with the membrane-bound mucins and the
aqueous layer to form a water-trapping gel. Lacrimal glands secrete MUC-7 into
the tear fluid (51,102). MUC1 and MUC4 have been shown to prevent inflam-
matory cell adhesion (103,104), suggesting that the mucin layer may function, in
general, to prevent adherence of inflammatory cells, bacteria, or debris to the ocu-
lar surface (99). In summary, expression of mucins on epithelial cell surfaces and
the chemical interactions with the soluble mucins promote tear film spreading
and ocular surface wetting. An intact and hydrated mucin gel helps protect the
epithelium from environmental insult and minimizes shear forces during blinking
(8,96,105).

VI. AQUEOUS LAYER

The aqueous layer of the tear film, or the more aqueous portion of the mucin gel,
contains dissolved oxygen, electrolytes, and multiple proteins including growth
factors (see Tables 1–3), which help maintain a trophic and protective environ-
ment for the ocular surface epithelium. The health of ocular surface epithelial
tissues depends on growth factors such as EGF (66,106,107), HGF, and KGF
(63,64). Immunoglobulins and other proteins such as lactoferrin (108), lysozyme
(109), defensins (110), and immunoglobulin A (111) protect the ocular surface
from infection by bacteria and viruses. Still other proteins, such as the interleukin
1 receptor antagonist, help minimize ocular surface inflammation (23,112,113).

Tear film electrolytes, such as Na+, K+, Cl–, Ca2+, and others, present in
concentrations similar to those found in serum, result in a normal tear osmolarity
of about 300 mOsm/L (11,18), which helps maintain normal epithelial cell vol-
ume. Ions help solubilize proteins, and in some cases are essential for enzymatic
activity. Proper osmolarity is also required for maintenance of normal corneal
nerve membrane potential and for cellular homeostasis and secretory function.

The roles of the main and accessory lacrimal glands in tear secretion and
the pathogenesis of dry eye disease remain unresolved. Most of the normal daily
tear flow comes from the accessory lacrimal glands (the glands of Wolfring
and Krause) located in the superior conjunctival fornix and in the upper lid just
superior to the meibomian glands. The main lacrimal gland is thought to function
primarily as a reservoir supplying the ocular surface with copious amounts of
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fluid to wash out infectious or irritating particles that threaten epithelial integrity
(114). Removal of the main lacrimal glands from squirrel monkeys resulted in no
damage to the cornea, conjunctiva, or eyelid, indicating that accessory lacrimal
gland function was sufficient to maintain a healthy ocular surface (115). The
same procedure performed in cats and humans led to signs of keratoconjunctivi-
tis sicca (KCS) (116), suggesting an important role for the main lacrimal glands
in maintaining ocular surface health in these species (117).

Most tear secretion is driven, through the lacrimal functional unit, by stim-
ulation of the afferent sensory nerves from the ocular surface. These signals are
integrated in the central nervous system and may be modified or altered by corti-
cal functions such as emotion. Tear production decreases by as much 66% under
topical anesthesia (118), or to below detectable levels under general anesthesia
when all emotional and afferent sensory stimulus for tear secretion is removed
(119). Anesthesia of the nasal mucosa decreased tear secretion in the ipsilateral
eye by about 34% (120). The effects of anesthesia underscore the importance of
neuronal control for normal tear production.

VII. THE LIPID LAYER

The lipid layer, secreted by the meibomian glands whose ducts exit just anterior
to the mucocutaneous junction of the lids, minimizes tear evaporation (121) and
facilitates tear film spreading over the corneal surface. In addition, the lipid layer
prevents skin-surface fatty acids from entering and disrupting the tear film at the
lid margins (122).

The lipid layer varies in composition. Polar lipids such as phospholipids,
sphingomyelin, ceramides, and cerebrosides are found adjacent to the aqueous
phase of the tear film (123), while nonpolar lipids, including wax and cholesterol
esters, triglycerides, and free fatty acids, associate with the polar lipids and form
the lipid–air interface (124). Even spreading of the lipid layer is important,
because accumulation of lipid in thick patches, especially the nonpolar oils, may
contaminate the mucin layer, rendering it unwettable (125,126). Blinking helps
spread the lipid layer evenly over the tear film surface (127). Uniform tear film
spreading is also due partly to the low surface tension of the lipid–air interface,
about half that of an aqueous–air interface (128).

VIII. CONCLUSION

The tear film provides an environment that protects the ocular surface and main-
tains its health. The tear film’s components interact to form a stable structure
composed of mucin, aqueous solution, and lipid that protects the ocular surface
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and provides a medium for delivery of supportive and protective proteins.
Alteration of any one of the tear film components can destabilize the tear film,
interfere with its normal functions, and lead to lacrimal keratoconjunctivitis.
Although a reduced quantity of tear production is commonly associated with dry
eye disease, alteration of the normal tear film composition is an equally, if not
more important, cause of ocular irritation and ocular surface disease.
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I. DYSFUNCTION OF THE LACRIMAL FUNCTIONAL UNIT CAUSES
TEAR FILM INSTABILITY

Tear film stability is threatened when the molecular interactions between
stabilizing tear film constituents are compromised by decreased secretion and/or
accelerated degradation. The delicate balance between secretion and degradation
of tear components on the ocular surface is regulated by the integrated ocular sur-
face glandular unit that was described in Chapter 2. Dysfunction of the integrat-
ed unit disrupts this balance directly through decreased secretion and renewal of
tears, and indirectly through the resulting ocular surface inflammation (Fig. 1).
Reflex tear secretion in response to ocular irritation is a compensatory mecha-
nism to support the ocular surface as the integrated unit begins to dysfunction.
However, the inflammation accompanying chronic secretory dysfunction eventu-
ally compromises the ability to reflex tear and this compensatory mechanism
fails, resulting in even greater tear film instability.

Disease or damage to the afferent sensory nerves, the efferent autonomic
and motor nerves, and the tear-secreting glands, all components of the lacrimal
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functional unit, can destabilize the tear film and lead to lacrimal keratoconjunc-
tivitis (LKC), previously known as keratoconjunctivitis sicca (KCS). Conditions
affecting each of these components are reviewed in this chapter.

II. AFFERENT DISRUPTION

Clinical and experimental evidence indicates that decreased trigeminal afferent
sensory input from the ocular surface and adnexal tissues results in decreased tear
secretion by the lacrimal glands and mucin production by the ocular surface
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Figure 1 Dysfunction of the integrated lacrimal functional unit, diagrammed in the
uppermost triangle, can manifest as altered tear composition, ocular surface inflammation,
or secretory dysfunction. Primary dysfunction in one part of the lacrimal functional unit,
in the tear film, the ocular surface, or the secretory glands, can lead to secondary dys-
function in the others, as indicated by the arrows connecting them. All forms of lacrimal
functional unit dysfunction can result in tear film instability, with ocular discomfort and
ocular surface disease, including apoptosis of glandular and ocular surface epithelial cells,
as important consequences. The overall disorder, previously called dry eye syndrome, is
more appropriately termed in this book lacrimal keratoconjunctivitis (LKC).
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epithelia (Fig. 2). In 1925, Verhoeff discovered that patients developed KCS after
surgical sectioning of the trigeminal ganglion for relief of trigeminal neuralgia
[1]. Patients with unilateral trigeminal dysfunction following herpes zoster

Dysfunction of the Lacrimal Functional Unit 65

Figure 2 Disruption of afferent or efferent nerves, or diseases affecting tear secretory
glands, lead to secretory dysfunction, as detailed in the text. Secretory dysfunction impacts
the lacrimal functional unit, resulting in altered tear composition, often with elevated
levels of proinflammatory cytokines in the tear fluid, and ocular surface inflammation.
LKC, indicated by tear film instability, ocular discomfort, and ocular surface disease, is
the ultimate consequence of a number of different initiating conditions.
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ophthalmicus who develop neurotrophic keratopathy had significantly lower
aqueous tear production and greater loss of the nasal-lacrimal reflex compared
with patients who did not develop corneal changes [2]. This suggests that aque-
ous tear deficiency is a risk factor for neurotrophic keratopathy, a theory sup-
ported by a report that 87% of neurotrophic ulcers healed following punctual
occlusion [3]. Experimental trigeminal nerve ablation resulted in decreased con-
junctival goblet cell density, decreased corneal epithelial glycogen, and morpho-
logical changes in the ocular surface epithelium similar to those seen in KCS [4].

When all emotional and afferent sensory stimulus for tear secretion is
removed by general anesthesia, tear production falls to below detectable levels [5].
Topical anesthesia of the ocular surface caused a 66% decrease in aqueous tear
production [6], and anesthesia of the nasal mucosa decreased tear secretion in the
ipsilateral eye by about 34% [7]. A reduced blink rate may accompany ocular sur-
face anesthesia because one trigger of involuntary blinking is the sensation of tear
film breakup. This concept is supported by the observation that the rate of invol-
untary blinking in normal subjects decreases after topical corneal anesthesia [8].
The combination of reduced aqueous tear production and increased tear evapora-
tion that accompanies a reduced blink rate may explain the abnormally elevated
tear-film osmolarity observed in rabbits after instillation of 0.5% proparacaine [9].

In addition to their stimulatory effect on tear production, the trigeminal
nerves exert trophic influences on the ocular surface epithelium. For example,
increased corneal epithelial permeability was reported after experimental corneal
denervation in rabbits [10]. Also, a significantly decreased mitotic rate in the
corneal epithelium of rats was observed after sensory denervation [11]. This may
be due to reduced release of mitogenic neuropeptides, such as substance P, from
the sensory nerve endings, or to decreased intracellular levels of acetylcholine in
the corneal epithelium associated with corneal denervation [12,13]. Taken togeth-
er, these findings indicate that secretion, spread, and clearance of tears is driven
by afferent neural stimulation in a reflexive manner.

Afferent stimulation of aqueous tear production may be disrupted by
congenital or acquired diseases of the trigeminal nerves that innervate the ocular
surface. Familial dysautonomia (also known as Riley-Day syndrome) is a heredi-
tary sensory and autonomic neuropathy that causes corneal anesthesia, decreased
tear secretion, and severe LKC [14]. Patients with this condition produce a reduced
amount of tears when crying. Reflex lacrimation in response to irritants, such as the
odor of onions or scratching of the middle nasal turbinate, is absent [15]. However,
children with this syndrome produce abundant tears after parenteral administration
of the cholinergic agonist methacholine, indicating parasympathetic denervation
supersensitivity of the lacrimal gland [15,16]. Lacrimal gland histology appears
normal in this condition [17]. In addition to reduced tear secretion, corneal
anesthesia renders patients with Riley-Day syndrome even more susceptible to
developing corneal ulceration and perforation [14].
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A number of acquired ocular and systemic diseases cause trigeminal
dysfunction and decreased tear secretion. Herpes zoster ophthalmicus often
resolves with reduction or loss of corneal and cutaneous sensation in the distri-
bution of the first division of the trigeminal nerve [2,18,19]. Herpes simplex
keratitis can produce sectoral or diffuse reduction of corneal sensation [20,21].
Corneal sensation decreases with long-term hard or soft contact lenses wear
[22–24]. Diabetes mellitus can cause a polyneuropathy that reduces corneal
sensation and causes a secondary aqueous tear deficiency and LKC. Reduced
corneal sensation and aqueous tear deficiency have been identified as risk factors
for development of diabetic keratoepitheliopathy [25–27]. Lattice corneal dystro-
phy has been reported to decrease corneal sensation [28]. Corneal sensation
can also be affected by severe microbial keratitis and conjunctival inflammatory
conditions, such as Stevens-Johnson syndrome and ocular cicatricial pemphigoid.

Corneal and external ocular sensation can also be disrupted by injuries to
the ocular surface, orbit, or central nervous system. Surgical damage or amputation
of trigeminal afferent nerves is one of the most common causes of reduced corneal
sensation [2]. Ocular surgical procedures that decrease corneal sensation include
scleral buckling for retinal detachment repair, penetrating keratoplasty, photorefrac-
tive keratectomy, and laser-assisted intrastromal keratomileusis (LASIK) [29–33].

III. EFFERENT DISRUPTION

Diseases of the efferent component of the functional unit can affect the autonom-
ic nerves stimulating tear secretion (secretory fibers), those regulating eyelid
blinking and the tear drainage pump (motor fibers), or both. Tear spread and
renewal can also be compromised by eyelid alterations (e.g., ectropion, lid margin
irregularity) and lagophthalmos (e.g., thyroid eye disease, postblepharoplasty),
which disrupt normal blinking, even when efferent neural connections are intact.

Disruption of the parasympathetic and sympathetic secretory nerves can
result from a number of causes, including degenerative and inflammatory
diseases, tumors, and injuries (Fig. 2). A common cause is the use of systemic
medications with anticholinergic effects. Included among the ever-increasing
number of these medications are antihistamines, antispasmotics, antiemetics and
antidepressants [34–36]. One of the mechanisms of secretory dysfunction in
Sjögren’s syndrome mimics the anticholinergic side effects of these medications:
circulating autoreactive antibodies disrupt function of M3 acetylcholine receptors
located on the basolateral cell membranes of lacrimal gland secretory acinar
cells [37]. Age-related generalized degeneration of the parasympathetic nervous
system also results in decreased secretory drive [38]. Damage to the lacrimal
secretory fibers of the seventh (facial) nerve in the nervus intermedius or the
greater superficial petrosal nerve may result in dry eye [39].
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Tear spread and clearance can be disrupted by disease or injury of the
motor fibers of the seventh cranial nerve. Bell’s palsy is a common facial
neuropathy that is associated with lagophthalmos and partial or complete blink
paralysis. Bell’s palsy may result from injury, viral infection, inflammation,
ischemia, or idiopathic causes. Besides experiencing corneal exposure secondary
to inadequate lid closure, approximately 10% of patients with Bell’s palsy have
been observed to have decreased or absent corneal sensation, presumably result-
ing from exposure hypesthesia, adaptation, or inflammation [40]. Parkinson’s
disease is a neurodegenerative disease that is associated with reduced blink
rate, increased tear evaporation, and ocular surface desiccation [41]. The tear
film instability in this condition may be further compromised by some of the
medications with anticholinergic side effects that are used to treat it.

IV. DISRUPTION OF TEAR SECRETORY GLANDS

Malformation, disease, or damage of the tear-secreting apparatus (consisting of
the lacrimal glands, ocular surface epithelia, conjunctival goblet cells, and mei-
bomian glands) is the third mechanism for disrupting the functional unit (Fig. 2).

V. LACRIMAL GLAND

Age-related degeneration may be the most common cause of lacrimal dysfunction
[42,43]. Age-related pathological changes of the lacrimal gland include lobular
and diffuse fibrosis and atrophy, as well as periductual fibrosis. An age-related
shift from fluid/protein-secreting to mucus-secreting acini was observed in a
histopathological study of 80 human lacrimal glands from patients with a mean
age of 59 years [42,44]. Although age-related lacrimal dysfunction can be differ-
entiated from Sjögren’s-associated dry eye by its lack of circulating autoantibod-
ies, an immune mechanism for lacrimal gland destruction cannot be excluded
because age-related lymphocytic infiltration of the lacrimal gland has been
correlated with acinar loss and ductal pathology [43,45].

Tear flow and tear volume have been reported to decrease with age [46].
Furthermore, lacrimal secretion of supportive and protective factors, such as
epidermal growth factor (EGF) and lactoferrin, decreases with age [47].

VI. OBSTRUCTIVE LACRIMAL DISEASES

Infectious and inflammatory diseases of the conjunctiva may cause secondary
aqueous tear deficiency by scarring the excretory ducts of the main and accessory
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lacrimal glands. Trachoma is a chronic infectious conjunctivitis caused by
Chlamydia trachomatis. A cell-mediated immune response to this organism
develops in the conjunctiva [48] that causes scarring and secondary occlusion of
lacrimal gland ductules, aqueous tear deficiency, and KCS [49].

Ocular cicatricial pemphigoid (OCP) is a chronic autoimmune disorder
characterized by recurrent blisters or bullae of the mucous membranes and
skin with secondary cicatrization [50]. Aqueous tear deficiency follows fibrotic
occlusion of the lacrimal gland ducts. Instability in the tear film also results from
conjunctival squamous metaplasia and decreased goblet cell density [51].
Conjunctival scarring may also develop from chronic use of certain topically
applied medications (drug-induced pseudopemphigoid), including ecothiophate
iodine, pilocarpine, idoxuridine, and epinephrine [52].

Erythema multiforme minor is an acute, self-limited inflammatory
condition that primarily involves the skin and can be precipitated by drugs or
infections, most commonly herpes simplex [53]. The acute phase of this disease
includes a conjunctivitis of variable severity, which can be pseudo-membranous
and lead to scarring and fibrotic obliteration of the lacrimal ducts. Stevens-
Johnson syndrome (also known as erythema multiforme major) characteristically
involves two or more mucous membranes, including the conjunctiva. It also
occurs after administration of many different drugs and systemic infectious
diseases [53]. After the acute episode has subsided, squamous metaplasia with
keratinization and goblet cell loss may develop in the conjunctival epithelium
[50,54]. Recurrent or prolonged inflammation may worsen LKC in this condition
[55].

Chemical trauma to the ocular surface with either alkaline or acidic
substances may cause dry eye by damage to or destruction of the ocular surface
epithelia and the lacrimal and meibomian gland ductules [56].

VII. ENDOCRINE IMBALANCE

As reviewed in Chapter 8, androgenic hormones play an important role in
supporting the secretory immune function of the lacrimal glands [57,58]. The
meibomain glands are also androgen target organs [59]. Relative androgen defi-
ciency might explain the greater prevalence of dry eye in women. Consistent with
this, Sjögren’s syndrome KCS occurs almost exclusively in women [60].
Androgen levels decrease with age in both sexes and may be responsible in part
for the age-related deterioration in tear secretion. Hormone replacement therapy
in postmenopausal women may also be associated with dry eye. Women taking
estrogen replacement therapy are at a greater risk for developing dry eye than
women taking a combination of estrogen and progesterone [61]. It has not been
established whether oral contraceptives lower aqueous tear production [62].
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VIII. NEOPLASTIC, INFECTIOUS, AND INFLAMMATORY
CONDITIONS

Aqueous tear deficiency may develop in conditions that infiltrate the lacrimal
gland and replace the secretory acini, such as lymphoma [63], sarcoidosis
[64,65], hemochromatosis, and amyloidosis [66]. Dry eye may also develop in
patients with systemic viral infections. Dry eye has been reported in patients
infected by the retroviruses HTLV-1 and HIV-1 [64,67]. Dry eye was diagnosed
in 21% of a group of patients with acquired immune deficiency syndrome (AIDS)
[68], and a condition known as the diffuse infiltrative lymphadenopathy syn-
drome has been reported in patients with HIV infection, most of whom were
children [67]. Decreased tear secretion, reduced tear volume, and reduced tear
concentrations of lactoferrin has been reported in patients with hepatitis C
[69,70]. Lacrimal gland swelling, dry eye, and Sjögren’s syndrome have been
associated with primary and persistent Epstein-Barr virus infections [71–74].

IX. GRAFT-VERSUS-HOST DISEASE

Dry eye is a complication of acute and chronic graft-versus-host disease [75–78].
In a prospective study of 45 patients undergoing bone marrow transplantation,
20 patients developed severe dry eye, which correlated closely with the occurrence
of acute graft-versus-host disease [77]. Lacrimal gland pathological changes in
this condition include accumulation of periodic acid Schiff (PAS)-positive mate-
rial in the acini and ductules, which may obstruct tear flow. Electron microscopy
showed an accumulation of normal-appearing granules, amorphous material, and
cellular debris in the acinar and ductule lumens of patients with this condition [78].
Aqueous tear deficiency in this condition may be accompanied by severe kerato-
conjunctivitis sicca, conjunctival scarring, and corneal epithelial defects [75–77].

X. SJÖGREN’S SYNDROME

Sjögren’s syndrome or “sicca syndrome” is a systemic autoimmune disease that
causes aqueous tear deficiency, KCS (LKC), and dry mouth. Published case
reports of patients with the combination of KCS and dry mouth can be found
in the literature as far back as 1888 [79]. This clinical syndrome is named after
the Swedish ophthalmologist, Henrik Sjögren, who authored a comprehensive
monograph describing its clinical and pathological findings in 1933 [80].

An epidemiological study performed in Sweden reported a 0.4% prevalence
of Sjögren’s syndrome [81]. Ninety-five percent of patients with Sjögren’s syn-
drome are women. The disease is typically observed in peri- and postmenopausal

70 Pflugfelder et al.

20106_CH04(63-88).ps  5/17/04  3:54 PM  Page 70

dramroo@yahoo.com



women, but it may develop in patients as young as 20 years of age. Primary
Sjögren’s syndrome develops in the absence of a defined connective tissue
disease. Secondary Sjögren’s syndrome occurs in patients who have a defined
connective tissue disease (most commonly rheumatoid arthritis, where as many as
25% of patients may be affected) [82]. Progressive lymphocytic infiltration of the
lacrimal and salivary glands appears in both primary and secondary disease,
accompanied by secretory dysfunction and severe (and occasionally disabling)
ocular and oral dryness. Sjögren’s syndrome has been classically defined by the
presence of at least two components of a clinical triad including dry mouth, dry
eyes, and an autoimmune disease, usually rheumatoid arthritis [83]. Although a
diagnosis of Sjögren’s syndrome is usually considered the most likely etiology in
the differential diagnosis of patients complaining of dry mouth and dry eyes,
these symptoms are highly subjective and are not specific for this disorder [84].
Defined, objective criteria for diagnosis and classification of Sjögren’s syndrome
have been proposed. The revised US-EEC criteria are the most comprehensive
and include the following: (1) ocular irritation symptoms; (2) symptoms of a dry
mouth; (3) objective evidence of dry eyes; (4) objective evidence of salivary
gland involvement; and (5) laboratory abnormality [anti-Ro (SS-A) or anti La
(SS-B), ANA or rheumatoid factor] [85]. Following these criteria, a diagnosis
of definite Sjögren’s syndrome would be made when three criteria plus either
positive SS-A antibody or a positive minor salivary gland biopsy are present.

XI. LACRIMAL DYSFUNCTION IN SJÖGREN’S SYNDROME

Patients with Sjögren’s syndrome develop more profound lacrimal secretory
dysfunction than patients with non-Sjögren’s aqueous tear deficiency [86].
Furthermore, Sjögren’s syndrome patients lose their ability to reflex tear in response
to nasal stimulation (nasal-lacrimal reflex) early in the course of their disease [87].
Sjögren’s syndrome also causes more severe KCS with more severe ocular surface
rose bengal and fluorescein staining than non-Sjögren’s KCS [86,88].

Several causes for the lacrimal dysfunction in Sjögren’s syndrome have
been identified. One cause is lymphocytic infiltration of the lacrimal gland with
replacement or destruction of secretory acini (Fig. 3). This lymphocytic infiltrate
is composed predominantly of B and CD4 lymphocytes, along with a smaller
percentage of CD8 lymphocytes [89,90]. This inflammation is accompanied by
disorganization of the normal lacrimal gland architecture, loss or dysfunction of
secretory acini, and proliferation of remaining ductal epithelia with formation of
epithelial islands (Fig. 4).

A second cause for the lacrimal dysfunction in Sjögren’s syndrome is
inflammatory cytokine-mediated epithelial cell dysfunction or apoptosis.
Inflammatory cytokines are released by the infiltrating inflammatory cells and by
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the diseased lacrimal epithelial cells themselves [91]. Certain cytokines, such as
IL-1, have been found to inhibit stimulated secretion by the lacrimal glands [92].
Exposure to other inflammatory cytokines, such as TNF-α, INF-γ, IL-12, and
IL-18, may promote cell death of lacrimal secretory epithelia [93–95].

A third cause of lacrimal dysfunction in Sjögren’s syndrome is cholinergic
blockade by autoantibodies to the muscarinic acetylcholine receptor (Fig. 4).
Sjögren syndrome patients have been reported to develop antibodies that react to
the M3 acetylcholine receptor found on secretory epithelia in the lacrimal and sali-
vary glands [96,97]. Injection of nonobese diabetic (NOD) mice with purified
serum IgG from Sjögren’s syndrome patients has been reported to inhibit stimu-
lated saliva secretion in these animals [97]. This phenomenon was blocked by an
M3 muscarinic receptor blocker, a finding that supports the pathogenic role of these
M3 autoreactive antibodies in patients with this condition. Taken together, these
three immunological/inflammatory mechanisms can produce severe dysfunction of
the integrated ocular surface-lacrimal functional unit in Sjögren’s syndrome.

XII. CONJUNCTIVAL GOBLET CELLS

Conjunctival goblet cells may be destroyed by chemical, thermal, or mechanical
trauma to the ocular surface. Goblet cell differentiation is inhibited by conditions
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Figure 3 Sjögren’s syndrome lacrimal gland biopsy showing a foci of lymphocytic 
infiltration (dark-stained cells) with loss of secretory acini in this region of the lacrimal gland.
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that cause squamous metaplasia, including aqueous tear deficiency, radiation,
trachoma, vitamin A deficiency, chronic topically applied glaucoma medications,
and inflammatory conditions (e.g., Sjögren’s syndrome, Stevens-Johnson syn-
drome, and ocular cicatricial pemphigoid; Fig. 5) [88,98–104].

XIII. MEIBOMIAN GLANDS

Congenital absence or malformation of the meibomian glands may occur in
certain forms of ectodermal dysplasia, such as the ectrodactyly-ectodermal-
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Figure 4 Diagram of the diseased lacrimal gland in lacrimal keratoconjunctivitis
showing a large inflammatory infiltration of CD4-positive T-helper cells and CD8-positive
T-suppressor cells. Autoreactive antibodies that disrupt function of M3 acetylcholine recep-
tors and degeneration of sympathetic innervation may also promote secretory dysfunction.
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dysplasia-clefting (EEC) syndrome [105,106]. Acquired meibomian gland dis-
ease or dysfunction can occur as a result of age, trauma, chronic contact lens
wear, inflammatory skin conditions (i.e., rosacea and atopic dermatitis), topical
or systemic chemical toxicity, androgen deficiency, radiation, and oral retinoids
[107–114].

XIV. CONSEQUENCES OF A DYSFUNCTIONAL UNIT ON TEAR
COMPOSITION AND STABILITY

Disease or dysfunction of the integrated ocular surface-lacrimal gland functional
unit results in changes in tear film composition and stability that have adverse
consequences for the ocular surface. As shown in Fig. 6, these tear film changes
include increased osmolarity, decreased concentrations of factors that protect
and support the ocular surface, and increased concentrations of inflammatory
mediators and proteases.
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Figure 5 Conjunctival impression cytology from a patient with Stevens-Johnson
syndrome LKC, showing squamous metaplasia of the epithelium with heavily keratinized
red cells and complete loss of goblet cells.
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XV. TEAR FILM HYPEROSMOLARITY

Elevated tear film osmolarity has been identified as a common feature of a
dysfunctional unit [115,116]. The tear film osmolarity in normal eyes has
been reported to average 302 ± 6.3 mOsm/L [116]. Significantly increased tear
osmolarity has been reported in a variety of dry eye and ocular surface diseases,
including lacrimal gland secretory dysfunction, meibomian gland disease, contact
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Figure 6 The precorneal tear film in lacrimal keratoconjunctivitis. In contrast to the
normal tear film (Chapter 3, Fig. 1), tear film composition in LKC is hyperosmotic, has
decreased mucins, proteins, and other factors that support normal function of ocular
surface tissues, and has increased pro-inflammatory cytokines. Inflammation and ocular
surface irritation impact corneal sensory nerve endings. Tear film breakup (thin spots) is
evident, as is preapoptotic desquamation of epithelial cells.
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lens wear, exposure keratopathy, and neurotrophic keratopathy [116–120]. In a
group of patients with keratoconjunctivitis sicca, the mean tear osmolarity
increased to 343 ± 32 mOsm/L, and osmolarity values as high as 440mOsm/L
were measured [116]. The basis for the increased osmolarity in KCS has not been
determined, but it has been proposed to be due to an increase in tear fluid elec-
trolytes, particularly sodium [121,122]. Elevated osmolarity has been reported to
have adverse consequences for the corneal surface. In an experimental model of
KCS in rabbits, elevated tear osmolarity was correlated with decreases in corneal
epithelial glycogen, conjunctival goblet cell density, and pathological changes in
conjunctival epithelial morphology [123].

Hyperosmolar stress activates several key inflammatory pathways in epithe-
lial and inflammatory cells, including the stress-activated protein kinases p38 and
c-jun NH(2)-terminal kinase (JNK), as well as the transcriptional regulator NFκB
[124–126]. These signaling intermediates stimulate production of pro-inflamma-
tory factors, such as chemokines (IL-8 and Gro-α) and matrix metalloproteinases
(e.g., MMP-9 and MMP-13), factors that have been implicated in the pathogene-
sis of dry eye [127–133]. They also have a regulatory effect on apoptosis by either
stimulating (JNK) or suppressing (NFkB) this process [134–136].

XVI. DECREASED PROTECTIVE/SUPPORTIVE FACTORS

The concentrations of the factors that protect (i.e., mucins, lipids, proteins), sup-
port (e.g., growth factors), and stabilize the tear film (reviewed in Chapter 3) are
reduced in eyes with dysfunctional tear-secreting glands. While the molecular
interactions involved in tear film destabilization in dry eye have not been fully
elucidated, clinical observations indicate that the tear film can be destabilized by
deficiencies or degradation of any of the major secretory components of the
lacrimal glands, the meibomian glands, or the conjunctival goblet cells [86]. The
alterations in tear composition known at this time are reviewed below.

XVII. MUCINS

Changes in both quantity and biochemical composition of tear mucins have been
reported in patients with dry eye. The mean concentration of the goblet cell-
secreted mucin MUC5AC in tears was reported to be lower in dry eye patients
than in age- and gender-matched healthy individuals [137]. In a separate study,
levels of MUC5AC were significantly reduced in the tear fluid of patients with
Sjögren’s syndrome, with a corresponding decrease in expression of MUC5AC
mRNA in the conjunctival epithelium [138].

Evidence of impaired mucin synthesis has been reported in canine KCS.
Alterations in glycosylation and subunit linkage of mucins were detected in tear
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fluid samples obtained from dogs with KCS [139]. These alterations in mucin
glycosylation may be due in part to the changes in expression of polypeptide
GalNAc-transferases (GalNAc-Ts) that have been observed in conjunctival squa-
mous metaplasia [140]. These enzymes add N-acetyl galactosamine (GalNAc) to
serine and threonine residues as the initial step in O-glycosylation of mucin.

XVIII. LIPIDS

While there is considerable information concerning the composition of meibomi-
an gland secretions in normal eyes and those with various types of blepharitis
[141,142], there is a paucity of information about the biochemical changes in
lipid composition in dry eye conditions that destabilize the tear film. Low levels
of two polar phospholipids, phosphatidylethanolamine and sphingomyelin, were
significantly associated with the development of corneal epithelial disease con-
sistent with KCS [143]. These abnormalities could be due to decreased lipid
secretion or to increased degradation of lipids by phospholipases. An increased
concentration of phospholipase A2 (PLA2) was detected in the tear fluid of dry
eye patients [144]. Production of this phospholipase is stimulated by inflamma-
tory cytokines, such as IL-1 and TNF-α, that are increased in dry eye. The
concentration of secretory phospholipase A2 in tear fluid of patients with KCS
was 75.8 ± 54.2 µg/mL, and in normal subjects it was 34.2 ± 21.4 µg/mL. In
patients with KCS, the tear secretory phospholipase A2 concentration was found
to increase as Schirmer’s test values decreased.

XIX. LACRIMAL SECRETED PROTEINS

Disease or degeneration of the lacrimal gland acini or the nerves innervating
the lacrimal glands results in decreased production and/or secretion of fluid,
electrolytes, and proteins. Significant decreases in both protective and supportive
lacrimal proteins have been detected in patients with lacrimal gland disease.

The antimicrobial protein lysozyme accounts for 20–40% of the total tear
protein content. Tear lysozyme decreases with age and with lacrimal dysfunction
[146,147]. Lactoferrin, an antibacterial iron-binding protein also produced by the
lacrimal gland, is used as an indicator of lacrimal gland function. It decreases with
age and in Sjögren’s syndrome [147,148]. Tear lactoferrin concentration was found
to correlate with irritation symptoms, Schirmer’s test results, rose bengal staining,
and tear breakup time (TBUT) in patients with severe keratoconjunctivitis sicca
[149].

The tear concentration of supportive factors such as epidermal growth
factor (EGF) also decreases with lacrimal dysfunction. Tear EGF concentration
correlated with aqueous tear production, but not with age, and was significantly
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higher in men (3.4 ± 0.3 ng/mL) than in women (2.4 ± 0.3 ng/mL) [150]. Tear
EGF concentration was also decreased in Sjögren’s syndrome patients. In these
patients, tear EGF concentrations showed significant positive correlation with
Schirmer 1 scores and conjunctival goblet cell density. In contrast, tear EGF
concentrations were negatively correlated with corneal fluorescein staining
scores and with IL-1α and IL-8 RNA levels in the conjunctival epithelium [151].

Decreased aqueous tear production and decreased clearance of tears has
been associated with an increased concentration of pro-inflammatory factors in
the tear fluid, including inflammatory cytokines such as IL-1(α and β) and IL-6
[148,152]. The balance between cytokines and their antagonists is also disrupted;
for example, the ratio of IL-1α to IL-1RA decreased from 28 in normal patients
to 5 in patients with Sjögren’s syndrome [148]. Pro-inflammatory cytokines such
as IL-1 and TNF-α stimulate the expression of adhesion molecules by epithelial
and vascular endothelial cells, as well as chemotactic factors (e.g., IL-8) by the
epithelial and inflammatory cells. These soluble tear factors amplify the response
of the ocular surface to dry eye.

One of the findings that may have the greatest implications for ocular
surface health is an increase in proteolytic enzymes in the tear fluid, including
plasmin and matrix metalloproteinases (MMP-2, MMP-3, and MMP-9)
[148,153–157]. Latent cytokines and growth factors, latent proteases, and extra-
cellular matrix (ECM) proteins are among the many MMP substrates [158].
Preliminary evidence suggests that these proteases degrade stabilizing compo-
nents in the tear film, contributing to tear film instability. MMP-9 appears to play
a key role in the disruption of the corneal epithelial barrier that develops in dry
eye. MMP-9 knockout mice lacking a functional MMP-9 gene show significant-
ly less disruption of the corneal epithelial barrier function in response to experi-
mental dry eye than wild-type mice. Reconstitution of MMP-9 knockout mice
with topical MMP-9 significantly increased corneal epithelial permeability.

Taken together, these compositional changes destabilize the tear film. An
unstable tear film leads to corneal surface irregularity with blurred and fluctuat-
ing vision. It renders the corneal epithelium susceptible to dessication and stim-
ulates corneal nerves, causing irritation symptoms. This may initiate neurogenic
inflammation by release of neuropeptides from the irritated afferent nerves. An
unstable tear film also renders the ocular surface more susceptible to microbial
attachment and invasion as well as to leukocyte adherence, and increases epithe-
lial permeability to inflammatory mediators and toxins.

XX. SUMMARY

1. Disease or dysfunction of the lacrimal functional unit results in an
unstable tear film, occur discomfort, and ocular surface disease (LKC).
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2. Tear secretory function can be disrupted by disease of the afferent,
efferent, or glandular components of the lacrimal functional unit
(LFU), as well as from ocular surface or glandular inflammation.

3. Diseases affecting the afferent component of the LFU include trigem-
inal nerve trauma, familial dysautonmia, herpetic keratitis, diabetes
mellitus, and LASIK.

4. Diseases affecting the efferent component of the LFU include
anticholinergic medications, Bell’s palsy, and autoantibodies to the M3

glandular acetylcholine receptors.
5. Diseases of the glandular component include aging, trachoma, pem-

phigoid, Stevens-Johnson syndrome, chemical injury, hormone defi-
cencies, sarcoidosis, graft-versus-host disease, Sjögren’s syndrome,
and rosacea.

6. Dysfunction of the LFU results in changes in tear film composition,
with decreases in components that promote tear film stability and
increases in pro-inflammatory and degradative components.
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I. INTRODUCTION

The conjunctiva constitutes the mucous membrane of the eye and, along with the
cornea and limbus, forms the epithelium of the ocular surface. Conjunctival func-
tion is essential to the health of the ocular surface, because of its contributions to
the tear film and its highly committed local immune defense system. Before
describing this important tissue in more detail, it seems useful to define its place
within the eye and the visual system.

The visual system can be subdivided into three subsystems. The principal
system includes all structures derived from the central nervous system (retina,
visual pathways, and brain centers). The accessory visual system or optic system
comprises transparent elements traversed by light on its way to the retina (tear
film, cornea, aqueous humor, pupil, lens, and vitreous body), and includes the
intra- and extraocular muscles, which adjust pupil size, lens accommodation, and
the targeting of the eye. Finally, the maintenance system provides nutrition,
protection, and defense of the above-mentioned structures. This system includes
the ocular adnexa (lids, lacrimal system, and conjunctiva), the orbit and its
content, the uvea, the sclera, the aqueous humor, and the vitreous body.

The conjunctiva is the mucosa of the eye and belongs to the maintenance
system, responsible for nutrition, protection, and defense. The conjunctiva is also
part of the ocular surface, comprising tissues exposed to the environment. The
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chief histological constituents of the ocular surface include the nonkeratinized
epithelia and underlying stroma of the entire conjunctiva, the cornea and the
corneoscleral limbus, and the tear film. In a broader sense, structures that pro-
duce (all lacrimal glands and ocular surface epithelia), distribute (eyelids), and
eliminate (lacrimal drainage system) tears could be considered as part of the
ocular surface. If the neural network that connects all these components is
added, the lacrimal functional unit results [1], which is described in detail in
Chapter 2.

The role of the ocular surface is to maintain optical clarity of the cornea
by regulating its hydration and by protecting it from infectious, toxic, or mechan-
ical trauma. All elements of the ocular surface participate as an integrated set
of tissues toward a common goal of corneal transparency and health. The
shared embryological origin of epithelial and subepithelial components from
the ectodermal and subectodermal tissues overlying the developing optic vesicle
[2,3] further support consideration of the ocular surface as a physiopathological
unit. Because the cornea depends on the ocular surface for nutrients, protection,
and defensive mechanisms, anything that compromises the tear film, the
eyelids, the limbus, and/or the conjunctiva will eventually affect corneal
transparency, and consequently, quality of vision. As an important component
of the ocular surface, conjunctival function is crucial for maintenance of
vision.

II. FUNCTIONAL ANATOMY OF THE CONJUNCTIVA

The conjunctiva, the thin translucent mucous membrane of the eye, which is part
of the maintenance visual system of the ocular surface, serves as the junction
between the eyeball and the eyelids. Its most superficial epithelial layer is totally
covered by the tear film. It is continuous with the nasal mucosa through the
lacrimal puncta, with the corneal epithelium at the corneo-scleral limbus, and
with the eyelid skin at the mucocutaneous junctions of the lid margins. Multiple
folds of the conjunctiva are formed, especially in the fornices, which allow free
movement of the globe [4].

Although the conjunctiva is a continuous membrane, three topographic
zones are considered: bulbar, palpebral, and forniceal (Fig. 1). The bulbar con-
junctiva overlies Tenon’s capsule and permits visualization of the underlying
white episclera and sclera. It covers the anterior surface of the globe, and the
insertions of the extraocular muscles, except the obliques. The bulbar conjuncti-
val stroma binds loosely to underlying tissues. Consequently, the bulbar conjunc-
tiva is freely movable and can be easily pulled away from the globe with forceps.
For this reason, a considerable amount of fluid can accumulate underneath the
bulbar conjunctiva, including from subconjunctival injection of drugs. At the
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limbus, however, the bulbar conjunctiva (also called the limbal conjunctiva in this
zone) becomes firmly attached to the underlying Tenon’s capsule, forming a
3-mm-wide ring. The palpebral or tarsal conjunctiva lines the inner surface of
both eyelids. It is continuous with the forniceal conjunctiva and the eyelid skin at
the mucocutaneous junction, where both epithelia merge abruptly. This demarca-
tion between conjunctiva and skin is discernible clinically as the so-called gray
line. This conjunctival area is smooth and contains numerous infoldings of epithe-
lium, or crypts (Henle’s crypts), which increase the conjunctival surface area
and its functional capacity [5]. The subepithelial stroma is thin in this region and
firmly adheres the epithelium to the tarsal plates of the lids. This area of the
conjunctiva is routinely examined by everting the upper eyelid and pulling the
lower eyelid down. Its normal appearance must be distinguished from abnormal
appearance, which clearly suggests pathology of the ocular surface. The superior
and inferior forniceal conjunctiva connect the tarsal and bulbar areas of conjunc-
tiva. The adherence of its stroma to the underlying orbital septum is the loosest of
the three conjunctival areas, being redundant and forming folds. The ducts of the
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Figure 1 The bulbar (b), palpebral or tarsal (p), and forniceal (f) zones of the conjuncti-
va. The limbal area (l) marks the transition between conjunctiva and cornea. The caruncle
(c) and semilunar fold (s) are located at the medial interpalpebral angle.
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main lacrimal gland open into the temporal portion of the upper fornix, and those
of the accessory glands of Krause and Wolfring open into the upper and lower
fornices. The superior fornix is approximately 13 mm from the lid margin, the
inferior 9 mm, and the lateral 5 mm. The upper and lower fornices meet at the
medial and lateral canthi, forming a continuous fornix or cul de sac. The volume
of this conjunctival sac is about 7 µL when eyelids are closed. This is important,
because the inferior cul de sac is where topical medications are usually applied.
This means that even one drop will overflow unless the lower eyelid is pulled
away from the eyeball, and application of more than one drop at a time is
ineffective [3].

The conjunctiva possesses two specialized tissues, the semilunar fold and
the caruncle, located in the medial interpalpebral angle of the eye, both of which
are highly vascularized (Fig. 1). The plica semilunaris, or semilunar fold, is a
loose, narrow arc-shaped fold of the conjunctiva which facilitates movement of
the eye. It is thought to be homologous to the nictitating membrane or third lid
present in many vertebrate animals. Its epithelium is similar to that in other areas
but contains many goblet cells. Its stroma contains fat, some nonstriated fiber
muscles, and immune cells. The caruncula lacrimalis or caruncle, at the inner
canthus in the lacrimal lake, is attached externally to the plica and blends
medially with the canthal skin. It is an ovoid nodular mass of fleshy modified skin
with stratified nonkeratinized squamous epithelium, and stroma containing seba-
ceous gland ducts, sweat glands, smooth muscle (portions of Horner’s muscle),
adipose tissue, and fine lanugo hairs, in addition to accessory lacrimal glandular
tissue [2].

The blood supply of the conjunctiva is mainly provided by the anterior
ciliary arteries (ophthalmic artery), and also by branches from the eyelid vascu-
lature. The conjunctival capillaries are a fenestrated type. The lymphatic channels
can be seen at a deep level, where they are larger and directly under the stroma.
The trunks on the medial side drain into the submaxillary node, whereas the
lateral trunks drain into the pretargian and parotid nodes. Conjunctival sensory
innervation comes from the ophthalmic division of the trigeminal or fifth cranial
nerve; only the medial portion of the inferior forniceal and palpebral conjunctiva
derives its nerve supply from the maxillary division of the trigeminal (infraorbital
nerve) [3]. Sympathetic and parasympathetic innervation (autonomic nerves)
supply the conjunctival vessels and secretory epithelia [6].

Embryologically, the conjunctiva develops from ectodermal and subecto-
dermal tissue located directly underneath the posterior surface of the eyelid folds
and along the margin of the developing cornea. By the 10th to the 12th week
of gestation, goblet cells are discernible in the future palpebral, forniceal, and
bulbar areas. By the 12th to the 14th week, the upper and lower forniceal
and palpebral conjunctival epithelium form invaginations that will become the
accessory glands of Krause and Wolfring [2,3].
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III. THE CONJUNCTIVAL EPITHELIUM: MICROSCOPIC
STRUCTURE AND CELL BIOLOGY

Histologically, the conjunctiva is composed of the superficial epithelium and the
underlying substantia propia or stroma (Fig. 2). The conjunctival epithelium is a
stratified nonkeratinized secretory epithelium. Its structure varies depending on
location, from columnar in the tarsal and cuboidal in the bulbar area, to highly
prismatic in the forniceal areas, and squamous near the lid margins and limbus
(Fig. 3). The thickness of the conjunctival epithelium also varies regionally, from
6–9 layers in the bulbar conjunctiva to 2–3 layers in the tarsal and forniceal
zones. A gradual transition exists across the limbus, from somewhat irregular
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Figure 2 Schematic drawing of the normal conjunctiva showing the main components
of its epithelium (e) and substantia propria (sp) in the three topographic zones: palpebral
(p), forniceal (f), and bulbar (b) conjunctiva merging with the limbus (l) and cornea (co).
Accessory lacrimal glands exit into the fornix (F). A complement of inflammatory-im-
mune cells is present in the normal conjunctiva, with dendritic antigen-presenting cells and
CDSt T cells in the epithelium, and a mixture of lymphocytes and antigen-presenting cells
in the substantia propria.
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Figure 3 Histological micrographs of the bulbar, palpebral and forniceal conjunctiva of
normal adults. (Courtesy of the Miguel N. Burnier Jr Registry of Ocular Pathology, IOBA,
University of Valladolid.) (A) This area of bulbar conjunctiva shows 6–8 epithelial layers
of predominantly cuboidal cells; Goblet cells are absent because it is located near the 
limbus. Occasional intraepithelial lymphocytes (arrows) can be seen. Lymphatic channels
(lc) and blood vessels (bv) are seen in the stroma. Masson trichromic stained, 252×. 
(B) The upper palpebral conjunctiva is shown in the upper part of the photograph, near 
the tarsal meibomian glands (mg) and one accessory lacrimal gland (alg). Epithelial
infoldings in this area form Henle’s crypts, with a large number of goblet cells and a 
diffuse layer of numerous subepithelial lymphocytes, belonging to the diffuse conjuncti-
val associated lymphoid tissue (CALT). The stroma here is thinner and more compact 
than in other areas. The forniceal conjunctiva (f) can be seen in the left part of the 
photograph, showing a loose and abundant stroma. Note the conjunctival lymphoid 
follicle (lower arrow), part of the organized CALT (arrow). 31.5×. (C) Magnification of
the follicular arrangement of lymphocytes seen in (B) (a view extending downward 
from the lower arrow), belonging to CALT system. The thin epithelium (M cells) covers
a rounded area (upper left) heavily populated by lymphocytes. In the transition to the more
diffusely arranged CALT, the epithelium becomes thicker, lymphocytes are less numerous
and compact, and some plasma cells are evident. ×252.
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conjunctival epithelium to more regular corneal epithelium. The limbal epitheli-
um has fingerlike projections into the lamina propia, named Vogt’s palisades, that
contain the stem cells of the cornea. Here, the limbal epithelium contains up to
15 cell layers in the valleys of the palisades and up to 3 layers in the apical parts
of the palisades. The superficial epithelial cells are flat here, becoming more
cuboidal toward the conjunctival zone. The epithelium in this zone is devoid of
goblet cells, but, in the basal layers, Langerhans’ cells and melanocytes are abun-
dant, with the number of melanocytes depending on the degree of pigmentation.
At the mucocutaneous junction, there is a relatively abrupt transition from
nonkeratinized stratified squamous mucosal epithelium to keratinized epidermal
epithelium [7].

The different layers of the human conjunctiva are organized into three main
zones. The basal cells are a cuboidal monolayer attached to the basement mem-
brane by hemidesmosomes and adherent complexes. Their cytoplasm contains
cytokeratin intermediate filaments. These basal cells are capable of mitosis, a
characteristic of undifferentiated cells. The intermediate layers are more columnar
and are present only in areas of thicker epithelium, especially at the fornices and
limbus. These cells contain intermediate filaments grouped in fascicles thinner
than those of the basal cells. Cells of the intermediate layer become progressive-
ly more polygonal and flattened as they reach the conjunctival surface, remaining
in a nonkeratinizing state under normal healthy conditions. The superficial cells,
however, have variable morphology depending on their location. They are
cuboidal in the bulbar and tarsal areas, more polygonal in the forniceal regions,
and flattened in the limbus. This more pronounced flattening is considered an
adaptation to increased mechanical pressure [8]. The superficial layers can be eas-
ily removed from the deeper epithelial layers by impression cytology, which
allows visualization of epithelial cells and quantitation of goblet cells (Fig. 4).
This technique can also identify pathological alterations that develop in ocular
surface diseases [9] and define the state of keratinization of the superficial epithe-
lial layers. A nonkeratinized state of the ocular surface is crucial to its health.
Clusterin (formerly named apolipoprotein J, apoJ, or SP-40), one of a variety
of molecules responsible for this nonkeratinized state [10,11], is present in the
superficial layers of normal conjunctival and corneal epithelia, and absent from
keratinized epithelia such as epidermis. Its expression is markedly reduced in
keratinizing ocular surface disorders such as ocular cicatricial pemphigoid and
Stevens-Johnson syndrome [10,11]. These disorders have in common the patho-
logical transition of a secretory nonkeratinized, stratified epithelium, such as that
of the normal ocular surface, into a nonsecretory, keratinized epithelium, a patho-
logical condition termed squamous metaplasia. It is accompanied by loss of gob-
let cells, increase in cellular stratification, enlargement of superficial cells, and
keratinization [12]. In addition to cicatrizing conjunctivitis, squamous metaplasia
is a characteristic change found in lacrimal keratoconjunctivitis (LKC) [13]. The
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Figure 4 Normal upper bulbar conjunctiva, near the upper fornix. (Courtesy of the
Miguel N. Burnier Jr Registry of Ocular Pathology, IOBA, University of Valladolid.) (A)
Note the per-iodic acid Schiff (PAS)-positive goblet cells (arrows) among the nongoblet
epithelial cells. PAS stained, 252×. (B) The superficial layers including goblet cells can be
easily removed by impression cytology, showing a clear distinction between the goblet
cells (arrows) and the nongoblet epithelial cells. Giemsa-PAS stained, 40×.
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expression of clusterin in LKC and its potential role in the pathogenesis of this
disease remains to be elucidated.

Although the exact location where stem cells of the conjunctival epitheli-
um reside has not been exactly defined, some studies suggest that the fornices and
some areas present in the bulbar and limbal conjunctiva contain these cells [14].
Although their localization needs further confirmation, the fornices are a logical
spot because stem cells in the fornices are protected from environmental insults.

The apical surface of the superficial cells exhibit microplicae and microvil-
li similar to those of the cornea that can be easily seen in transmission (Fig. 5) and
scanning electron micrographs. Superficial cells appear hexagonal and are com-
pletely covered by microvilli (0.5 µm diameter × 0.5–1 µm high; Fig. 6), some of
which coalesce into microplicae [15]. These microscopic features have the
twofold function of enlarging the resorbent surface of the conjunctival epithelium
and stabilizing and anchoring the overlying tear film to the epithelial cell mem-
branes and overlying glycocalyx [16,17]. The variable density and length of
microvilli makes it possible to distinguish three populations of cells by scanning
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Figure 5 Transmission electron microphotograph of a group of conjunctival goblet cells,
showing the secretory mucin granules (arrow) that push down the nuclei. The microvilli
(mv) are also evident.
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Figure 6 Scanning electron microphotographs of the human bulbar conjunctiva.
(A) The hexagonal shape of superficial cells and the abundant microvilli (mv) are evident,
as well as some goblet cell openings (arrows). (B) The prominent mucus layer forms
globules (g), sheets (s), and strands (st) over the superficial epithelial layer. 1300×.
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electron microscopy: light-, medium-, and dark-colored cells. The lighter-colored
are the most abundant cells and have longer but fewer microvilli, whereas the
medium- and dark-colored cells have many, more compact and shorter microvilli
[18].

Epithelial cells are bound to their neighbors by tight junctions, gap junc-
tions, and desmosomes that connect to intracytoplasmic intermediate filaments
or cytokeratins. There are fewer desmosomes in the conjunctival epithelium than
in the corneal epithelium, as expected because of expandable spaces between
adjacent epithelial cells that are wide open near the stroma (where no specific
junctions are seen) and closed tightly near the apical border by tight junctions.
This distribution of intercellular spaces increases the resorption properties of
the conjunctival epithelium and provides it with great elasticity and pliability,
properties necessary to resist mechanical stress [8].

The basal epithelial layers rest on a basement membrane that is composed
primarily of type IV collagen. This basement membrane is synthesized primarily
by basal epithelial cells. It is quite straight except at the limbus, where it makes
numerous folds. Ultrastructurally, the basement membrane zone is composed of
two layers: the lamina lucida (24 µm thick), which is closer to the cell membrane;
and the more electron-dense lamina densa (47 µm), which is more deeply locat-
ed. The conjunctival basal membrane is composed of type IV collagen, laminin,
and fibronectin. Some of these molecules are potential autoantigens in autoim-
mune conjunctivitis, especially in cicatricial pemphigoid [19]. The epithelium
adheres to the basal membrane and underlying stroma by complexes that are
composed of: (1) hemidesmosomes, where the antigens of bullous pemphigoid
and ciciatricial pemphigoid (β4 integrin) are located [20]; (2) intracytoplasmic
cytokeratin filaments associated with hemidesmosomes; (3) anchorage filaments
that bind hemidesmosomes, after traversing the basement membrane, to anchor-
age fibers; (4) anchorage fibers of collagen type VII that insert on the inner face
of the basement membrane; and (5) anchorage plaques, into which collagen types
IV and VI and the anchorage fibers are inserted [21].

As mentioned, epithelial cells typically contain fascicles of intercrossed
intermediate tonofilaments called cytokeratins that converge toward the desmo-
somes and hemidesmosomes. The perinuclear space and the area under the cell
membrane, where the intracellular organelles are located (mainly mitochondria,
Golgi system, and rough endoplasmic reticulum), is essentially devoid of tonofil-
aments. The structure of this cytoskeleton varies in epithelial surface cells of
different areas [8]. Desmosomes are practically nonexistant in the forniceal
conjunctiva, whereas in the tarsal and bulbar conjunctiva, and to a greater extent
in the limbal area, many more desmosomes are found, interconnected by inter-
mediate filaments. Cytokeratins are proteins expressed as dimers of different
molecular weights that can be detected by specific antibodies. Immunological
detection of cytokeratins is used to demonstrate the epithelial origin of cells in
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culture [22], to identify the different epithelia of the ocular surface (e.g., con-
junctival versus corneal) [23], or to demonstrate the epithelial origin of tumor
cells [2].

Ultrastructural studies describe five different types of superficial epithelial
cells, based on the number, type, and arrangement of organelles in the cytoplasm
[8]. In general, the distribution of these cell types shows only a small dependency
on age. Each of the cell types is described below.

Type I cells designate goblet cells. They are easily distinguished from other
epithelial cells, as they have a large cytoplasm filled with electron-dense granules
(Fig. 5) composed of mucins, which push the nucleus and organelles (mainly the
Golgi system) into the basal aspect of the cell. These epithelial cells are consid-
ered unicellular mucous glands. They are normally present in the intermediate
and superficial layers of the epithelium, but occasionally they may be seen in
the basal layer. Ultrastructural studies suggest an apocrine secretory mechanism,
and at the end of the secretion cycle, an empty goblet cell which has released its
secretory granules and other cell organelles to the epithelial surface can be seen.

Goblet cells (Fig. 4) are 5–20% of the total number of epithelial cells in the
conjunctiva. They are sparsely distributed everywhere in the conjunctiva, except
that they are not found in the limbus. Goblet cells are more concentrated in the
forniceal and tarsal conjunctiva (much more frequent in the nasal aspects, up to
20%), and in the plica semilunaris and caruncle. They represent 5–10% of the
population in the bulbar conjunctiva, and are more concentrated in the nasal
aspect (mainly inferonasal). Goblet cells are scarce in the bulbar conjunctiva
temporal to the cornea and usually absent in the limbar region (only sporadic
cells can be seen). Their distribution seems unchanged with age, although older
individuals tend to have fewer goblet cells, especially in the bulbar conjunctiva.
Goblet cells are not recognized in scanning electron micrographs until the secre-
tory cycle begins. Their openings in the conjunctival surface are seen as intercel-
lular 1 to 3–µm openings that look either empty or full of plugs of mucins,
depending on the state of their secretory cycle (Fig. 6A) [24,25].

The purpose of epithelial goblet cells is to produce mucins, an essential
component of the tear film (Fig. 6B). However, all epithelial cells can produce
mucins. Among the ocular surface mucins described to date, MUC5AC is specif-
ically produced by goblet cells. The remaining mucins are expressed in nongob-
let epithelial cells of the conjunctiva or the corneal epithelium [26,27].

Type II cells are defined by their numerous large, osmiophilic, electron-
dense granules (60–300 nm), mainly located in the upper part of the cytoplasm,
whose double membrane often contacts the apical cell membrane. Another type
of these cells has larger (100–500 nm) and less homogeneous osmiophilic vesi-
cles with a granular content, originating in the Golgi system. Their membranes
partly coalesce with the cell membrane, releasing their contents (sometimes along
the surrounding membrane) to the epithelial surface, thus showing a merocrine
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type of secretion. Type II cells, located where the epithelium is multilayered
(such as in the fornix), have a highly prismatic shape and show an apocrine type
of secretion, releasing almost their entire cytoplasm to the surface.

These secretory type II epithelial cells with secretory granules are among
the more numerous epithelial types in the human conjunctiva as a whole, show-
ing regional variation in number (although they are almost absent in the limbus),
but always between 7% and 15% of total cells. Unlike type I cells, they are
more frequent in the temporal aspect (15%) than in the nasal part (10%), and they
tend to be more frequent with age. Type II cells are the main constituents of
the so-called second secretory mucous system (in addition to the type III), as
opposed to the “first” secretory system composed of goblet cells. They are
supposed to secrete the glycocalyx and they may be responsible for production of
transmembrane mucins [26].

Type III cells are characterized by well-developed and abundant Golgi
complexes. They represent between 10% and 20% of surface cells, and are some-
what more frequent in older individuals. In general, these cells are more abundant
in the temporal aspect of the conjunctiva. This cell type is also considered a part
of the second secretory system.

Type IV cells are recognized by their abundant rough endoplasmic reticu-
lum. They are the most frequent type in the tarsal and forniceal conjunctiva, where
they comprise 35–40% of the epithelial surface cells. In the bulbar conjunctiva,
they are the second most frequent type (25%), being more abundant in the inferi-
or part. As ergastoplasm-rich cells, their main function is synthesis of proteins.

Type V cells possess numerous mitochondria, especially in their apical cyto-
plasm, and they usually are more electron-dense than the other epithelial cells. They
constitute the second most common cell type (25–30%) in the tarsal and fornix con-
junctiva, and the most frequent type in the bulbar and limbal areas (40–50%). They
tend to be more frequent in younger persons. This cell type is involved in process-
es that require energy, such as cell movement, active transport, and biosynthesis.

The relative percentages of these cell types have been observed to change
following ocular surface insults. Of note, when glaucoma drops were applied for
more than 3 months, type I cells (goblet cells) almost disappeared and were
replaced by increased numbers of type II cells, whose secretory granules marked-
ly increased [8]. Type II cells are highly secretory, and they seem to be the main
cells in the so-called second secretory system. They may be responsible for
mucus secretion in some chronic ocular surface diseases (e.g., cicatrizing con-
junctivitis), where goblet cells vanish, but surprisingly, abundant “altered” mucus
is seen stuck to the ocular surface. In Sjögren’s syndrome LKC, relevant ultra-
structural alterations in the conjunctiva have been described. These include
decreased numbers and sizes of microvilli, increased desquamation of the surface
cells, expansions of intercellular spaces that are often filled with inflammatory
cells, and fewer organelles in the surface cells (they are less electron-dense).
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Type I (goblet cells), type II (second secretory system), and type III (Golgi-rich)
were noted to decrease, type V (mitochondria-rich) remained unchanged, while
type IV (rich in endoplasmic reticulum) increased, and were noted to be the most
frequent type. This cellular shift has also been observed after alkali injury [8].

Some age-related changes in the conjunctival epithelium have been
described, including a progressive flattening of cells, hyaline intracellular deposits,
and a decreased number of microvilli. In addition, these ultrastructural studies found
no relevant changes in the respective distribution of the five cell types in the con-
junctiva with age, although there was a tendency toward a lower number of goblet
cells [8]. No longitudinal studies of the conjunctival epithelium have been reported.

In addition to these five epithelial cells types, other types of resident cells
such as melanocytes, Langerhans cells, or lymphocytes contribute to the protec-
tive and defensive function of the conjunctival epithelium [3]. Melanocytes
are present in the basal epithelium, primarily in the perilimbal zone, where
they synthesize melanosomes, which are transferred into adjacent basal and
intermediate epithelial cells (as occurs in the epidermis). Melanocytes and the
surrounding pigmented epithelial cells are more numerous in pigmented individ-
uals (consistently in blacks, and frequently in Asians and heavily pigmented
Caucasians). Langerhans cells are MHC class II-positive dendritic cells that serve
as professional antigen-presenting cells. They trap and internalize antigens found
on the ocular surface and further transport them to regional lymph nodes, where
they may present the processed antigens to naïve T cells and induce an immune
response. Finally, intraepithelial lymphocytes are present in the normal conjunc-
tiva near the subepithelial lymphoid accumulations of the mucosal immune sys-
tem of the conjunctiva (Figs. 2, 3B and d3C), although their quantities increase
under inflammatory conditions affecting the ocular surface.

In summary, the detailed biology of conjunctival epithelium and, in general,
the ocular surface epithelium, is a fascinating, expanding field. The gene expres-
sion profiles of the ocular surface epithelium in physiological and pathological
conditions have been recently investigated, and the observed differences have
obvious implications for diagnosis and targeted therapy [28,29]. 

IV. CONJUNCTIVAL SUBSTANTIA PROPRIA OR STROMA

The connective tissue or substantia propria, located below the epithelial basement
membrane, is a loose fibrovascular connective tissue (collagen and elastic fibers
plus extracellular matrix) that contains blood and lymphatic vessels, smooth
muscle, fibroblasts, nerve fibers, melanocytes, accessory lacrimal glands, and
numerous immunocompetent cells, including lymphocytes, plasma cells,
macrophages, and mast cells (Fig. 3). The conjunctival stroma can be further
subdivided into two zones: The superficial layer (lamina propria) contains
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immune cells (primarily lymphocytes) and is loosely attached to the overlying
epithelial basement membrane. A deeper layer adheres to the underlying Tenon’s
capsule and episclera and contains the vasculature and the neural innervation [3].

The conjunctival stroma shows regional variation in density and thickness. In
the forniceal and bulbar zones it is loose and thick. The stroma is thinner and more
compact in the palpebral area, which permits a firm network of septal connections
between the epithelium and the tarsus, and at the corneoscleral limbus, where it
merges with Tenon’s capsule and episclera. At the limbus, the epithelium and stro-
ma form radially oriented rete pegs and papillae known as palisades of Vogt [7].
They are more numerous at the superior and inferior limbus, and contain lymphat-
ic channels and capillaries derived from the anterior ciliary arteries that drain to the
episcleral venous plexus, as well as the stem cells for the corneal epithelium [30].

Conjunctival fibroblasts synthesize the extracellular matrix and collagen
fibers. In addition, these cells can be activated and overproduce the extracellular
matrix, pro-inflammatory cytokines, and chemokines that regulate the flow of
immune cells into the stroma. Conjunctival capillaries are a fenestrated type,
innervated by the sympathetic and parasympathetic systems [3].

V. CONJUNCTIVAL GLANDS

Several types of secretory glands that contribute to the formation and stability of
the tear film are found in the conjunctiva. The lipid layer is secreted by the
Meibomian glands, with a small contribution from the Zeiss and Moll glands. The
aqueous layer is formed by secretions from the main orbital lacrimal gland, and
the accessory lacrimal glands located in the forniceal and tarsal conjunctiva 
(Fig. 3B), the plica, and caruncle. The glands of Krause are located in the upper
(approximately 40 glands) and lower (between 5 and 10 glands) fornices (Fig. 2.)
The glands of Wolfring are situated in the peripheral edge of the upper (approx-
imately five glands) and lower (one or two glands) tarsus and the forniceal con-
junctiva. Both types of accessory lacrimal glands have tubule-like acini, and their 
excretory ducts are lined by cuboid epithelial cells that are identical to cells 
near their conjunctival exit to the ocular surface. They are eccrine glands 
of serous or aqueous content, histologically identical to the main lacrimal gland
[2,3]. By contrast, the so-called mucosal glands are, in reality, accumulations 
of goblet cells. These cells tend to accumulate in the crypts of Henle, mainly 
in the upper one, located in the tarsal conjunctiva, in the semilunar fold, and
around the lacrimal puncta. The Henle’s crypts are invaginations of the conjunc-
tival epithelium from 0.1 to 0.5 mm in diameter with a round to elliptical 
opening (10–16 nm), which contain many goblet cells and other cell types, main-
ly lymphocytes associated with the conjunctival lymphoid tissue [5]. The glands
of Manz are formations similar to the glands of Henle but are found a few 
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millimeters nasal to the limbus; however, their existence in humans has not been
confirmed [2].

VI. CONJUNCTIVAL-ASSOCIATED LYMPHOID TISSUE (CALT)

When exogenous antigens initially contact the host at surfaces such as skin or
mucosal membranes, they encounter potent innate and adaptive defensive
immune surveillance mechanisms. The infrastructure supporting the adaptive spe-
cific response in the skin has been termed skin-associated lymphoid tissue
(SALT) [31], and that in the mucous membranes throughout the body, the
mucosa-associated lymphoid tissue (MALT) [32]. MALT consists of different
arrangements of lymphoid cells located just beneath the epithelium. The mission
of this tissue is to take up and process antigens, inducing an immune response or,
occasionally, tolerance [33]. MALT has been described in most mucosal epithe-
lia, such as in the respiratory mucosa as nasopharyngus-associated lymphoid
tissue (NALT) [34], the bronchus-associated lymphoid tissue (BALT), the
gut-associated lymphoid tissue (GALT) in the digestive mucosa [35], and the con-
junctival-associated lymphoid tissue (CALT) in the ocular mucosa. Apparently,
these specialized lymphoid aggregates can exist in any epithelial tissue (urogeni-
tal, renal, bile duct, salivary glands, pancreas, thyroid, tonsils) [36]—even a
vascular-associated lymphoid tissue (VALT) has been described [37].

Although MALT in different sites show obvious similarities, there are
striking regional variations and specialization in the various compartments; spe-
cific homing receptors direct immune cells toward specific mucosal sites and dif-
ferent ways to handle antigens affect immunological responses [32].

Focusing on the ocular mucosa, CALT was first described in rabbits as
early as 1979 [38], with a strong resemblance to the previously described BALT
and GALT. The initial description of rabbit CALT consisted of multiple subep-
ithelial lymphoid nodules (0.2–0.8 mm in diameter) on the palpebral conjunctiva
surface and fornices, distributed in three different ways: single scattered entities,
diffuse clusters of 15–50 nodules, and tightly packed discrete patches of 10–75
nodules (very similar to intestinal Peyer’s patches). These nodules were heavily
infiltrated with small and medium-size lymphocytes and some larger blastic cells
undergoing mitosis, while no evidence of plasma cells was found. Prominent
lymphatic channels were distributed around the periphery of each nodule.
The normal stratified columnar architecture of the overlying epithelium was
disrupted and heavily infiltrated by lymphocytes. At that time, this CALT was
considered to play a role in the secretory immune system similar to that of GALT
and BALT. CALT was later found in humans [39], and was considered to be an
afferent arm of the mucosal defense system, sampling and processing antigens on
the ocular mucosa [39]. To date, CALT has been described in numerous other
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animal species and has been more completely characterized in humans [40]. It is
now regarded as an integral part of the mucosal immune system (MALT) [41].

Initial descriptions of human CALT were very similar to those given for 
rabbits [39]. Recent studies of human tissue have now demonstrated that the topo-
graphic organization of CALT tissue is more complex and it shows not only inter-
but also intraindividual variations, due to age or environmental conditions [40].

The morphology and function of the CALT consists of two types of tissues,
mainly located in the palpebral conjunctiva, especially in the upper one, and in 
the fornix near the tarsal edge. The follicular organized lymphoid tissue
(O-MALT) (Fig. 3) is composed of B lymphocytes (mainly IgA-committed) [42]
that are arranged in round follicles with an overlying specialized lymphoepitheli-
um (M cells), lymphatic channels for cell emigration, and high endothelial venules
[43], in addition to normal vessels for cell immigration. This type is responsible
for antigen uptake and lymphocyte activation. The second type is the diffuse lym-
phoid tissue (D-MALT) that forms a thin layer in the lamina propria. It is com-
posed of T lymphocytes that immigrate after recirculation, most which are positive
for CD8 and the human mucosa lymphocyte antigen (HML-1), and of plasma cells
that are primed at follicular sites, most of which are IgA-positive. These lympho-
cytes can be found in the lamina propria or invading the epithelium (intraepithelial
lymphocytes), which produce the IgA transporter secretory component [40,44].

Remarkably, MALT tissue has also been found along the tear drainage
system, named lacrimal drainage-associated lymphoid tissue (LDALT) [45].
Since it is also known that there is a large accumulation of lymphocytes in the
lacrimal glands (LGALT) [42,45], Knop and Knop have recently proposed that a
defense unit for the ocular surface as a whole exists, the so-called eye-associated
lymphoid tissue (EALT), comprising the conjunctival-, lacrimal drain-, and
lacrimal gland-associated lymphoid tissues. This represents the infrastructure
for ocular surface immunology [44], which is connected with the lacrimal func-
tional unit [1] and the endocrine system to form an integrated functional unit for
ocular surface defense.

In addition to its importance as a defensive mechanism, mucosal immunity
may allow tolerance induction in the host when an antigen is encountered via the
MALT [46]. Moreover, malignant neoplasias named MALTomas can arise from
these specialized tissues [47].

VII. SUMMARY

1. The conjunctiva forms a smooth, flexible, protective covering for the
eyeball.

2. It helps to maintain the integrity of the tear film, which is essential for
corneal transparency.
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3. The superficial conjunctival epithelium contains mucin-secreting
goblet cells and four other cell types, as well as melanocytes,
Langerhans cells, and lymphocytes.

4. Secretory glands that contribute to the formation and stability of the
tear film are found in the conjunctiva, including Meibomian glands and
accessory lacrimal glands.

5. The conjunctival-associated lymphoid tissue (CALT) is a complex
mucosal immune tissue dedicated to ocular defense.

6. Because of its multiple roles in ocular surface homeostasis, the conjunc-
tiva is an important component of the integrated lacrimal functional unit.
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I. INTRODUCTION

The relevance of immuno-inflammatory responses in the cornea and ocular sur-
face can hardly be overemphasized. The pathophysiology of most acute and
chronic forms of corneal and ocular surface disease (e.g., dry eye syndrome,
allergy, and microbial keratoconjunctivitis, to name a few) includes a significant
component of the inflammatory response. Topical and and systemic anti-inflam-
matory and immune-modulating agents are used with varying degrees of success
in bringing many of these conditions under control. Hence, a better understand-
ing of the cellular and molecular mechanisms by which the ocular surface partic-
ipates in immuno-inflammatory disorders is critical for both identifying impor-
tant research questions as well as for a more rational clinical approach to these
disease entities.

The ocular surface participates in immune and inflammatory responses by
myriad mechanisms, similar to many other tissues in the body. However, features
unique to the ocular anterior segment from both anatomical and physiological
standpoints translate into distinctive mechanisms by which the ocular surface
incites and expresses immunity. The aim of this chapter is, first to provide a broad
overview of the contribution of resident ocular tissue elements and infiltrating
bone marrow-derived elements to some of the innate defense mechanisms oper-
ative in the ocular surface by focusing on the microanatomical specificities of the
conjunctiva, limbus, and cornea. Second, we will provide a summary of the cel-
lular and molecular elements that dictate how the cornea and ocular surface
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respond to inflammation. Finally, we will provide a synopsis of how these cellu-
lar and molecular mechanisms are involved in the disease pathogenesis of per-
haps the most common form of chronic ocular surface disease, dry eye syndrome. 

A wide array of cells and molecules participate in the natural defense of
the ocular surface. From a functional and mechanistic standpoint, it may be
helpful to divide these mediators into two groups: (1) those involving the resi-
dent mesenchymal cells of the cornea and ocular surface, and (2) those involv-
ing the bone marrow or hematopoietic elements that normally reside in these
tissues.

II. RESIDENT AND MESENCHYMAL CELLS OF THE OCULAR
SURFACE

The immune-mediated responses of the ocular surface are influenced by its
unique anatomy and physiology. The ocular surface consists of three distinct
anatomical regions, the cornea, the limbus, and the conjunctiva, which function
both independently and in concert as specific barriers against microbial, immuno-
genic, and traumatic insults. Although the conjunctiva and cornea are anatomi-
cally proximate and are bathed in the same tear film, their immune responses are
distinctly different from each other.

A. The Cornea

The normal cornea (in contrast to the conjunctiva) is considered an “immune-
privileged” site due to the high success rate of corneal transplantation [1], the lack
of corneal blood or lymphatic vessels, the expression of Fas ligand on its surface
that is thought to be relevant to deleting Fas-expressing effector T cells [2], and
its general resistance to expressing cell-mediated immunity such as delayed
hypersensitivity responses [3]. Since the incident light that will ultimately reach
the retina is first refracted at the preocular tear–air interface, and must travel
through a clear corneal medium for minimal distortion on its way to the retina, it
is axiomatic that the cornea can ill afford any immune or inflammatory response
that is not absolutely necessary. This rationale has been applied to explain the
central cornea’s high threshold for manifesting immune responsiveness [4].
Interestingly, peripheral areas of the cornea have distinct morphological and
immunological characteristics that render them significantly more prone to
inflammatory reactions. For example, unlike the avascular central regions of the
cornea, the limbus and the peripheral cornea derive much of their nutrient supply
from the capillary arcades, which extend only approximately 0.5 mm into the
clear cornea [5]. However, this greater reliance of the peripheral cornea on vas-
cular supply also renders it more responsive to locally or systemically incited
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inflammation due to recruitment of cellular and molecular mediators of inflam-
mation from the intravascular compartment.

B. The Conjunctiva

The conjunctiva-associated lymphoid tissue (CALT) is a relatively unique
component of the mucosa-associated lymphoid tissue (MALT) system, with
the limbus serving as a transition zone between the conjunctiva and cornea. The
conjunctiva also has other unique cell populations, including goblet cells, mast
cells, and accessory lacrimal glands, all of which are absent from the normal
cornea [5]. In addition, the conjunctiva has a luxurious vascular supply as well as
a rich lymphatic network, which means that it is much more intimately connected
anatomically to the immune system than the cornea. The lymphatics afford easy
access of antigen(s) and antigen-presenting cells to lymphoid reservoirs, and the
vascular supply allows ready access of cellular and molecular immunological
effectors to the conjunctiva.

The conjunctival epithelium, unlike the corneal epithelium, lacks an organ-
ized basement membrane and rests loosely on the fibrovascular tissue of the
substantia propria (stroma). The substantia propria of the conjunctiva consists of
two layers, a superficial lymphoid layer and a deeper fibrous layer. The lymphoid
layer is made up of a connective tissue matrix containing a homogeneous-appear-
ing population of (mostly T) lymphocytes. They interact with mucosal epithelial
cells through reciprocal regulatory signals mediated by growth factors, cytokines,
and neuropeptides. However, under normal conditions, no germinal follicles are
present in the conjunctiva [6]. In addition to these microanatomical features that
facilitate immunogenic inflammation in the conjunctiva, the conjunctival epithe-
lium also expresses a unique cohort of cellular adhesion molecules and surface
antigens that regulate the interactions among conjunctival epithelial cells, as well
as interactions between these cells and bone marrow-derived immune cells. For
example, β-integrin complexes, adhesion molecules known as very late antigens
(VLAs), function as receptors for collagen, fibronectin, and/or laminin, which
form the extracellular matrix. Flow cytometry has shown that β-integrin VLA-1,
-2, and -3 adhesion factors are constitutively expressed by the normal human
conjunctival epithelium [7].

The exocrine and immune elements of the conjunctiva are intricately
related to one another. Two types of accessory lacrimal glands are present in the
conjunctiva: the glands of Krause and the glands of Wolfring. Their structures are
similar to that of the main lacrimal gland, all belonging to the mucosa-associated
lymphoid tissue system. B cells home to sites adjacent to the lacrimal and acces-
sory lacrimal gland epithelia, producing immunoglobulins (Ig), especially IgA.
The IgA in tears is unique in that it is dimerized with a polypeptide known as
secretory component, acquired from the adjacent epithelia [8]. Secretory IgA is
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relatively resistant to proteolysis and is a poor activator of complement, poten-
tially providing defense without significant cytolytic damage to the epithelial
cells.

C. The Limbus

The convergence of the cornea and conjunctiva at the limbus separates two
vastly different tissues. The phenotypic and biochemical characteristics of the
limbal epithelium are intermediate between corneal and conjunctival epithelium
[9]. The substantia propria of the limbus has capillaries, lymphatics, sensory
nerve endings, and mast cells that are similar to the conjunctiva. Limbal and con-
junctival lymphatics drain to the preauricular and submandibular lymph nodes
and facilitate the delivery of antigen-presenting cells (APCs) to these lymph
nodes, which can contribute to immunogenic inflammation such as rejection of
corneal grafts [10,11]. The eye–lymphatic axis is critically relevant for induction
of corneal immunity, which is mediated in large part by the limbus [12]. While
the functional significance of lymphatic access by ocular surface cells and anti-
gens is increasingly appreciated, the molecular mechanisms that regulate leuko-
cyte–lymphatic interactions, potentially involving vascular endothelial growth
factor (VEGF)-associated signaling [13], are just being revealed.

III. BONE MARROW-DERIVED CELLS OF THE OCULAR
SURFACE: RESIDENT T CELLS

T cells form the predominant lymphocyte subpopulation of the normal ocular
surface, outnumbering B cells by up to 20-fold [14]. Table 1 describes the distri-
bution of T cells and other immune cells on the normal ocular surface. T cells are
subdivided into CD4+ and CD8+ cells. CD8+ cells are major histocompatibility
complex (MHC) class I-restricted and generally function as classic regulatory
T cells in addition to being cytotoxic T cells. CD4+ T cells are MHC class
II-restricted, and those with helper function [named T-helper (TH) cells] can be
further subdivided into either TH1- or TH2-helper types, depending on the profile
of cytokines they secrete. The majority of T cells in the uninflamed conjunctiva
are CD8+ cells with a CD4/CD8 ratio of 0.75 [15]. T lymphocytes recognize
antigens through two structurally distinct T-cell receptors [16]. The α/β T-cell
receptor (composed of α- and β-glycoprotein subunits) is expressed on a majori-
ty of peripheral blood T cells and is the predominant T-cell receptor subtype on
the normal ocular surface, whereas the γ/δ T-cell receptor is expressed on a small
proportion of blood lymphocytes and also on a small fraction of lymphocytes in
the conjunctival epithelium [15].
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IV. BONE MARROW-DERIVED CELLS OF THE OCULAR
SURFACE: RESIDENT B CELLS

Ocular surface B cells are found primarily in the conjunctival substantia propria,
where they may form aggregates in association with the overlying specialized
lympho-epithelium [17]. This organized tissue, termed conjunctiva-associated
lymphoid tissue, resembles the mucosa-associated lymphoid tissue of the gut
and upper respiratory tract, and is found variably in humans. Its presence in the
conjunctiva correlates with increasing age and antigenic stimulation [17,18]. The
specific role played by conjunctiva-associated lymphoid tissue in ocular surface
immune responses remains speculative. While it may be involved in homeostat-
ic processes such as secretory IgA production [19], it may also play a role in
disease processes such as allergic conjunctivitis [20] and conjunctival B-cell
lymphomas [21]. B cells are seen in substantial numbers in a heterogeneous
group of ocular diseases. For example, B cells are found in conjunctival biopsies
of Sjögren’s syndrome and Epstein-Barr virus (EBV)-associated infections [22].
Together with mast cells and eosinophils, B-lymphocytes play a critical role
in IgE-mediated type 1 hypersensitivity reactions, which underlie a number of
ocular surface allergic diseases including seasonal allergic conjunctivitis, vernal
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Table 1 Immune Cells of the Normal Ocular Surface

Conjunctiva Cornea

Cell type Epithelium Substantia propria Epithelium Stroma

Basophils � � � �
Dendritic cells � � � �
Eosinphils � � � �
Lymphocytes

B cells � � *Rare *Rare
T cells � � � �

�/� � � ? ?
�/� � � ? ?

T-helper � � *Rare *Rare
T-suppressor � � *Rare *Rare

Macrophages � � � �
Mast cells � � � �
Plasma cells � � � �
Polymorphonuclear � � � �

leukocytes

*The majority of corneal lymphocytes are found in the limbus and the perivascular areas of the
surrounding superficial limbic conjunctiva.
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conjunctivitis, and perennial atopic keratoconjunctivitis [23]. In allergy, antigen-
presenting cells and allergen activate the TH2 subset of helper T cells, which
in turn direct IgE-specific B-lymphocyte proliferation and maturation [24]. IgE
complexed with allergen on the surface of mast cells stimulates their degranula-
tion, releasing vasoactive amines, neutrophil and eosinophil chemotactic factors,
and arachadonic acid metabolites [24]. These result in conjunctival edema, exten-
sive epithelial damage, and scarring seen in atopic and vernal conjunctivitis [25].

V. RESIDENT ANTIGEN-PRESENTING CELL POPULATIONS

Antigen-presenting cells serve as the principal immune sentinels to the foreign
world and can be divided into “professional” and “nonprofessional” types. While
the latter are found among nonlymphoid tissues (e.g., vascular endothelial or some
tissue epithelial cells), professional antigen-presenting cells, such as dendritic
cells, macrophages, and B cells, form an integral part of the immune system and
are bone marrow (BM)-derived. The cardinal properties of antigen-presenting cells
include their ability to take up, process, and present antigen, to migrate selective-
ly through tissues, and to stimulate and direct T-cell-dependant responses.
Expression of MHC class II antigens on antigen-presenting cells, whose primary
function is to distinguish between self and non-self, plays an integral role in anti-
gen recognition and presentation. Two populations of bone marrow-derived cells,
(1) macrophages/monocytes and (2) dendritic and Langerhans cells, are the main
antigen-presenting cells of the ocular surface immune response.

A. Macrophages

Macrophages are bone marrow-derived monocytic cells that reside in virtually
every tissue. They are integral to the innate immune response because of their
phagocytosis of foreign material, expression of a variety of surface receptors
specific for pathogens or antigens, and secretion of proinflammatory cytokines
[26–28]. Macrophages synthesize and secrete a variety of powerful biological
molecules, including proteases, collagenase, angiotensin-converting enzyme,
lysozyme, interferon (IFN)-α, IFN-β, interleukin (IL)-6, tumor necrosis factor
(TNF)-α, fibronectin, transforming growth factor (TGF)-β, platelet-derived
growth factor, macrophage colony-stimulating factor (M-CSF), granulocyte-
stimulating factor, granulocyte-macrophage colony-stimulating factor (GM-
CSF), prostaglandins, leukotrienes and oxygen metabolites. They develop from
myeloid progenitor cells, enter the bloodstream as monocytes, and migrate
into tissues as macrophages. Their expression of low levels of MHC class II
and co-stimulatory molecules enables them to act as antigen-presenting cells,
although much less efficiently than dendritic cells [29]. However, resident tissue
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macrophages are in general poorly responsive to activation signals [30].
Macrophages also play roles in other processes including immune regulation and
suppression, tissue reorganization, and angiogenesis [31].

Previous studies have demonstrated resident tissue macrophages in the
conjunctiva, limbus, iris, ciliary body, tunica vesiculos lentis, uvea, and retina
[32–38]. Until recently, resident macrophages of the ocular surface were thought
to reside in the conjunctiva and limbus only [32,38], whereas the cornea was
thought to be devoid of any bone marrow-derived antigen-presenting cells. In
the conjunctiva, macrophages are the second most commonly found leukocyte
cell type after T cells, with a density of 6.5 cells/mm2 in the tarsal epithelium and
32.2 cells/mm2 in the tarsal substantia propria, with similar numbers in the bul-
bar conjunctiva [32]. Very recently, resident tissue macrophages have been found
by confocal microscopy in the normal cornea of mice, located mainly in the pos-
terior third of the stroma [39,40]. Resident stromal macrophages may provide a
critical first line of defense against pathogens that breach the epithelial barrier of
the cornea by producing antimicrobial substances, as well as other inflammatory
cytokines and chemokines to attract and activate additional macrophages, neu-
trophils, and dendritic cells.

B. Dendritic Cells and Dendritic Cell Precursors

Langerhans cells were originally described by Paul Langerhans in 1868 in the
skin epidermis [41], but their function and origin remained obscure for more than
a century. It has now been established that Langerhans cells are a population of
dendritic cells that reside in epithelia and mediate antigen presentation [32].
Dendritic cells comprise a heterogeneous group of professional bone marrow-
derived antigen-presenting cells that include members of different lineages and
states of maturation [42,43]. Dendritic cells are now recognized as essential
regulators of both the innate and acquired arms of the immune system. They serve
a unique role because they are the only antigen-presenting cell able to induce
primary immune responses, thereby permitting establishment of immunological
memory [44,45]. Dendritic cells were first isolated from lymphoid tissue of mice
in 1973 [46], and they have an extraordinary capacity to stimulate naïve T cells
via MHC molecules and initiate immune responses, including rejection of organ
transplants and formation of T-cell-dependant antibodies [44,47]. Recent studies
suggest that dendritic cells also regulate the types of T-cell immune responses
[43], play critical roles in the induction of peripheral tolerance [48], and function
as effector cells in innate immunity against microbes [49,50].

MHC class II-negative proliferating dendritic cell progenitors from the
bone marrow give rise to nonproliferating dendritic cell precursors in the blood.
These seed nonlymphoid tissues in a stage referred to as “immature” dendritic
cells [44,51]. Immature dendritic cells express negligible amounts of MHC
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class II on their surface, lack the requisite accessory (co-stimulatory) signals
for T-cell activation, such as CD40, CD80 (B7–1), and CD86 (B7–2), and are
characterized by a high capacity for antigen capture and processing, but a low
T-cell-stimulatory capability [29,47]. In their immature state, they remain dor-
mant until they are signaled from the extracellular milieu through inflammatory
mediators (derived from microbes or distressed bystander cells) to induce a rapid
change in function, becoming “activated” or mature. Maturation induces redistri-
bution of MHC molecules from the intracellular endocytic compartments of
dendritic cells to the cell surface, which renders these cells ineffective at antigen
capture but potent in T-cell stimulation [44,47]. The various functions of den-
dritic cells in immune regulation depend on the diversity of dendritic cell subsets
and lineages and on the functional plasticity of dendritic cells at their immature
stage. They are found in a variety of nonlymphoid tissues, including the ocular
surface, iris, and ciliary body. Some of the phenotypic characteristics of corneal
and conjunctival dendritic cells are unique and are discussed below.

C. Corneal Dendritic Cells

Under nonpathological circumstances, Langerhans cells, a subset of dendritic
cells, are the only cells that constitutively express MHC class II molecules in the
corneal epithelium [52]. Over the last several decades, the search for corneal anti-
gen-presenting cells, largely dependent on their presumed universal MHC class II
expression for detection, led to the (now disproven) dogma that Langerhans cells
are present in the epithelium of the conjunctiva and peripheral third of the cornea,
but are essentially absent in the central corneal epithelium and stroma [52–59].
The consensus was that the adult cornea, unlike many other tissues, is devoid of
resident professional antigen-presenting cells, although isolated MHC class II+ or
CD45+ (leukocyte common marker) cells had been observed in the normal corneal
stroma or central epithelium of several species [54,60–64]. This paradigm was
recently shaken by the demonstration that the cornea is endowed with resident
dendritic cells that are universally MHC class II-negative, but are capable of
expressing class II antigen after surgery and migrating to draining lymph nodes of
allograft hosts [39,65–68]. Many of these cells appear to be Langerhans cells that
reside in the normal central corneal epithelium. Examinations of normal corneas
revealed that both the peripheral and central areas of the epithelium contain large
numbers of bone marrow-derived Langerhans cells, with the density of these
cells decreasing from the limbus (178 Langerhans cells/mm2) toward the center
(100 Langerhans cells/mm2) [65]. While a large number of Langerhans cells are
MHC class II+ in the periphery, a large population of MHC class II-negative
immature/precursor Langerhans cells are present both in the periphery and the
center of the epithelium, with the center being exclusively MHC class II-negative
and B7 (CD80 or CD86) co-stimulatory marker negative [65].
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More recently, significant numbers of bone marrow-derived dendritic cells
from a monocytic lineage have been identified in the periphery and center of the
anterior stroma [39]. These dendritic cells, MHC class II and co-stimulatory mark-
er-positive (Figs. 1A and 1B), are found in the periphery of the normal corneal
stroma, while the stromal center contains exclusively MHC class II-negative,
co-stimulatory marker-negative dendritic cells (Figs. 1C and 1D), similar to the
population of highly immature Langerhans cells in the epithelium. The density of
stromal dendritic cells decreases from the limbus (270 dendritic cells/mm2) toward

Figure 1 Immature/precursor dendritic cells in the anterior corneal stroma. Double
staining with CD11c (A) and the co-stimulatory marker CD80 (B) shows that all CD80+

cells are bone marrow-derived CD11c+ dendritic cells, and demonstrates CD11c+ CD80–

dendritic cells throughout the cornea. The density decreases from the limbus (left) toward
the center of the cornea (right). However, CD11c+ dendritic cells (C) do not express the
MHC class II (D) or B7 co-stimulatory molecule in the center of uninflamed cornea.
Magnification, (A, B)� 160; (C, D)� 400. (From Ref. 34.)
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the center (140 dendritic cells/mm2) [39]. In addition, when corneas are stained for
CD14, an “immature” or precursor-type cell surface marker associated with undif-
ferentiated dendritic cells and other cells of the myeloid lineage, high numbers
of CD14-expressing cells are found in the stroma. These represent a population
distinct from the dendritic cells described above, which are CD14-diminished or
CD14-negative. The CD14+ cells represent a population of undifferentiated mono-
cytic precursor cells distinct from dendritic cell and macrophage populations
previously characterized in the normal cornea. Thus, in contrast to other organs,
where terminally differentiated populations of resident dendritic cells and/or
macrophages outnumber colonizing precursors, large numbers of dendritic cells
within normal corneal tissue remain in an undifferentiated state. The constitutive
presence of these dendritic cells in the cornea now focuses attention on the cornea
as a participant in immune and inflammatory responses, rather than its function
simply as a collagenous tissue that responds to the activity of infiltrating cells.

D. Conjunctival Dendritic Cells

Dendritic cells have been demonstrated in the conjunctival epithelium (in the
form of Langerhans cells), and in the substantia propria, where they are present
from birth and are predominantly MHC class II+ [69–72]. There appear to be
species- and strain-specific differences in the numbers of these cells; for exam-
ple, human conjunctiva, stained with HLA-DR and ATPase, shows 200–400
Langerhans cells/mm2, compared with 100–150 Langerhans cells/mm2 in mice,
with rat and guinea pig numbers intermediate between these two [53,71,73].
Importantly, the numbers of these cells do not appear to be static; rather, they
change over time. For example, the numbers of Langerhans cells in mouse and
human bulbar epithelia increase with age [69,70]. To what extent these alterations
explain age-specific susceptibilities to specific disorders, such as dry eye syn-
drome, remains unknown. Significant variability in Langerhans cell density is
also found in different regions of the conjunctiva [38,74]. The largest number of
epithelial Langerhans cells is found in the palpebral and inferior fornical region,
followed by the medial and inferior epibulbar conjunctiva. Dendritic cells of the
substantia propria are distributed most densely in the superior and medial epibul-
bar conjunctiva [38]. This variability within the conjunctiva may be related to
exogenous antigenic challenge secondary to the direction of normal tear drainage,
or to microenvironmental differences within the conjunctiva.

VI. OVERVIEW OF OCULAR SURFACE RESPONSE IN
INFLAMMATION

The entire multifaceted host reaction to injury is termed inflammation, or the inflam-
matory response. Generation of inflammation begins with an inciting stimulus. This
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may be microbial, traumatic, or due to introduction of a novel antigen (e.g., as
occurs in tissue allotransplantation). These stimuli may lead to release of pro-
inflammatory cytokines, nucleic acid fragments, heat-shock proteins, and variety of
other mediators that, in aggregate, signal to the host that normal physiology and the
microenvironment have been violated. In response to these signals, the second step
in the cascade of events occurs when local (resident) tissue cells activate signal
transduction pathways (e.g., NFκB) that augment or downmodulate these cells’
expression of cytokine genes and/or cytokine receptor genes. Cytokines and their
receptors dictate the response of resident cells to paracrine signals by other cells in
close proximity [75]. These responses include classic immuno-inflammatory medi-
ators (e.g., interleukins and interferons) and other molecular classes such as growth
factors, chemokines, and adhesion factors [75].

Since many of the studies correlating disease with changes in ocular sur-
face expression of inflammatory markers have focused on the end stage of dis-
eases, the exact sequence of events in the early immunopathogenesis of many
ocular surface disorders is not fully understood. However, significant new
insights into the critical molecular processes that effect ocular surface inflamma-
tion have been recently reported. In aqueous-deficient dry eye syndrome, it has
been proposed that inflammation of the lacrimal gland and/or ocular surface may
lead to anomalous production of secretory growth factors or pro-inflammatory
cytokines. They modulate gene expression within the conjunctival and lacrimal
epithelia [76], resulting in altered cellular phenotypes that can promote immune
responsiveness. For example, HLA-DR [a class II product of the major histo-
compatibility complex (MHC) genes] is a major immunological cell surface
marker normally found on immunocompetent cells, but is expressed at very low
levels by most ocular surface cells. It is known that inflammatory mediators such
as IFN-γ and TNF-α can induce expression of HLA-DR and adhesion factors
such as ICAM-1 in a variety of cell types, including epithelial cells and
keratinocytes [77–78]. Since elevated expression levels of conjunctival epithelial
class II MHC antigens and pro-inflammatory cytokines have been found in
chronic inflammatory disorders [79,80] including trachoma [81] and Sjögren’s
syndrome [76], it is quite possible that overexpression of MHC antigens and pro-
inflammatory cytokines are causally linked. This linkage is probably explained
by the central role of the NFκB signal transduction system in generating a host of
pro-inflammatory cytokine, chemokine, and adhesion factor responses that medi-
ate tissue responses in inflammation. Consistent with this, incubation of a human
conjunctival cell line with a combination of IFN-γ and TNF-α causes transloca-
tion of NFκB to the nucleus, where it can actively modulate gene expression [82].

A. The Role of Ocular Surface Inflammation in Dry Eye Syndrome

The etiology of dry eye syndrome is multifactorial and is thought to be due
to alterations within the “lacrimal functional unit,” which comprises the ocular
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surface, the main and accessory lacrimal glands, and the interconnecting nerves
and neuroendocrine factors that regulate the function of these nerves [83]. The
relevance of immunity and inflammation to dry eye syndrome is underscored by
the finding that in both Sjögren’s and non-Sjögren’s keratoconjunctivitis sicca
(KCS), glandular dysfunction is associated with homing of lymphocytes to the
main and accessory lacrimal glands [84]. The link between immuno-inflammato-
ry responses and dry eye syndrome is not limited to the exocrine (lacrimal) tis-
sues. Recent studies have found conjunctival inflammation in more than 80% of
patients with KCS [79,85]. Again, the (understandable) focus of research on
patients with severe or end-stage disease has made it difficult to delineate to what
extent the changes on the ocular surface are primary, or secondary to advanced
disease at the level of the lacrimal gland—the classic “chicken or egg” dilemma.

One hypothesis linking ocular surface changes with the lacrimal gland disease
suggests that secondary tear hyperosmolarity caused by lacrimal gland insufficiency,
together with the microabrasive effects of blinking in the dry eye state, leads to
upregulation of pro-inflammatory cytokines such as TNF-α, IL-1, and IL-6 [86].
These cytokines may not be simply “passive markers” of disease, but rather critical
intermediaries involved in maintaining and perpetuating ocular inflammation [86].
An alternative or complementary hypothesis proposes that excessive nervous 
stimulation from the ocular surface due to chronic dryness leads to neurogenic
inflammation, with resultant activation of T cells and subsequent release of inflam-
matory cytokines into the ocular surface, tear film, and adnexal tissues [84].

Initiation and long-term maintenance of inflammatory responses in a given
tissue generally requires input from systemic (e.g., neuro-endocrine) factors. The
intimate relationship between immuno-inflammatory responses in the ocular sur-
face and neuro-endocrine regulation of tear film physiology is underscored by the
evidence that systemic sex hormones, in particular androgens, can regulate the
pathogenic mechanisms that lead to dry eye syndrome (see Chapter 8). This rela-
tionship maintains that androgens provide trophic support for the lacrimal secre-
tory unit [87,88] and also provide a general anti-inflammatory environment in the
exocrine tissues that promotes continued function when lacrimal or meibomian
gland tissue is under immune-mediated attack [84]. Thus, in hormone-deficient
states, as may occur with aging, immunogenic inflammation may be triggered,
characterized by activation and recruitment of mature T cells to the lacrimal
apparatus, leading to gland destruction [83].

VII. CELL ADHESION FACTOR, CYTOKINE, AND CHEMOKINE
RESPONSES

Communication between cells is critical to a wide variety of biological functions
[89,90]. The term “cytokine” refers generally to any cellular mediator, and
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includes interleukins, chemokines, colony-stimulating factors, interferons, and
growth or trophic factors. Cells involved in an immune response secrete multiple
cytokines that induce activation, proliferation, or differentiation of a variety of
cell types, with most of their effects near the site of production [91]. Because
of their role in inflammation, synthesis of cytokines is highly regulated and is
determined to a large extent by the local environment, especially in the cornea,
where uncontrolled inflammation can lead to significant loss of functional vision
[90,92,93]. It is important to understand that resident cells of the normal ocular
surface are not just targets of cytokine-mediated responses, but rather are active
components of the cytokine network. Their cytokines influence surrounding
cells, attract other bone marrow-derived cell types to the area by controlling the
expression of cell adhesion molecules, and provide directionality to leukocytes
through chemotactic cytokines, also known as chemokines.

A. Adhesion Molecules

Cell adhesion molecules are a heterogenous group of molecules, including
members of the immunoglobulin superfamily (e.g., ICAM-1), selectins (e.g., 
E-selectin), and integrins (e.g., LFA-1, VLA-1), that act in concert to enhance
cell–cell interactions and to activate leukocytes [94]. Selectins are critical in
regulating adhesion of leukocytes to the vascular endothelium and allowing them
to “roll” along to the vascular endothelium, followed by firm adhesion and
transendothelial migration into the inflamed tissue mediated by integrins. The
integrin LFA-1 binds to ICAM-1, which can be upregulated on the vascular
endothelium and the cornea by cytokine stimulation (e.g., by IFN-γ, TNF-α, and
IL-1β) [95]. ICAM-1, an important and ubiquitous adhesion molecule, mediates
leukocyte binding to vascular endothelium during acute inflammation [96,97].
In addition, certain cell adhesion molecules (e.g., ICAM-1) are also important
co-stimulatory factors that provide naïve T cells with the requisite second signal
for sensitization. The central role of ICAM-1 in corneal immune and inflamma-
tory disease is now well established [98–101]. In addition to its established role
in corneal alloimmunity [100,102], ICAM-1 function has also been related to
allergic disease [103,104] and dry eye syndrome [76,83,105–107]. ICAM-1 is
expressed at a significantly higher level on the conjunctival epithelium of dry eye
patients and correlates strongly with HLA-DR upregulation.

B. Chemokines

After transendothelial migration of leukocytes into inflamed tissue, they require
directionality to the primary site of inflammation. This is provided by
chemokines, chemotactic cytokines that direct cell migration in development,
homeostasis, and defense against foreign antigens. Close to 60 chemokines
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species and over 20 chemokine receptors have been identified over the last
10 years. They are small, 8 to 10 kDa molecules that may broadly be divided into
four families based on structural features. The two main families are CXC (α)
and CC (β) chemokines [108]. Chemokines are now recognized as important
mediators of ocular surface and corneal immuno-inflammatory responses includ-
ing corneal graft rejection [109–114], ocular allergy [115–118], and microbial
keratitis [109,119–123].

Recent evidence also suggests a role for chemokines in the pathogenesis of
dry eye syndrome [124,125]. Significantly increased RNA levels of IL-8, which
is chemotactic for neutrophils, are found in the conjunctival epithelium of
Sjögren’s syndrome patients compared to controls [125]. Furthermore, increased
levels of select chemokines have been detected in the lacrimal glands of nonobese
diabetic (NOD) mice, an animal model of Sjögren’s syndrome [124]. Both
RANTES and IL-10 gene transcripts are detected in lacrimal glands at 8 weeks of
age. They increase markedly during the course of active disease, concomitant
with induction of their receptors CCR1, CCR5, and CXCR3. Examination of
lacrimal glands indicated that infiltrating lymphocytes produce these chemokines.
Moreover, anti-RANTES treatment significantly reduced inflammation in the
lacrimal glands of these mice. Recent (unpublished) evidence from our group sug-
gests that dry eye patients have a significantly increased number of ocular surface
cells that express CCR5, the receptor for RANTES and MIP-1β. A better under-
standing of the role of chemokines and chemokine receptors in dry eye syndrome
could lead to new molecular strategies for immune modulation.

C. Cytokines

Cytokine production by different ocular surface cell types has been investigated
in an effort to understand its role in the pathophysiology of ocular disease. The
pro-inflammatory cytokine IL-1 is an important mediator of inflammation and
immunity with a wide range of activities, including critical mediation of the
acute-phase response, chemotaxis and activation of inflammatory cells and
antigen-presenting cells, upregulation of adhesion molecules/co-stimulatory
factors (e.g., ICAM-1) on cells, and stimulation of neovascularization [126–128].
IL-1 is a potent inducer of other pro-inflammatory cytokines such as IL-6, TNF-
α, and GM-CSF [129,130]. The multiple roles of cytokines such as IL-1 and
TNF-α are recieving increased attention in the corneal immunology literature.
They are capable of augmenting inflammation and innate immunity, stimulating
overexpression of factors involved in T-helper cell differentiation, activating
(e.g., IL-12, CD40) and stimulating proliferation of various immune cell types,
and promoting antigen-presenting cell maturation and recruitment. IL-1 has been
implicated in the pathogenesis of corneal transplant rejection, dry eye disease,
microbial keratitis, rosacea, bullous keratopathy, keratoconus, and sterile corneal
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ulceration [106,109,122,131–142]. The release of pro-inflammatory cytokines,
including IL-1β, GM-CSF, TNF-α, CD40L, and bacterial lipopolysaccharide
(LPS), or heat-shock protein from dying cells, creates a microenvironment that
activates immature dendritic cells, including Langerhans cells [47,143]. Dendritic
cells themselves are also important producers of type 1 interferons, TNF-α, and
IL-1β, which can act in an autocrine fashion to promote dendritic cell activation
and maturation [49].

A large body of evidence suggests that clinically significant, and especial-
ly, tear-deficient, dry eye syndrome is associated with variable degrees of ocular
surface inflammation. Histological and flow cytometric data demonstrate
enhanced expression of pro-inflammatory cytokine (e.g., IL-1, IL-6, IL-8, TNF-
α) mRNAs and proteins in the ocular surface epithelium or tear film
[76,79,84,107,125,134,135,137,138,144–148]. A summary of increased levels of
cytokines detected in the ocular surface tissues and in tear fluid of patients with
tear film disorders is provided in Table 2. Increased proinflammatory cytokines
can lead to epithelial cell proliferation, keratinazation, and angiogenesis [149],
and thereby could link ocular surface disease with a number of lid margin disor-
ders that are characterized by inflammation, such as rosacea. In addition, IL-1
may lead to upregulation of matrix proteases [150], including collagenases, exac-
erbating stromal pathology and altering the extracellular matrix environment.
This could impact the paracrine effect of other cytokines binding to their respec-
tive cell surface receptors on resident dendritic cells, macrophages, fibroblasts,
and epithelial cells.
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Table 2 Increased Levels of Cytokines Detected in Tear Fluid and Ocular Surface
Tissues of Dry Eye Disease

Cytokine Source Dry eye diseases

IL-1 (mRNA) Conj epith (RT-PCR) Sjögren’s syndrome [125,134]
IL-1 (mRNA) Conj epith or biopsy (RT-PCR) Sjögren’s syndrome [76]
IL-1 (protein) Conj epith (staining) Sjögren’s syndrome [135]
IL-1 (protein) Tear fluid (ELISA) Sjögren’s syndrome [135]
IL-1 (protein) Tear fluid Ocular rosacea [136-138]
IL-1 (mRNA) Lacrimal gland (RT-PCR) Sjögren’s syndrome [106]
IL-6 (mRNA) Conj epith or biopsy (RT-PCR) Sjögren’s syndrome [76,125,134]
IL-6 (protein) Tear fluid (ELISA) Sjögren’s syndrome [147]
IL-8 (mRNA) Conj epith (RT-PCR) Sjögren’s syndrome [125,134]
IFN-� (mRNA) Lacrimal gland (RT-PCR) Sjögren’s syndrome [106]
IFN-� (mRNA) Murine MRL/lpr mice Sjögren’s syndrome [175]
TNF-� (mRNA) Conj epith (RT-PCR) Sjögren’s syndrome [125,134]
TGF-� (mRNA) Conj epith (RT-PCR) Sjögren’s syndrome [125,134]
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Finally, inflammatory cytokines have also been implicated in regulation of
the expression of epithelial mucins [151] and may therefore be relevant in the
mucin alterations described in dry eye syndrome [152,153]. For example, although
the intricate interactions between ocular surface inflammation and mucin expres-
sion are not well understood, IFN-γ, a major cytokine known to induce HLA-DR
expression, has been shown to inhibit mucus production in the airways [154]. It
has been suggested that elevated cytokine levels within the tear film, perhaps com-
bined with reduced concentrations of essential lacrimal gland derived factors (e.g.,
EGF or retinol), create an environment in which terminal differentiation of the
ocular surface epithelium is impaired [134]. As a consequence, the epithelium may
lose the ability to express mature protective surface molecules, including the mem-
brane-spanning mucin, MUC-1. Thus, alterations in ocular surface mucin expres-
sion in dry eye syndrome may be either the cause or the consequence of ocular
surface inflammation. Some of the ocular surface changes that occur as a result
of the cytokine microenvironment, which are also associated with altered mucin
coverage, are related to development of corneal and ocular surface hypesthesia and
changes in blink rate—common features of chronic ocular surface disease that
may exacerbate disease by altering feedback to the lacrimal gland [84,133].

VIII. ROLE OF T LYMPHOCYTES IN ORCHESTRATING OCULAR
SURFACE INFLAMMATION

T lymphocytes form the dominant immune cell infiltrate in a myriad of ocular sur-
face immuno-inflammatory pathologies. For example, vernal conjunctivitis [155],
chronic atopic keratoconjuctivits [15], ocular cicatrizing pemphigoid (OCP) [15],
and sarcoid [156] are all associated with large conjunctival T-cell infiltrates.
While many studies [15,155,156] have documented different subpopulations of
T cells in multiple autoimmune diseases, the functional roles played by the vari-
ous subtypes of T cells are less well known. CD8+ cells are the predominant cell
type on the normal ocular surface [15], whereas inflammation is associated with
a shift in T-cell phenotype to CD4+ in the above-mentioned diseases and corneal
allograft rejection [157]. An exception to this may be chronic graft-versus-host
disease, in which CD8+ cells predominate in conjunctival lesions [155]. While
both CD4+ and CD8+ T cells exhibit exquisite antigen specificity, only CD8+ cells
are able directly to lyse target cells bearing the offending antigen. Since CD4+

cells do not possess this direct cytolytic capacity, they secrete cytokines that indis-
criminately recruit cells from the innate immune system (such as macrophages,
natural killer T cells, and eosinophils) to eliminate the offending pathogen. CD4+

T cells can adopt one of two phenotypes based on their lymphokine secretion
[158]. TH1 cells secrete IL-2 and IFN-γ, and TH2 cells mediate IgE production,
which is important in atopic (type I hypersensitivity) reactions. TH1 and TH2 cells
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have the capacity to cross-regulate each other’s activities [159]. For instance,
IFN-γ, produced mainly by TH1 cells, can inhibit the proliferation of TH2 clones
(but not TH1, clones) in vitro. IFN-γ also inhibits the positive effects of IL-4 (a
TH2 cytokine) on B-cell proliferation and differentiation [159].

Many immune-mediated ocular disorders, including dry eye syndrome,
have been related to T-cell-mediated responses [159]. The delayed-type hyper-
sensitivity reaction (type IV hypersensitivity) is a prototype of this cell-mediated
response. TH1 cells that effect delayed-type hypersensitivity responses appear to
be the dominant T-cell phenotype orchestrating immune-mediated injury to the
ocular surface in dry eye syndrome. TH1 cells recognize antigenic peptides in
association with MHC class II molecules on the surface of antigen-presenting
cells, and release pro-inflammatory cytokines that increase vascular permeability
and recruit further inflammatory cells to the site of injury [160]. Due to the non-
specific nature of cell recruitment employed by CD4+ TH1 cells, inflammation
can be severe, damaging bystander tissue.

IX. ROLE OF ANTIGEN-PRESENTING CELLS IN INITIATING
OCULAR SURFACE INFLAMMATION

The immune system has traditionally been divided into “innate” or natural immu-
nity, and “adaptive” or acquired immunity. Innate immunity is phylogenetically
older and provides the host organism with an immediate protective response to
stop dangerous microbes at their first point of contact with the host—the skin,
ocular surface, or other surfaces. As such, the innate immune system needs
to respond based on preprogrammed instructions and has no immunological
memory in the classic sense. Therefore, the innate immune system’s effector and
receptor elements are fixed in the genome, and the inflammation associated with
the innate immune response is poorly regulated and can damage host tissue [161].
In addition to macrophages, neutrophils, and natural killer cells, all classic
participants of the innate immune system, other factors including complement
components, tears, lysozymes, mucins, fatty acids, and the intact epithelium of
the ocular surface contribute to the innate immune defense mechanisms of the
host. The more sophisticated arm of the immune response, adaptive immunity,
evolved around 400 million years ago and provides protection that takes time to
develop, but has the benefit that it can be “remembered.” It is able to distinguish
accurately between “self” and “non-self” molecules and depends on humoral
and cell-mediated pathways. Both cellular and soluble components such as
antibodies, cytokines, chemokines, cell adhesion molecules, and growth factors
participate in the specific adaptive immune response to antigens.

The most fundamental initial element in promoting an adaptive immune
response is antigen presentation, by which antigen-presenting cells promote
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antigen-specific activation of T cells [12,58,59,109,162]. In all tissues, including
the cornea and ocular surface, this process relies primarily on the activity of
antigen-presenting cells such as dendritic cells and Langerhans cells. Under non-
pathological circumstances, epithelial Langerhans cells and stromal dendritic
cells of the peripheral cornea and limbus, Langerhans cells in the conjunctival
epithelium, and dendritic cells of the substantia propria of the conjunctiva were
thought to be the only cells that constitutively expressed MHC class II in ocular

128 Hamrah et al.

Figure 2 Corneal dendritic cells express maturation markers in corneal inflammation in
the center of the stroma and epithelium. In inflamed eyes, increased numbers of CD11c+

cells are seen in the corneal center (A), with many co-expressing B7 co-stimulatory mark-
ers (B) and MHC class II. Corneal transplantation was performed using C57BL/6 (Iab)
mice as donors and BALB/c (Iad) mice as recipients. At 12 h posttransplantation, the graft-
ed cornea still does not express donor MHC class II (C), while the central donor cornea
exhibits donor-type MHC class II-positive cells as early as 24 h after transplantation near
the graft–host border (D). Magnification, (A, B) � 400; (C, D) � 160. (From Ref. 68.)

20106_CH06(111-142).ps  5/17/04  3:56 PM  Page 128

dramroo@yahoo.com



surface tissue [38,39,53,65]. However, recent experiments have demonstrated
that a subset of resident MHC class II-negative dendritic cells in the center of the
cornea can significantly upregulate expression of this marker 24 h after induction
of inflammation [66,68]. Moreover, in inflammation, the surface expression of
B7 co-stimulatory molecules CD80 and CD86 (critical for providing T cells with
the “second” activation signal) is similarly increased by both peripheral corneal
dendritic cells, as well as acquired de novo by dendritic cells in the central
areas of the corneal stroma and epithelium (Figs. 2A and 2B) [39,65,66]. The
acquisition of these maturation markers by resident ocular surface dendritic cells
is perhaps best shown in the corneal transplantation model, because the MHC of
the host and donor tissues can be readily distinguished [66]. This model has now
confirmed that the surface expression of MHC class II and B7 co-stimulatory
molecules in inflammation occurs largely through upregulation of these markers
in resident dendritic cells and antigen-presenting cells, and clearly is not due
solely to the influx of new leukocytes into ocular tissues (Figs. 2C and 2D).
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Figure 3 Dendritic cell phenotype in normal and inflamed corneas. A conceptual model
for bone marrow-derived cells in the normal versus inflamed cornea shows MHC class II+

B7+ mature CD11c+ dendritic cells in the stromal periphery and MHC class II– B7– imma-
ture or precursor dendritic cells in the corneal center. Similarly, the epithelium contains
MHC class II+, but B7– Langerhans cells in the periphery and MHC class II–B7–

Langerhans cells in the epithelial center. The posterior stroma in addition contains a
population of macrophages. The inflamed cornea becomes populated with significantly
more mature DCs and macrophages in the center. (From Ref. 66.)
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To illustrate the dynamics of stromal dendritic cells and epithelial Langerhans
cells in normal versus inflamed corneas, a conceptual model is provided in Fig. 3.

In addition to ocular surface dendritic cells, some ocular parenchymal cells
including the corneal epithelium [163,164], corneal keratocytes [164–166], the
conjunctival epithelium [79,82,105,107,167,168], fibroblasts of the conjunctiva
[169], sclera [170], lacrimal gland acinar cells [171], and vascular endothelial
cells [172] may express MHC class II under conditions of inflammation. These
parenchymal cells may acquire the ability to present antigen and amplify immune
responses [166,173]. Increased expression of HLA-DR has also been demonstrat-
ed in both autoimmune (Sjögren’s type) and nonautoimmune (non-Sjögren’s) dry
eye syndromes [76,82,83,105,107,174]. However, since upregulation of HLA-DR
and other markers of inflammation can be effected nonspecifically through
pro-inflammatory signal transduction (e.g., NFκB) pathways, it is still not clear
what role the acquisition of HLA-DR has on the pathogenesis of dry eye
syndrome—in other words, whether its expression is a consequence, or an induc-
er, of inflammation in the ocular surface. If the pathogenesis of dry eye is, at least
in some cases, due to activation of T-cell-dependent adaptive immunity, then
much work remains to be done to further elucidate the mechanisms of antigen-
presenting cell activation, trafficking, and T-cell priming in dry eye syndrome.

X. SUMMARY

1. The ocular immunological response is designed to protect against envi-
ronmental pollutants and irritants, microbes, and other potentially noxious
agents, but it must be carefully modulated to avoid causing tissue damage.

2. The cornea is considered immune-privileged, with a high threshold for
immune responsiveness, because a clear corneal medium is essential
for visual acuity. By contrast, the conjunctiva has a rich lymphatic
network and vasculature and is much more intimately connected
anatomically to the immune system than the cornea.

3. Chemokines and adhesion molecules help recruit and retain migrating
leukocytes at the site of inflammation and play a role in the pathogene-
sis of dry eye syndrome.

4. The interplay of multiple cytokines in ocular tissues and tears regulates
the inflammatory response.

5. TH1 cells that effect delayed-type hypersensitivity responses appear to
be the dominant T-cell phenotype orchestrating immune-mediated
injury to the ocular surface in dry eye syndrome.

6. Recently, immature dendritic cells have been detected in the epithelium
and stroma of the central cornea. Similar monocytes have been found
in the posterior corneal stroma. These cells are able to mature (become
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MHC class II-positive) and express co-stimulatory molecules after
induction of inflammation.

7. Other tissue-resident cells, such as epithelial cells and stromal kerato-
cytes, as well as recruited lymphocytes, may be induced to express
inflammatory mediators.

8. Understanding the inflammatory process is crucial for development of
new therapies to treat ocular surface diseases, including dry eye disease.
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7
Impact of Systemic Immune
Disease on the Lacrimal Functional
Unit

Robert I. Fox
Rheumatology Clinic, La Jolla, California, U.S.A.

Michael E. Stern
Allergan, Inc., Irvine, California, U.S.A.

I. INTRODUCTION

Many patients with dry eye symptoms have associated systemic autoimmune
disorders. In order to provide a paradigm for understanding the spectrum of dis-
orders that lead to dry eye, it is important to recognize that symptoms of dry eye
disease or the objective findings of lacrimal keratoconjunctivitis result from a
defect in the integrated lacrimal gland–tear film functional unit described in
Chapter 2. Systemic immune diseases impact this lacrimal functional unit in
several ways.

Although other systemic disorders disrupt the lacrimal functional unit, the
most common autoimmune disorder associated with lacrimal keratoconjunctivi-
tis is Sjögren’s syndrome, which may occur as a primary disorder or in associa-
tion with rheumatoid arthritis or systemic lupus erythematosus (secondary
Sjögren’s syndrome). The glandular immunopathology in this condition has been
extensively studied because of the ease with which the minor salivary gland
can be biopsied. The effects of autoantibodies, cytokines, chemokines, vascular
adhesive molecules, and pro- and antiapoptotic molecules on the secretory glan-
dular cells, their cholinergic receptors and their response to neural stimuli, and
the glandular lymphocytic infiltrates have been investigated (Fig. 1). Sjögren’s
syndrome serves as a prototype for understanding autoimmune disorders in which
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lymphocytes cause dysfunction of an organ that is far greater than the actual
tissue destruction.

Other autoimmune disorders that affect the integrated lacrimal functional
unit include progressive systemic sclerosis, a condition that affects glandular vas-
culature and causes glandular fibrosis, cicatricial pemphigoid (inflammation of
mucosal surfaces), and central demyelinating disorders such as multiple sclerosis
and other neuropathies. (Fig. 2). Close interaction between rheumatologists and
ophthalmologists is necessary to appropriately diagnose these systemic condi-
tions that cause disease or damage to the functional unit.

Symptoms of dryness or ocular discomfort associated with autoimmune
disorders may also be exacerbated by certain medications, particularly agents
with anticholinergic side effects, and by dessicating environmental conditions.

II. SJÖGREN’S SYNDROME: ISSUES OF DIAGNOSIS

Sjögren’s syndrome (SS) is a systemic autoimmune disorder characterized by
dry eyes and dry mouth. There is little disagreement among rheumatologists
regarding the diagnosis of Sjögren’s syndrome in a patient with florid physical
exam findings of keratoconjunctivitis sicca, dry mouth, and positive antinuclear
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Figure 1 Effects of Sjögren’s syndrome on the lacrimal functional unit. A pro-
inflammatory environment in the secretory glands, as evidenced by increased cytokines
and epithelial apoptosis, accompanies lymphocytic infiltration. Although efferent neural
connections remain mostly intact, glandular secretory responses are impaired. Increased
cytokines and matrix metalloproteinases indicate a pro-inflammatory environment on the
ocular surface as well, which can affect secretory function via the CNS.
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antibodies. Although there is good agreement about the ocular manifestations
of SS (i.e., keratoconjunctivitis sicca), documentation of the oral component
(xerostomia) has led to a great deal of confusion. Only recently has a US-EEC
consensus group suggested a set of criteria for diagnosis of SS (Table 1)
that requires objective evidence of an autoimmune cause for sicca symptoms
that includes either characteristic damage in a minor salivary gland biopsy or
characteristic autoantibodies against antigens such as SS-A or SS-B.

At least three different diagnostic criteria for SS have been proposed in the
literature. The San Diego and San Francisco criteria were initially considered
more stringent (requiring either characteristic autoantibodies and/or lip biopsy),
and they diagnosed about 0.5% of adult women with SS [2]. In the early 1990s,
European (EEC) criteria were proposed that did not require either of these find-
ings and yielded a 10-fold greater frequency of SS diagnoses (3–5% of adult
women) [1,3,4]. In a further evolution, the San Diego and the consensus US-EEC
for SS criteria now exclude patients with hepatitis C and prior lymphoma [5]. The
majority of patients who met the original EEC criteria, but not the San Diego 
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Table 1 US-EEC Consensus Classification Criteria for SS [1]

A. Ocular symptoms (at least 1 present)
1. Daily, persistent, troublesome dry eyes for more than 3 months
2. Recurrent sensation of sand or gravel in the eyes
3. Use of a tear substitute more than 3 times a day

B. Oral symptoms (at least 1 present)
1. Daily feeling of dry mouth for at least 3 months
2. Recurrent feeling of swollen salivary glands as an adult
3. Drink liquids to aid in washing down dry foods

C. Objective evidence of dry eyes (at least 1 present)
1. Schirmer I test
2. Rose Bengal
3. Lacrimal gland biopsy with focus score 1

D. Objective evidence of salivary gland involvement (at least 1 present)
1. Salivary gland scintography
2. Parotid sialography
3. Unstimulated whole sialometry (1.5 mL per 15 min)

E. Laboratory abnormality (at least 1 present)
1. Anti-SS A or anti-SS B antibody
2. Antinuclear antibody (ANA)
3. IgM rheumatoid factor (anti-IgG Fc)

Primary SS should meet 4 of the 5 criteria above, or meet 3 criteria plus exhibit
either an antibody directed against SS-A or a characteristic minor salivary gland
biopsy (focus score 1 or greater). Exclusions include hepatitis C, preexisting
lymphoma or medications associated with anticholinergic side effects.

20106_CH07(143-164).ps  5/17/04  3:56 PM  Page 145

dramroo@yahoo.com



criteria, would now be diagnosed with fibromyalgia, a poorly understood condi-
tion frequently associated with symptoms of ocular dryness but that lacks signif-
icant lymphoid infiltrates of the lacrimal glands (Fig. 3) [6–8].

Symptoms of dryness are very common in the general population [9], in
patients with liver disease, and particularly in patients with depression. Patients
with vague complaints of dry eyes, arthralgia, myalgia, and low-titer autoanti-
bodies are frequent challenges for the rheumatologist. Antinuclear antibodies,
often misunderstood to be both sensitive and specific, are frequently found in
otherwise healthy individuals [10], in patients with liver disease [11–14], and in
patients with carcinoma [15]. When an initial evaluation by the primary physician
reveals positive antinuclear antibody, the patient is usually referred to a rheuma-
tologist to establish a diagnosis of Sjögren’s syndrome. Issues to be addressed for
these patients include appropriate diagnosis, indicators for systemic therapy, and
choices of topical therapies for symptomatic control.

Patients with SS, either primary or secondary, usually describe burning or a
foreign-body sensation in their eyes, whereas itching is poorly correlated with
objective findings of keratoconjunctivitis [1]. Symptoms are often worse at the end
of the day, and patients seek relief by instillation of over-the-counter artificial tears
(which most patients have tried prior to seeing a rheumatologist). Patients may be
relatively symptom-free until their condition is precipitated or exacerbated by the
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Figure 2 Systemic diseases that affect the lacrimal functional unit. Lymphocytic
infiltrations of the lacrimal glands are associated with primary or secondary Sjögren’s
syndrome, and can also result from other autoimmune and inflammatory diseases. A
pro-inflammatory environment in the lacrimal gland alters tear composition, affecting the
ocular surface.
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use of medications with anticholinergic side effects, such as over-the-counter cold
remedies or prescription antidepressant medications, or by stress to the tear film
from dessicating environmental conditions, such as are encountered in air travel.
Identification of the offending medication or environmental factor and its avoid-
ance may, in some cases, restore a relatively symptom-free state.

III. SJÖGREN’S SYNDROME: PATHOGENESIS OF GLANDULAR
LYMPHOID INFILTRATION

Characteristic pathological findings in SS involve the lacrimal and salivary
glands. The efferent neural connections controlling glandular function (reviewed
in Chapter 2) are intact, but the glandular secretory response of SS patients
is impaired. There are several interesting components in the pathogenesis of
glandular inflammation in SS (Fig. 1): (1) migration of immune cells to the gland,
presumably as a result of chemoattractants (chemokines) and increased produc-
tion of local vascular adhesion proteins; (2) a decrease in the normal rate of
apoptosis of lymphocytes; (3) although up to 50% of the acinar and ductal cells
may be destroyed, the surviving residual cells function at a low level; and (4) loss
of immunological tolerance that initiates and perpetuates this process. We will
elaborate on each component below.

IV. PATHOGENESIS OF SS: MIGRATION OF IMMUNE CELLS TO
THE LACRIMAL GLAND

The initial stage in pathogenesis of SS involves change of small endothelial
vessels to high endothelial venules, which then express cell-surface adhesive
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Figure 3 Minor salivary gland biopsy from (A) patients with Sjögren’s syndrome and
(B) from a patient with fibromyalgia (a histologically normal biopsy).
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proteins and release chemokines such as RANTES and lymphotactin [16]. Recent
studies in murine models of SS [17] and in other human autoimmune diseases
involving mucosal surfaces have demonstrated the particular importance of the
integrin α4 subunit in pathogenesis and as a potential target for therapy [18,19].

Integrins are adhesion proteins that mechanically stabilize interactions
between cells and their environment [20]. They can also act as cellular sensors
and signaling molecules [21]. All integrins are composed of noncovalently linked
α and β subunits. The α4 integrin subunit dimerizes with either the β1 subunit or
the β7 subunit. The α4β1 integrin is also known as the very late antigen 4 (VLA4)
or CD49d-CD29, and the α4β7 integrin is sometimes referred to as the lamina
propria-associated molecule 1. These integrins bind vascular cell adhesion mole-
cule 1 (VCAM-1) or mucosal addressin cell molecule 1 (MAdCAM-1), respec-
tively. They have been suggested as targets for therapies that act to modulate
autoimmunity [22] and to prevent allograft rejection [23].

V. PATHOGENESIS OF SS: DECREASED APOPTOSIS OF
LYMPHOCYTES

A second important question is how lymphocytes escape the apoptotic death that
they would normally encounter. This is especially curious because the apoptotic
factors Fas and Fas ligand (Fas-L) are both present in the SS-affected gland
[24–27]. An earlier, simple paradigm for human SS, analogous to pancreatic
glandular destruction in type I diabetes and murine models of SS [28], held
that lymphocytes migrate into the gland and kill all of the glandular cells by
Fas/Fas-L-mediated mechanisms, and then the patient complains of dryness due
to glandular dysfunction. Simple autoimmune attacks on autoantigens generated
by apoptosis such as SS-A or SS-B, which were then expressed on the glandular
cell surfaces in blebs where they broke tolerance, seemed to explain glandular
cell death. However, we now find that in human SS, the majority of salivary
gland cells are not killed even though the Fas/Fas-L genes are upregulated [29],
in contrast to the murine model.

Supporting this recently evolved view of human SS, Ohlsson et al. [30]
demonstrated that apoptosis was relatively rare in biopsies of SS salivary gland
even though Fas and Fas-L were detectable. To help elucidate this paradox,
Bolstad and co-workers [31] examined salivary gland tissues obtained from
patients with primary Sjögren’s syndrome for the gene expression profile of the
candidate genes involved in apoptosis, including FAS (TNFRSF6), Fas-L
(TNFSF6), and genes involved in modulating response to apoptotic signals such
as cytotoxic T-lymphocyte-associated antigen 4 (CTLA4), programmed cell
death 1 (PDCD1, PD-1), and orosomucoid 2 (ORM2). Quantitative real-time
reverse-transcriptase polymerase chain reactions were used to examine the
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expression of messenger RNAs (mRNAs) with GAPDH mRNA as an internal
control, and immunocytochemistry to localize of expressed proteins in tissues.
Bolstad et al. found increased levels of mRNA for Fas (5.1-fold), Fas-L
(8.8-fold), cytotoxic T-lymphocyte-associated antigen 4 (CTLA- 4) (11.2-fold),
programmed cell death 1 (PD-1) (15.2-fold), and orosomucoid 2 (ORM2)
(4.4-fold) in SS-affected glands. The study demonstrated a substantial increase in
expression of the apoptotic signal proteins. Fas and Fas-L, in salivary glands of
patients with primary SS, but also a significant increase in negative regulators of
apoptosis such as CTLA-4, PD-1, and ORM2, which were detected in mononu-
clear cells as well. The complex balance of pro- and antiapoptotic signals
observed in this study illustrates some of the challenges in designing therapies for
autoimmune disorders characterized by organ-specific immunity.

In addition to the molecules listed above, CD4+ T cells eluted from the
salivary gland of SS patients are resistant to apoptosis after stimulation by anti-
CD3 or anti-Fas antibody stimulation. This resistance may result from increased
levels of bcl-2 [25] or bcl-x (large) [32]. Bcl-x is a member of the bcl-2 family of
proteins, which contain binding sites for proto-oncogenic proteins that resist
apoptosis [33]. An alternatively spliced form (termed bcl-x short) lacks these
binding sites and promotes apoptosis [34]. The ratio of bcl-2 and bcl-x (large) in
tissue lymphocytes is regulated in part by factors released from tissue stromal
cells, such as IL-1, that preferentially upregulate bcl-x (large) expression [35].
Other factors important in regulating the levels of bcl-2 and related proteins
include the level of intracellular glutathione [36], growth factors, and hormones
(estrogen/androgen) [37].

VI. PATHOGENESIS OF SS: LYMPHOCYTIC INTERFERENCE WITH
GLANDULAR FUNCTION

Lymphocytes can interfere with glandular function in several different ways,
leading to clinical symptoms of dry eyes and dry mouth.

First, stimulation of Fas/Fas-L receptors can cause secondary signals that
interfere with glandular functions, such as response to cholinergic stimuli and
aquaporin translocation [38], even in the absence of apoptosis. Thus, Fas/Fas-L
receptor stimulation can result in dysfunction without cell death. The inhibitory
effect of pro-inflammatory cytokines on cholinergic nerves may add to the
Fas/Fas-L-mediated impairment of glandular function [39].

Second, muscarinic receptors can still be detected on residual ductal and
acinar cells in SS biopsies and may even be upregulated [40]. Previous studies
have shown that pro-inflammatory cytokines, such as IL-1 and TNF (at levels
present in the gland), can inhibit release of neurotransmitters, such as acetyl-
choline, in a dramatic dose-related fashion [41].
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Third, recently discovered antibodies against muscarinic receptors may
interfere with the muscarinic M3 receptor or humoral-mediated toxicity [42–45].

Fourth, acinar/ductal cells must be spatially oriented correctly relative to
their matrix for optimal function. Release of metalloproteinases from inflamma-
tory cells and from residual ductal/acinar/stromal cells in response to cytokines
can lead to destruction of the matrix, compromising correct orientation and
optimal function of acinar/ductal cells.

Interactions with the extracellular matrix are also important for normal
homeostasis, regeneration, and function of epithelial cells in salivary and lacrimal
glands. Differentiation of salivary gland duct cells into acinar cells (including the
morphological appearance of acinar structures and induction of acinar proteins
such as amylase) depends on interaction of acinar cell membrane integrins with
their ligands in the cell matrix [46]. Signals resulting from interactions with
laminin, collagen IV, vitronectin, and fibronectin contribute to the proliferation
and differentiation of salivary gland ductal epithelial cells [47]. Further, their
responses to hormonal signals, cytokines, and growth factors depend on
cell–matrix interactions. For example, stimulation of glandular ductal cells by
interferon-γ in the presence of extracellular matrix leads to differentiation and
induction of HLA-DR; however, in the absence of matrix, similar stimulation
leads to apoptosis [48]. In lacrimal gland cells grown in vitro, cell–matrix interac-
tions are necessary for secretory responses to muscarinic M3 agonists and are fur-
ther augmented by novel nonmatrix proteins such as BM180 [49]. The require-
ment for cell–matrix interactions by salivary and lacrimal gland epithelial cells
appears analogous to the requirement of mammary gland cells in lactating rats for
integrin–matrix interactions in order to respond to hormones, growth factors, and
neural signals. If the cell–matrix signals are not intact, rat mammary epithelial
cells are triggered into apoptosis pathways [50]. The extracellular matrix in SS-
affected glands may be modified by collagenases [51] and by other metallopro-
teinases [52].

VII. PATHOGENESIS OF SS: LOSS OF TOLERANCE TO SELF
ANTIGENS

The correlation of SS with antibodies against nuclear antigens SS-A and SS-B
has always been puzzling, since these antigens are found in all nucleated cells. SS
patients provide an opportunity to study the factors necessary for the failure
of tolerance to a cellular antigen in an organ-specific disease. The autoantigens
SS-A and SS-B may be presented to CD4+ T cells by inflamed epithelial cells
(but not by normal epithelial cells) as a result of upregulation of HLA-DR, HLA-
DM, and invariant-chain molecules [53]. Antigen presentation by epithelial cells
requires co-stimulation that can be provided by cell adhesion molecules such as
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ICAM [54]. Each of the factors necessary for antigen presentation by epithelial
cells has been detected in SS-affected glands [55].

It has been proposed that SS-A and SS-B antigens may escape the normal
tolerance processes by acting as cryptic antigens, i.e., binding with relatively low
affinity to self MHC molecules in the thymus and thus avoiding negative selec-
tion [56]. SS-A and SS-B antigens are found in the blebs of apoptotic cells and
are not proteolyzed during apoptosis [57,58], in contrast to other autoantigens
including fodrin (discussed below), poly-ADP-ribose polymerase (PARP), or
topoisomerase. It is possible that increased cell death (either apoptotic or necrot-
ic), or aberrant clearance and processing of antigens from dying cells, may lead
to accumulation of potentially immunogenic forms of autoantigens [59]. These
could, under the appropriate genetic background, amplify and maintain T-cell-
dependent responses by autoimmunization processes. Alternative mechanisms
that might expose immunocryptic epitopes in autoantigens include structural
alterations caused by mutations or abnormal protein–protein interactions during
aberrant cell death, and interactions with toxins and chemical or foreign antigens
derived from viruses.

The SS-A 52-kDa antigen has an alternatively spliced form that is
expressed in the fetal heart from 14 to 18 weeks of development [60]. It has been
proposed as target for maternal anti-52-kDa antibodies that cross the placenta
[61]. However, mothers who give birth to babies with heart block exhibit a pat-
tern of antibody reactivity to antigenic epitopes on SS-A similar to that of SS
mothers having normal infants [62,63]. An altered form of SS-B has also been
reported [64] and antibodies against SS-B (but not SS-A) cross-react with laminin
[65], leading to a proposal that anti-SS B antibody may be a cause for congenital
heart block [66]. Complete heart block was reported to develop in an adult SS
patient and was attributed to anti-SS A antibodies [67]. The initial pathogenetic
epitope(s) for these antigens may be difficult to elucidate due to antigenic spread-
ing from the original T-cell epitope to additional sites [68].

Apoptotic cleavage of certain cellular proteins might reveal cryptic epi-
topes that can potentially stimulate an immunogenic response [57]. For example,
antibodies against a cleaved (120-kDa) form of fodrin have been detected in
the sera of patients with Sjögren’s syndrome [69]. Fodrin (also known as brain
spectrin) is a 250-kDa membrane skeletal protein found in many tissues that
serves to anchor other proteins including tubulin, actin, ankyrin, and E-cadherins,
as well as phospholipids [70,71]. Fodrin is cleaved into 150-kDa and 120-kDa
forms through apoptotic cleavage by calpain and caspase proteases [72,73] and
then is redistributed in the cytoplasm [74]. Although T-cell clones reactive
against 120-kDa fodrin were detected in a mouse model of SS [69], it remains
unclear whether the reactivity to the fodrin 120-kDa fragment is a primary event
in SS pathogenesis or even if antibodies to the fodrin 120-kDa protein are
specific to Sjögren’s syndrome (unpublished observations). Antibodies to fodrin
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are found at low titer in normal (non-SS) subjects, apparently to promote
opsonization and removal of cell debris [75], and are found in increased amounts
after cellular injury such as occurs in stroke and in Alzheimer’s disease [76].

Rheumatologists often place great importance on the sensitivity and speci-
ficity of autoantibodies in progressive systemic sclerosis and SS. Although these
markers have specificity, they lack precise sensitivity in that patients with
detectable characteristic autoantibodies may not develop clinical features of
either SS or progressive systemic sclerosis [77]. Arnett has pointed out that cer-
tain class II antigens of the major histocompatibility complex (MHC), including
HLA-DR1, DR2, and DR5, are associated with specific autoantibodies including
anticentromere, antitopoisomerase I, and a variety of antinucleolar antibodies
[78]. These specificities show little overlap, and each is a marker for certain
clinical features of systemic sclerosis. For example, anticentromere antibodies are
strongly associated with HLA-DQB1*0501 (DQ5), DQB1*0301 (DQ7), and
other DQB1 alleles possessing a glycine or tyrosine residue in position 26 of the
outermost domain. Antitopoisomerase I antibodies occur in progressive systemic
sclerosis patients with HLA-DQB1*0301 (DQ7), DQB1*0302 (DQ8),
DQB1*0601 (DQ6 in Japanese), and other DQB1 alleles possessing a tyrosine
residue in position 30. In comparison, SS patients with antibodies against
Sjögren’s SS-A and SS-B are associated with HLA-DR3 and linked DQ alleles
in Caucasians [79–82].

VIII. INFECTIOUS AGENTS AS COFACTORS IN SS

Evidence to suggest an infectious agent as a cofactor in SS remains intriguing but
unproven. Elevated antibody titers in SS patients have been reported for a variety
of Epstein-Barr virus antigens, including BHRF1 (the viral homolog of bcl-2) and
BMRF1 (an Epstein-Barr virus DNA-binding protein) [83]. Epstein-Barr virus
genomes in SS-affected salivary and lacrimal glands have been detected by
in-situ hybridization [84–86], by polymerase chain reaction methods [87,88], and
by culture of salivary gland tissue in SCID mice [89]. However, the frequency of
Epstein-Barr virus-infected cells is low (approximately 1 infected cell per 106

uninfected cells, and some studies failed to detect Epstein-Barr virus genomes in
SS salivary gland biopsies [90].

An endogenous retrovirus (retrovirus 3) expresses in fetal heart from 11
to 16 weeks and could be a possible target for immune reactions leading to con-
genital heart block [91]. A novel retrovirus (termed retrovirus 5) was originally
isolated from a patient with rheumatoid arthritis plus SS [92], but subsequent
studies have not detected this retrovirus in a significant proportion of SS patients.
Past studies that detected antibodies in SS patients to retroviral gag proteins were
probably detecting a cross-reacting cellular protein [93,94].

152 Fox and Stern

20106_CH07(143-164).ps  5/17/04  3:56 PM  Page 152

dramroo@yahoo.com



Salivary gland tissues from Caucasian SS patients were negative for
HTLV-1 tax genes by DNA methods [95], negating earlier findings of reactivity
with a monoclonal anti-HTLV-1 antibody [96]. However, genomic sequences
homologous to HTLV-1 tax have been found in SS-affected tissues in a subset of
Japanese SS patients [97]. Although hepatitis C patients are considered as distinct
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Table 2 Extraglandular Manifestations in Patients with Sjögren’s Syndrome

Manifestation

Respiratory

Gastrointestinal

Skin and mucous
membranes

Endocrine, neurological, and
muscular

Hematological

Renal

Chronic bronchitis secondary to dryness of upper and
lower airway with mucus plugging

Lymphocytic interstitial pneumonitis
Pseudolymphoma with nodular infiltrates
Lymphoma
Pleural effusions
Pulmonary hypertension
Dysphagia associated with xerostomia
Atrophic gastritis
Liver disease including biliary cirrhosis and sclerosing

cholangitis
Candida—oral and vaginal
Vaginal dryness
Hyperglobulinemic purpura
Raynaud’s phenomenon
Vasculitis
Thyroiditis

Peripheral neuropathy involvement of hands and/or
feet

Mononeuritis multiplex
Myositis
Neutropenia, anemia, thrombocytopenia
Pseudolymphoma
Lymphadenopathy
Lymphoma and myeloma
Tubular-interstitial nephritis (TIN)
Glomerulonephritis, in absence of antibodies to DNA
Mixed cryoglobulinemia
Amyloidosis
Obstructive nephropathy due to enlarged periaortic

lymph nodes
Lymphoma
Renal artery vasculitis
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from SS in the San Diego classification, these patients may provide clues to envi-
ronmental agents responsible for SS, since their minor salivary gland biopsies
may contain lymphoid infiltrates [98], and animals with a hepatitis C transgene
develop sialidenitis [99].

IX. SYSTEMIC MANIFESTATIONS AND MEDICATIONS IN
SJÖGREN’S PATIENTS

Since ophthalmologists participate in the overall health care of SS patients, it is
worthwhile to review the systemic manifestations of SS and medications used
for treatment by rheumatologists. The extraglandular manifestations of SS are
summarized in Table 2. The overall approach to systemic therapy in the patient
with Sjögren’s syndrome is similar to that in the systemic lupus erythematosus
patient. (Fig. 4). Disease manifestations are subdivided into nonvisceral
(arthralgias, myalgias, skin, fatigue) and visceral (lung, heart, kidney, brain,
peripheral nervous system). Nonvisceral manifestations are generally treated
with salicylates, nonsteroidal agents, and often hydroxychloroquine. Physicians
should be aware that some SS patients may experience difficulty in swallowing
pills because of decreased salivary production, leading to pills sticking in the
mid-esophagus with resultant erosion of the mucosa. Little improvement of
salivary or lacrimal flow rates have been observed with NSAID therapy,
although some increase in tearing and salivation may occur with administration
of systemic corticosteroids. Indomethacin is the only NSAID readily available
as a suppository for patients with difficulty swallowing tablets. In a pilot study,
flurbiprofen decreased periodontal inflammation and resultant gum disease
[100].

Among the “slow-acting” drugs, antimalarials such as hydroxychloroquine
have proven useful in decreasing arthralgias, myalgias, and lymphadenopathy in SS
patients [101,102], similar to their benefits in some systemic lupus erythematosus
patients [103]. We have used hydroxychloroquine (6–8 mg/kg/day) in SS patients
exhibiting elevated erythrocyte sedimentation rate and polyclonal hyperglobuline-
mia, since these laboratory abnormalities suggest that symptoms of arthralgia and
myalgia may have an “inflammatory” cause. In a European study [104], hydroxy-
chloroquine improved the erythrocyte sedimentation rate but did not increase tear
flow volumes. It should be noted that the drug benefit observed for SS patients in
European and U.S. clinical studies is strongly influenced by the very different
inclusion criteria employed for diagnosis of SS (described above). When taken at
the proper dose (6–8 mg/kg/day), hydroxychloroquine has a very good safety
record, although there remains a remote possibility (probably less than 1/1000) of
macular toxicity in the eye [105]. For this reason, periodic eye checks (generally
every 6–12 months) are recommended so that treatment can be discontinued at any
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sign of ocular toxicity. In patients with cognitive features associated with SS, the
use of atabrine has been advocated [103]. However, patients should be screened for
G6PD deficiency prior to prescribing this drug, and yellowing of the skin is
common. This skin changes can be partially ameliorated by using oral vitamin A
(solatene). These agents are not readily available from most pharmacies but can be
obtained from compounding pharmacies.

For visceral involvement including vasculitic skin lesions, pneumonitis, neu-
ropathy, and nephritis, corticosteroids are used for SS patients in a manner similar
to systemic lupus erythematosus patients. As in other autoimmune disorders, a key
question is how to taper the corticosteroids, since these agents accelerate periodon-
tal problems. Drugs such as hydroxychloroquine, azathioprine, and methotrexate
are used as corticosteroid-sparing agents. In one study, methotrexate appeared most
useful [106]. It is likely that several of the newer agents approved for rheumatoid
arthritis (leflunomide and tumor necrosis factor antagonists) will prove useful in
treating selected SS patients. In some SS patients, systemic cyclosporin may be
used [107], but the tendency toward interstitial nephritis in many Sjögren’s patients
limits the usefulness of the drug. However, ophthalmically formulated cyclosporin
emulsion (Restasis™, Allergan, Irvine, CA) obviates systemic toxicity and shows
promise for treatment of ocular signs and symptoms of SS [108,109].
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Figure 4 Sites of therapeutic intervention for Sjögren’s syndrome patients. Topical
cyclosporin can treat ocular signs and symptoms of Sjögren’s syndrome. Steroids and
other systemic drugs target lymphocytes, cytokine, and adhesion molecules. New
biological therapies developed for rheumatoid arthritis, such as anticytokines, have
proven to be useful for treating corneal ulceration in Sjögren’s syndrome and rheumatoid
arthritis.
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For life-threatening SS complications, cyclophosphamide is occasionally
required. The increased frequency of lymphoma in SS patients [110] requires
caution in the use of cyclophosphamide and suggests “pulse therapy” rather than
daily administration.

X. OTHER AUTOIMMUNE DISEASES ASSOCIATED WITH
LACRIMAL KERATOCONJUNCTIVITIS

The above sections have dealt in detail with primary SS. The pathology of
glandular infiltrates and presumed mechanism of pathogenesis seem similar in
lacrimal keratoconjunctivitis associated with systemic lupus and rheumatoid
arthritis. However, salivary gland biopsies and presumably the pathogenesis of
glandular dysfunction in progressive systemic scleritis appear different in terms
of genetic predisposition (HLA-DR5 versus HLA-DR3) and autoantibody pro-
files. Of particular interest, recent studies have suggested similarity of glandular
changes in progressive systemic sclerosis to those in graft-versus-host disease.
Indeed, studies for microchimerism (i.e., detection of fetal DNA in a lip biopsy
from a mother with sicca symptoms) have shown a much higher frequency of
retained fetal DNA in progressive systemic sclerosis than in primary SS or in
rheumatoid arthritis- or systemic lupus erythematosus-associated SS.

In most progressive systemic sclerosis patients, the pattern of infiltrate in
the salivary gland differs from that seen in SS. In one study [111], 33 patients with
scleroderma, xerostomia, and xerophthalmia underwent biopsy of 3–5 labial
salivary glands. Histological and ultrastructural studies were systematically
performed on these specimens. In 27 patients, sclerosis was the main feature, with
an active fibrosis, numerous secreting fibroblasts, and degranulating mast cells.
This fibrosis was located around capillaries, excretory ducts, and the acini,
progressively destroying them. Lymphocytes were not very numerous and were
scattered in the fibrosis, but were not grouped around the ducts. Five biopsies
showed similar fibrotic lesions, but they also had numerous lymphocytes grouped
in foci around excretory ducts as in primary Sjögren’s syndrome. It was conclud-
ed that in scleroderma, xerostomia and xerophthalmia can be related either to a
pure sclerotic process or to a “common” secondary Sjögren’s syndrome.

XI. INFECTIOUS CONDITIONS MIMICKING SJÖGREN’S
SYNDROME

Although this chapter is directed to systemic autoimmune disease and the ocular
surface, certain chronic infections may mimic autoimmune disease or manifest as
autoimmune responses. The original description of keratoconjunctivitis sicca by

156 Fox and Stern

20106_CH07(143-164).ps  5/17/04  3:56 PM  Page 156

dramroo@yahoo.com



Mickulicz in 1892 may been a case of tuberculosis with glandular infiltrates due
to scrofula-like manifestations [112–114]. Recently, the increased use of strong
biological agents such as TNF inhibitors has been associated with reactivation of
tuberculosis, often in extrapulmonary locations. Other infectious causes that may
mimic primary SS (including a positive antinuclear antibody) include hepatitis C,
syphilis, HIV (AIDS), and HTLV-1/2 infections [115]. Biopsies (as well as
serologies for infectious agents or angiotensin-converting enzyme) can help in
differential diagnosis.

XII. SUMMARY

1. Sjögren’s syndrome is a systemic autoimmune disease affecting
lacrimal and salivary glands.

2. Pathological findings include infiltration of lymphocytes, a decrease in
the rate of lymphocyte apoptosis, destruction of some glandular tissue,
and reduced function of the remainder, and loss of immunological
tolerance to self-antigens SS-A and SS-B.

3. Hydroxychloroquinolone, salicylates, and corticosteroids with sparing
agents are used for systemic treatment of Sjögren’s syndrome.
Ophthalmic cyclosporine emulsion shows promise for topical treatment
of ocular signs and symptoms.

4. Similar pathologies are seen for lacrimal keratoconjunctivitis associated
with systemic lupus or rheumatoid arthritis, although with different
autoantibody profiles.

5. In progressive systemic sclerosis, the pathogenesis of glandular dys-
function differs slightly from that of Sjögren’s syndrome, with active
fibrosis and fewer infiltrating lymphocytes.
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Sex and Sex Steroid Influences on
Dry Eye Syndrome

David A. Sullivan
Harvard Medical School, Boston, Massachusetts, U.S.A.

Recent research on the regulation of the lacrimal and meibomian glands has
led to the hypothesis that sex and sex steroid hormones are critical factors in the
control of these tissues, as well as in the pathogenesis of aqueous-deficient and
evaporative dry eye syndromes. Experimental findings also support the hypothe-
sis that androgens suppress and estrogens may promote dry eye syndromes. The
rationale for these hypotheses is reviewed in this chapter.

I. SEX AND DRY EYE SYNDROMES

A majority of individuals with dry eye syndrome are women [1–8]. This sex-
related prevalence of dry eye is not surprising, because significant sex-related
differences exist in the lacrimal and meibomian glands. Lacrimal gland differ-
ences, which are found in multiple species, include variations in the structural
profile, functional capacity, secretory activity and disease susceptibility of this
tissue (Table 1). Additionally, over 90% of patients with Sjögren’s syndrome,
one of the most common causes of aqueous-deficient dry eye, are women
[65–67]. Sex-associated differences are also found in the output of the human
meibomian gland. Casual levels of meibomian gland lipids on the lid margin are
higher in males than females from puberty until 50 years of age [68]. Meibomian
gland dysfunction and evaporative dry eye frequently occur during menopause
and aging [69–71]. The sex-associated differences in the prevalence of dry eye
syndrome are hypothesized to be due, in part, to androgen deficiency and to the
influence of endogenous or exogenous estrogens.

20106_CH08(165-190).ps  5/17/04  3:56 PM  Page 165

dramroo@yahoo.com



166 Sullivan

Table 1 Sex-Related Differences in the Lacrimal Gland

Male Female

Morphological appearance

Molecular, physiological, and immune characteristics

Large, irregular acini with wide lumina
Acinar cell borders indistinct or not evident

Epithelial cells with cloudy, light granular
and basophilic cytoplasm

Centrally located nucleus varying
considerably in size and shape

Distinct nuclear polymorphism
Increased number of polyploid nuclei; nuclei

frequently contain prominent nucleoli
Basal vacuoles and enhanced quantity of

intranuclear inclusions in acinar cells
Sparse intercellular channels
Specialized structure of Golgi fields
Capillary endothelia display few pores
Increased labeling index of epithelial cells;

suggesting decreased cell turnover during
aging

Greater extent of harderianization
Marked sexual dimorphism during aging
More frequent lobular fibrosis and focal

atrophy in elderly

Higher levels of many mRNAs (e.g.,
�2u-globulin, secretory component,
cystatin-related protein, TGF-�1, Fas
antigen, and mouse urinary protein
mRNAs)

Greater synthesis of various proteins (e.g.,
androgen receptor and secretory
component)

Higher number and affinity of �-adrenergic
binding sites and total quantity of
�-adrenergic receptors

Greater activity of hydroxyindole-o-
methyltransferase and carbonic anhydrase

Small, regular acini with narrow lumina
Acinar cell borders clear and lobulated;

acinar cell contours more conspicuous
Epithelial cells with clearer and less

structured cytoplasm with heavy
basophilic staining around nucleus
(lighter toward periphery)

Basally situated nucleus showing more
regularity in size and shape

Numerous, large cytoplasmic vesicles

Frequent intercellular channels

Capillary endothelia typically show pores

More frequent diffuse fibrosis and
diffuse atrophy in elderly

Higher levels of many mRNAs (e.g.,
bcl-2, c-myc, c-myb, p53, androgen
receptor, IL-1�, TNF-�, and
pancreatic lipase mRNAs; some
differences are strain-dependent)

Greater synthesis of various proteins
(e.g., melatonin, 20-kDa protein and
N-acetyltransferase, as well as leucine
aminopeptidase after puberty)

Higher specific activity of Na�,
K�-ATPase, cholinergic receptors,
acid and alkaline phosphatase, and
galactosyltransferase

Greater peroxidase activity
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II. SEX, SEX STEROIDS, AND AQUEOUS-DEFICIENT DRY EYE IN
SJÖGREN’S SYNDROME

The sex-related prevalence of Sjögren’s syndrome has been linked to two gener-
al factors: significant sex-associated differences in the immune system and dif-
ferential effects of sex steroids on the immune system. Women have a more
potent, vigorous, and competent systemic immune capability than men [72–78].
They have higher serum immunoglobulin levels, stronger primary and secondary
humoral responses to many antigens, and superior resistance to a number of bac-
terial and parasitic infections. Women exhibit greater cell-mediated immunity,
increased resistance to the induction of immunological tolerance, and a greater
ability to reject allografts and to elicit tumor regression. This augmented immune
activity is believed to contribute to the much greater prevalence and severity of
many autoimmune diseases in females [79].

Sex steroids have differential effects on the immune systems of women
and men. Androgens, estrogens, and progestins affect both innate and adaptive
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Table 1 Continued

Male Female

Secretory activity and tear film attributes

This table was compiled from Refs. 9–64, and was modified from Ref. 177.

Increased number of IgA-containing cells
after puberty

Higher secretion and tear levels of various
proteins (e.g., SC, IgA, cystatin-related
protein, 42-kDa and 46-kDa proteins)

Greater phenylephrine-induced secretion of
peroxidase and total protein in vitro

Greater amounts of EGF, TGF-�, and
gender-specific tear protein

Higher tear osmolality (�41 years old)

Higher susceptibility to cytomegalovirus
invasion and/or replication

Greater incidence of focal adenitis
(particularly in females � 45 years
old)

Higher incidence of autoimmune disease

Higher secretion and tear levels of
various proteins (e.g., 90-kDa and
20-kDa proteins)

Lower noninvasive tear breakup time and
increased tear osmolality during aging

Higher prevalence of aqueous tear
deficiency

Greater prevalence of dry eye syndromes
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immunity [9,72–77,79–88]. For example, these hormones have been demon-
strated to modulate the maturation, proliferation, migration, rescue, and/or
function of pluripotent stem cells, B cells, autoreactive B cells, T-helper cells,
T-suppressor cells, natural killer cells, monocytes, and macrophages. Sex steroids
also control the synthesis, appearance, secretion, and/or action of antibodies,
cytokines, growth factors, adhesion molecules, proto-oncogenes, thymic factors,
and immunosuppressive agents. They regulate the density of lymphocyte and
immune factor receptors, the expression of autoantigens, the generation of
autoantibodies, and the formation of immune complexes. Sex steroids influence
the immune response to, and clearance of, various foreign antigens and infectious
organisms. These hormones also modify the induction of tolerance, the rejection
of allografts, the extent of graft-versus-host disease, and the magnitude of inflam-
mation. Additionally, estrogens have been implicated in the pathogenesis and/or
progression of many autoimmune disorders, whereas androgens have been shown
to often decrease autoimmune sequelae [9,72–81,84,86–88]. In fact, androgen
therapy has been used to reduce autoimmune expression in animal models of
systemic lupus erythematosus, thyroiditis, polyarthritis, autoimmune hemolytic
anemia, and myasthenia gravis, and to ameliorate various signs and symptoms
in humans with systemic lupus erythematosus and rheumatoid arthritis
[9,66,73–78,89–93].

A similar situation appears to occur in Sjögren’s syndrome. Thus, estrogens
appear to play a major role in the etiology and perpetuation of Sjögren’s
syndrome [94,95]. Estrogens enhance polyclonal B-cell activation, autoantibody
formation, and tissue abnormalities found in this disorder [94–96]. These
hormones also increase serum prolactin levels, which may further enhance
immune activity and potentially exacerbate this autoimmune disease [97–100].
Estrogen action may contribute to the development of hyperprolactinemia, which
is encountered in a number of Sjögren’s patients [101]. In contrast, androgens
seem to provide a protective influence and to suppress various immunopatholo-
gies in Sjögren’s syndrome [72,89,90,92,96,102–106].

The relative levels of androgens and estrogens appear to be quite important
in determining the progression of both primary and secondary Sjögren’s syndrome
[72–76,78,107]. Serum concentrations of androgens in Sjögren’s syndrome,
systemic lupus erythematosus, and rheumatoid arthritis are significantly reduced
[76,108–123]. Conversely, female patients with systemic lupus erythematosus
have altered metabolism of sex steroids. Both the oxidation of testosterone and the
16α-hydroxylation of estrone are elevated, leading to attenuated plasma testos-
terone levels, a decreased testosterone/estrogen ratio, and increased levels of cir-
culating and potent estrogen metabolites [73–76,78,107,124,125]. Further changes
in sex steroid metabolism may be induced by pro-inflammatory cytokines, such as
IL–1, TNF-α, and/or IL–6, whose concentrations are increased in exocrine tissues
in Sjögren’s syndrome [72,126–134]. Pro-inflammatory alterations include an
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increase of aromatase activity (i.e., conversion of androstenedione to estrone,
testosterone to 17β-estradiol) and stimulation of a reductive 17β-hydroxysteroid
dehydrogenase pathway (estrone to more active 17β-estradiol), which cause
additional reduction in the testosterone/estrogen ratio [135–138]. The pro-
inflammatory cytokines may reduce expression of androgen receptor mRNA
[139], interfere with certain androgen effects [140], and promote corticosteroido-
genesis. This last action may potentiate the aromatization of adrenal or testicular
androgens, leading to decreased testosterone and heightened estrogen levels
[73,75]. The latter effect may be very important during stress (increased in
Sjögren’s syndrome), when circulating IL–1 concentrations are elevated, resulting
in enhanced cortisol and depressed testosterone serum concentrations [73,75].

Overall, this reduction in androgen levels may predispose individuals to the
development of Sjögren’s syndrome, and specifically lacrimal gland dysfunction,
decreased tear secretion, and resulting dry eye. Consistent with this hypothesis
are observations that androgens typically exert a significant and positive effect on
the epithelial architecture, gene expression, protein synthesis, immune activity,
and secretory processes in the lacrimal gland (Table 2). Androgen action also
appears to account for many sex-related differences that occur in the anatomy,
molecular biology, physiology, and immunology of this tissue [177]. Thus, the
androgen deficit in Sjögren’s syndrome may serve to decrease tissue function and
promote (but not cause) the autoimmune process in the lacrimal gland
[9,177,178]. As additional considerations, androgen treatment of female mouse
models of Sjögren’s syndrome [i.e., MRL/Mp-lpr/lpr (MRL/lpr) and NZB/NZW
F1 (F1)] suppresses inflammation in lacrimal glands, and increases their
functional activity [9,96,102–106]. Furthermore, investigators have reported that
androgen treatment alleviates dry eye signs and symptoms and stimulates tear
flow in Sjögren’s syndrome patients [89,90,92,179].

These findings support the hypothesis that androgen deficiency is a critical
etiological factor in the pathogenesis of aqueous-deficient dry eye in Sjögren’s
syndrome. They also suggest that correction of the androgen deficit in Sjögren’s
syndrome may be therapeutic for the lacrimal gland. The precise mechanism(s)
by which androgens suppress lacrimal gland autoimmune disease has yet to be
determined. However, evidence indicates that this hormone action is initiated
through androgen interaction with saturable, high-affinity and steroid-specific
binding sites within epithelial cell nuclei [170,180]; these receptors are members
of the steroid/thyroid hormone/retinoic acid family of ligand-activated transcrip-
tion factors [181,182]. It is hypothesized that this androgen interaction then
causes a change in the expression of specific genes and proteins in lacrimal
tissue [10,11,126,183–185], leading to the reduction of immunopathological
lesions and an improvement in glandular function.

In contrast to these findings with androgens, estrogen’s role in the etiology of
lacrimal gland inflammation and aqueous-deficient dry eye in Sjögren’s syndrome
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Table 2 Reported Effects of Orchiectomy and Androgen Treatment on the Structure,
Function, and Secretion of the Lacrimal Gland in Mice, Rats, Hamsters, Guinea Pigs,
and/or Rabbits

Orchiectomy Androgen treatment

Several of the above listed changes are species- or strain-dependent. For example, androgens induce
time-, species- and strain-dependent effects on the volume and total protein levels of tears in mice,
rats, guinea pigs, and rabbits. This hormone action leads to a nonuniform increase, decrease, or no
effect [59,96,104,106,146,147]. Note that androgen control of the lacrimal gland is unlike that of the
ventral prostate, which is completely dependent on androgens for size maintenance and undergoes
involution and apoptosis following androgen withdrawal [141]. This table was compiled from Refs.
14, 18, 24, 26, 30–32, 36, 38, 40–46, 48–53, 59, 89, 90, 92, 96, 102–106, 142–176, and was modified
from Ref. 177.

Degenerative change in glandular
appearance

Proliferation of interfollicular
connective tissue

Reduced glandular tissue and enlarged
lumen

Decreased cytoplasmic basophilia
Diminished size of acinar cells and

nuclei
Loss of cellular and nuclear

polymorphism
Reduced nuclear volume
Fewer basophilic glandular cells
Decreased or increased harderianization
Attenuated alkaline phosphatase activity
Increased N-acetyltransferase and

hydroxyindole-o-methyl-transferase
activity

Alterations in levels of many mRNAs
Changes in content of many proteins
Disappearance of vesicular mucus in

acinar cells
Increased acinar epithelial cell

susceptibility to cytomegalovirus
infection

Reduction in growth (80 days after
orchiectomy)

Transformation of structure to neutral
(40 days after orchiectomy) or
female-type morphology

Change in fluid or specific protein
secretion

Reversal of the influence of orchiectomy on
glandular structure, function, and secretion

Stimulation of acinar cell and parenchymal
hyperactivity

Enlargement of glandular vesicles
Changes in levels of mRNAs (e.g., secretory

component, �-2u globulin, mouse major
urinary protein, TGF-�, Bax, androgen
receptor, interleukin-1�, tumor necrosis
factor-�, bcl-2, PRL-inducible protein/
gross cystic disease fluid protein-15)

Alterations in levels of many proteins (e.g.,
secretory component, IgA, cystatin-related
protein, TGF-�, C3 component of
prostatic binding protein, androgen
receptor, total Na�,K�-ATPase, acid
phosphatase, alkaline phosphatase,
cholinergic receptor and β adrenergic
receptor activity, seminal vesicle secretion
VI protein, leucine aminopeptidase, and
20-kDa proteins)

Generation of numerous glycoprotein-
secreting cells

Synthesis of mucus and highly polymerized
carbohydrates

Appearance of PAS-positive material in
acinar cells and central lumina

Suppression of glandular inflammation
Transformation of the glandular acino-serous

structure into a “vesicular mucus”
structure

Change in fluid or specific protein secretion
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is unclear. In fact, the exact nature of estrogen action on the structure, function,
and/or secretion of the lacrimal gland remains to be determined (Table 3). In mouse
models of Sjögren’s syndrome, estrogens have been shown to accelerate, and anti-
estrogens and selective estrogen receptor modulators have been shown to suppress,
systemic disease processes [75,77,214–217]. Moreover, administration of physio-
logical amounts of estradiol-17β to intact female MRL/lpr mice for 3 weeks after
the onset of disease caused a significant increase in the area of lymphoid infiltrates
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Table 3 Reported Influence of Ovariectomy, Antiestrogen Exposure, or Estrogen
Administration on the Structure, Function, and Secretion of the Lacrimal Gland in Rats,
Hamsters, Rabbits, and/or Humans

Ovariectomy or
antiestrogen treatment Estrogen treatment

The effects of estrogen withdrawal and replacement on the lacrimal gland are unclear, as well as
controversial. In addition, it is possible that several of the above-listed changes, if confirmed, may be
species-dependent. This table was compiled from Refs. 4, 15, 17, 31, 36, 38, 40, 41, 43, 44, 52, 53,
96, 124, 146, 157, 158, 162, 171, 186–213, and was modified from Ref. 177.

Lacrimal gland regression
Increased connective tissue
Diminished glandular tissue
Acinar cell disruption and

vacuolization (8 weeks after surgery)
Reduced DNA content
Increased level of 20-kDa protein
Enhanced phenylephrine (�-adrenergic

agonist)-induced peroxidase and total
protein secretion

Diminished total and membrane-bound
protein

Attenuated total activity of cholinergic
receptors, β-adrenergic receptors and
Na�,K�-ATPase

Reduced acinar epithelial cell
susceptibility to cytomegalovirus
infection

Lymphocyte infiltration (20 weeks after
surgery)

Alteration of morphological appearance
to a “male” type (30 days after
surgery)

Change in structural profile to a
“neutral” type (40 days after surgery)

Development of dry eye

Positive
Restores glandular appearance to

“female” type
Enhanced DNA and RNA levels
Up- and downregulates levels of many

mRNAs
Increased level of leucine aminopeptidase

and total activity of β-adrenergic
receptors

Serve as dry eye treatment
Neutral

No effect on the weight, morphology,
peroxidase activity, total protein content,
or specific protein secretion

Negative
Lacrimal gland regression
Reduced estrogen receptor mRNA content
Antagonism of certain androgen effects
Loss of PAS-staining
Suppression of 20-kDa protein content
Decreased acid and alkaline phosphatase

and lacrimal fluid peroxidase activities
Attenuated total activities of cholinergic

receptors and Na�,K�-ATPase
Diminished tear output
Development of dry eye
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in lacrimal tissue and a significant decrease in tear volume [96]. However, other
researchers found that estrogen treatment of castrated male nonobese diabetic
(NOD) mice had no effect on the extent of lymphocyte accumulation in the lacrimal
gland [129]. And yet another group of investigators reported that prepubertal
ovariectomy of NFS/sld mice before the onset of disease increased lacrimal gland
inflammation, which was suppressed by treatment with pharmacological doses
(i.e., ~30 times physiological) of estrogen for 4 weeks [208]. The interpretation of
this latter finding is difficult. The NFS/sld mice have been proposed as a model of
Sjögren’s syndrome [218], but their relevance to human disease is unclear: these
mice are neonatally thymectomized, a procedure that disrupts immune circuitry and
impairs endocrine function (e.g., hypothalamic–pituitary–gonadal axis), resulting
in alterations in hormone (e.g., prolactin, sex steroids)-immune interactions
[97,219,220]. Given that other mouse models of, and patients with, Sjögren’s syn-
drome have a thymus, that endocrine–immune interactions are important for the
development and/or progression of the lacrimal tissue disorder, and that estrogen
effects on the immune system are very dose-dependent [74,221,222], the meaning
of pharmacological estrogen studies in NFS/sld mice is not readily apparent.

Recently, researchers have begun to identify the genes that may be con-
trolled by estrogens in the lacrimal gland [213]. The results of these studies may
help to establish whether, as has been reported, estrogens induce lacrimal gland
regression and hyposecretion and lead to dry eye [186–188,195,197,198,223].
Alternatively, identification of estrogen-regulated genes may support reports that
estrogens promote lacrimal gland function, suppress lacrimal tissue inflammation
in Sjögren’s syndrome, and serve as a treatment for dry eye signs and symptoms
[15,31,36,40,190,191,196,201–207,225,226]. It is also possible that this molecu-
lar biological research may validate other studies that have found no significant
influence of estrogen on the normal or autoimmune lacrimal gland or the tear film
[17,36,41,43,44,129,146,157,171,200,224].

III. SEX, SEX STEROIDS, AND EVAPORATIVE DRY EYE

Another major reason for the prevalence of dry eye syndrome in women seems
to be the effect of sex steroids, or the lack thereof, on the meibomian gland. This
gland secretes the tear film’s lipid layer, which is important for preventing evap-
oration and promoting stability of the tear film [227–233]. Androgens are hypoth-
esized to regulate meibomian gland function, control the quality and/or quantity
of lipids produced by this tissue, and promote the formation of the tear film’s
lipid layer. Conversely, androgen deficiency, due to a decrease in the synthesis
or actions of androgens (e.g., as occurs during menopause, aging, Sjögren’s
syndrome, complete androgen insensitivity syndrome syndrome, or the use of
antiandrogen medications), is thought to lead to meibomian gland dysfunction
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and evaporative dry eye. In contrast, estrogens are hypothesized to antagonize
meibomian gland activity and facilitate development of evaporative dry eye.

In support of the androgen-related hypotheses, researchers have discovered
that the meibomian gland is an androgen target organ, that androgens modulate
lipid production within this tissue, and that androgen deficiency may possibly
cause meibomian gland disease. More specifically, investigators have found that
the meibomian glands of male and female mice, rats, rabbits, and humans contain
androgen receptor mRNA, androgen receptor protein within acinar epithelial cell
nuclei, and/or the metabolic enzyme mRNAs required for the intracrine formation
of sex steroids [234–236]. Additionally, researchers have shown that androgens
regulate the expression of numerous genes in mouse and rabbit meibomian glands.
These hormone actions include an upregulation of genes involved in lipid, sex
steroid, and other cellular metabolic pathways, such as sterol regulatory element-
binding proteins 1 and 2 (transcription factors that coordinately regulate lipogenic
enzymes), fatty acid synthase and stearoyl-CoA desaturase (important enzymes in
lipid metabolism), fatty acid transport protein 4 (promotes cellular uptake and
metabolism of long-chain fatty acids), monoglyceride lipase (an enzyme involved
in lipid hydrolysis), 17β-hydroxysteroid dehydrogenase 7 (a key enzyme involved
in the intracrine synthesis of androgens and estrogens), and insulin-like growth
factor 1 (involved in sebaceous cell DNA synthesis and differentiation) [237–240].

Further support for an androgen–meibomian gland interaction comes from
studies evaluating the effects of androgen deficiency on this tissue. Orchiectomy
alters the lipid profile of rabbit meibomian glands, whereas the topical or sys-
temic administration of 19-nortestosterone (but not vehicle) for 2 weeks begins
to restore the lipid profile toward that found in intact animals [241]. Androgen
deficiency in humans (e.g., in patients taking antiandrogen therapy) is associated
with meibomian gland dysfunction, an altered lipid pattern in meibomian gland
secretions, a decreased tear film breakup time, and functional dry eye [242–244].
Androgen receptor dysfunction in women with complete androgen insensitivity
syndrome is associated with meibomian gland dysfunction, alterations in the neu-
tral and polar lipid profiles, and a significant increase in the signs and symptoms
of dry eye [245–246]. Aging in men and women is associated with androgen
deficiency, reduced quality of meibomian gland secretions, more frequent meta-
plasia of meibomian gland orifices, and changes in the polar and neutral lipid
patterns of meibomian gland secretions [244,247].

Additionally, human meibomian glands may be are able to metabolize
androgens by the reductive pathway, a characteristic of androgen target tissues
[248]. Topical application of dehydroepiandrosterone (an androgen precursor)
to rabbits, dogs, and/or a human stimulates the elaboration and secretion of
meibomian gland lipids and prolongs the tear film breakup time [249].

Overall, the apparent interrelationship between androgen deficiency, mei-
bomian gland dysfunction, and evaporative dry eye may partially explain why
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androgen administration has been reported to alleviate dry eye signs and symp-
toms in both women and men [159,160,179,250–252].

In contrast to the effect of androgens, estrogen may promote meibomian
gland dysfunction and evaporative dry eye. An epidemiological analysis of
25,389 postmenopausal women showed a significantly greater prevalence of
severe dry eye symptoms and clinically diagnosed dry eye syndrome in women
using estrogen hormone replacement therapy [253]. An evaluation of 44,257
women with dry eye revealed that one of the highest prevalences of comorbid
conditions was the use of estrogen hormone replacement therapy [3]. This
estrogen influence may be targeted to the meibomian gland, since estrogens have
been demonstrated to cause a significant reduction in the size, activity, and lipid
production of sebaceous glands in a variety of species, and the meibomian gland
is a large sebaceous gland [254–259]. In fact, estrogens were used for years
to decrease sebaceous gland function and secretion in humans [256,258–263].
One mechanism proposed to account for estrogen suppression is that this
hormone acts as an antiandrogen in sebaceous glands [257,260]. This effect may
apparently be countered by treatment with physiological levels of androgens
[256–258].

Deleterious actions of estrogen on the meibomian gland may explain why
estrogen treatment of women has been associated with an attenuated tear film
breakup time, foreign body sensation, contact lens intolerance, and ocular surface
dryness [186,188,198,223]. Such hormone actions would not seem to account for
a recently proposed anti-inflammatory role for estrogens in this tissue [264]. The
specific mechanism(s) by which estrogens act on the meibomian gland is
unknown. The meibomian gland contains estrogen receptor mRNA and protein,
and estrogen administration to ovariectomized mice results in alterations gene
expression and the morphological profile of this gland [213,234,265,266] In
addition, hormone replacement therapy was recently associated with an altered
polar lipid pattern of meibomian gland secretions in postmenopausal women
[267]. These observations suggest that estrogen effects may be mediated through
the modulation of certain genes and proteins in the meibomian gland.

IV. SUMMARY

1. Sex and sex steroids significantly affect lacrimal and meibomian gland
function.

2. Sex, sex steroids, and in particular androgen deficiency, are critical eti-
ological factors in the pathogenesis of aqueous-deficient and evapora-
tive dry eye syndromes.

3. Additional studies to clarify the nature and extent of sex and sex
steroid influence on the lacrimal and meibomian glands will lead to
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better understanding of the physiological processes regulating these
tissues in both health and disease.
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I. INTRODUCTION

Dysfunction of the lacrimal functional unit has adverse consequences for the
ocular surface. Although the cause of the ocular surface pathology accompany-
ing tear secretory dysfunction is not completely understood, it appears to be 
due in large part to compositional changes in the tear fluid. These include
decreased concentrations of growth factors and anti-inflammatory factors, and
increased concentrations of pro-inflammatory cytokines that originate from dis-
eased lacrimal glands (as in Sjögren’s syndrome), meibomian glands (as in
rosacea) and ocular surface epithelia [1,2].

Reduced tear secretion and tear turnover leads to ocular surface epithelial
disease, inflammation, and neural sensitization. The epithelial disease has been
traditionally called keratoconjunctivitis sicca (KCS); however, we feel that the
syndrome of lacrimal keratoconjunctivitis (LKC) that was introduced in Chapter
1 more completely describes its constellation of pathological features.
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II. CORNEAL EPITHELIAL DISEASE

Ocular surface epithelial disease is the most clinically recognizable manifestation
of LKC. The ocular surface epithelium is a normally well lubricated smooth
surface that attracts tear constituents and stabilizes the tear film. In LKC, it
changes to a poorly lubricated and irregular surface that does not attract tear
components and destabilizes the tear film. Because of risks associated with
corneal biopsy of eyes with LKC, our understanding of the corneal manifesta-
tions of this condition is based on clinical observations and animal models. The
unstable precorneal tear film in LKC is detected clinically as rapid fluorescein
tear breakup, and in more severe cases as visible discontinuities or pits in the tear
film [3–5]. Corneal surface irregularities that accompany this unstable tear film
may be visualized by biomicroscopy in eyes with severe aqueous tear deficiency,
such as in Sjögren’s syndrome, or may be readily detected in most cases by
computerized videokeratoscopy surface regularity indices [6,7]. The unstable
tear film and corneal epithelial irregularity are responsible for the blurred and
fluctuating vision symptoms frequently reported by patients with LKC, as well as
their reduced contrast sensitivity [5,8,9].

Another well-recognized manifestation of corneal epithelial disease in LKC
is disruption of corneal epithelial barrier function. Because of its barrier function,
which is important in maintaining corneal smoothness and clarity, the normal
corneal epithelium is much less permeable than the conjunctival epithelium.
Disruption of corneal epithelial barrier function is identified clinically by fluores-
cein dye staining, and fluorometrically by increased permeability to sodium fluo-
rescein dye. Corneal epithelial permeability in patients with untreated dry eye is
2.7–3 times greater than in eyes with normal tear function [10,11]. Rabbit studies
showed that the full-thickness cornea was permeable to mannitol (MW 182) but
not to larger molecules such as insulin (MW 3000) and dextran (MW 20,000),
whereas the conjunctiva was permeable to all three molecules [12]. Removal of
the corneal epithelium increased corneal permeability 40-fold, while removal of
endothelial cells had no effect. Following corneal epithelial wounding, epithelial
defects that healed with nonvascularized corneal or limbal epithelium showed an
initial increase in permeability that returned to normal after 3 days. By contrast,
the permeability of wounded corneas that reepithelialized with vascularized con-
junctival epithelium correlated with the degree of surface vascularization.
Avascularized or minimally vascularized conjunctival epithelium that transdiffer-
entiated into a cornea-like morphology showed long-term permeability similar to
that of normal corneal epithelium, whereas vascularized conjunctival epithelium
that retained a conjunctival phenotype showed increased permeability similar to
that of conjunctival epithelium [13].

The cell membrane-associated mucins that coat the superficial corneal
epithelium, and the tight junctional complexes that connect adjacent cells, are
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important factors in maintaining the corneal epithelial barrier [14]. Derangement
of this barrier in LKC is due to death, loss, or dysfunction of well-differentiated
apical corneal epithelial cells. Loss of these cells in LKC exposes poorly differ-
entiated subapical cells that lack a mature glycocalyx and tight junctions. Also,
disruption of tight junctions in the apical corneal epithelium has been reported to
occur in response to activation of stress-related transcription factors, such as NF-
κB and AP-1. Exposure of cultured bovine corneal epithelium to surfactants, such
as sodium dodecyl sulfate or benzalkonium chloride, induced disruption of tight
junctions and increased paracellular permeability in a time-and concentration-
dependent manner. Increased DNA binding of the transcription factors NF-κB
and AP-1 was also observed following treatment with these surfactants at low
concentrations that typically cause mild ocular irritation [15].

Exposure of cultured human corneal epithelial cells to a pro-inflammatory
stimulus, such as lipopolysaccharide, also resulted in tight junction disruption,
which appeared to be mediated by altered expression or proteolytic degradation
of tight junction complex proteins, such as ZO-1, ZO-2, and occludin [16].
One protease that may play a role in this process is matrix metalloproteinase 9
(MMP-9). MMP-9 knockout mice showed significantly less alteration of corneal
epithelial barrier function than wild-type mice. This protective effect was abro-
gated by topical application of MMP-9 to the ocular surface [17]. A significant
increase in the concentration and activity of MMP-9 in the tear film has been
reported in human patients with LKC [2,18,19]. Hyperosmolar stress and inflam-
matory cytokines that are elevated in LKC (i.e., IL-1β, TNF-α, and TGF-β1)
increase expression of MMP-9 by the corneal epithelium [20]. Both hyperosmo-
lar stress and inflammatory cytokines activate NF-κB and AP-1, transcription
factors that regulate development of corneal epithelial tight junctions [21]. These
findings explain how the pro-inflammatory ocular surface environment in LKC
may disrupt corneal epithelial barrier function.

III. CONJUNCTIVAL EPITHELIAL DISEASE

A well-recognized pathological change in conjunctival epithelial phenotype,
termed squamous metaplasia, occurs in LKC (Fig. 1). Squamous metaplasia is a
condition of hyperproliferation and abnormal differentiation of the conjunctival
epithelium. It is associated with altered histological appearance, reduced expres-
sion of cell membrane glycoproteins (e.g., mucins), a decreased number of per-
iodic acid-Schiff (PAS)-stained goblet cells, and altered gene expression (Fig. 2).

Squamous metaplasia of the conjunctiva is found in a variety of ocular sur-
face inflammatory and tear film disorders. Hyperproliferation of the conjunctival
epithelium is associated with conjunctival squamous metaplasia, regardless of its
cause. For example, increased epithelial cell mitotic rate and decreased goblet
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cell density was observed in the conjunctiva of children with systemic vitamin A
(retinol) deficiency. This pathological feature was observed in patients with clin-
ical retinol deficiency (as defined by the presence of fine punctuate keratopathy),
whether or not the serum retinol level was below normal (serum concentration
≤70 µM) [22]. An increased conjunctival epithelial cell mitotic rate and decreased
goblet cell frequency has also been observed in ocular cicatricial
pemphigoid [23]. In Stevens-Johnson syndrome and in drug-induced pseudopem-
phigoid, DNA synthesis (measured by tritiated thymidine uptake) in the conjunc-
tival epithelium was greater than in normal controls [24]. In patients with
Sjögren’s syndrome, significantly increased epithelial stratification and increased
uptake of the nucleoside analog bromo-deoxyuridine (another measure of
DNA synthesis, and cell proliferation) were noted in the bulbar conjunctival
epithelium [25]. Kunert and colleagues also noted an increased number of bulbar
epithelial cells stained for the cell cycle-associated protein KI-67 in conjunctival
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Figure 1 In lacrimal keratoconjunctivitis (LKC), squamous metaplasia with increased
stratification and loss of goblet cells on the bulbar conjunctiva is accompanied by
increased lymphocytic infiltration (predominantly CD4+ cells) of the conjunctival epithe-
lium and stroma as well as the accessory lacrimal glands. Exfoliation of the metaplastic
epithelium exposes the sensory nerves to noxious environmental stimuli.
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biopsies obtained from non-Sjögren’s KCS patients, compared with normal
eyes [26].

A second feature of conjunctival squamous metaplasia is a significant
reduction in the number of PAS-stained conjunctival goblet cells observed in the
conjunctival biopsies and impression cytology specimens taken from patients
with Sjögren’s or non-Sjögren’s LKC [27–30]. The number of RNA transcripts
for the goblet cell-specific mucin MUC5AC in the conjunctival epithelium of
patients with Sjögren’s syndrome was also found to be significantly less than in
normal individuals [31]. Furthermore, protein levels of MUC5AC were signifi-
cantly reduced in the tear fluid of patients with Sjögren’s and non-Sjögren’s
aqueous tear deficiency [31,32].

Alterations in mucin production and processing by the stratified conjuncti-
val epithelium have been reported for LKC patients. A significant difference in
binding patterns of membrane mucin antibody H185 to conjunctival cells was
found in normal eyes compared with those of patients with dry eye symptoms. In
normal eyes, this antibody bound apical epithelial cells in a mosaic pattern,
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Figure 2 Impression cytology from the bulbar conjunctiva of a patient with Sjögren’s
syndrome. There is complete loss of goblet cells, with abnormal mucus strands spanning
the metaplastic epithelial cells.
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exhibiting either light, medium, or intense binding [33]. In patients with dry eye
symptoms the mosaic pattern was replaced by a “starry sky” pattern in which
there was a lack of apical cell binding (hence, dark sky) but increased binding to
goblet cells (hence, stars in the sky). The starry sky pattern correlated with
the severity of conjunctival rose bengal staining. This study concluded that an
alteration in either mucin distribution or mucin glycosylation on the surfaces of
apical conjunctival cells is associated with dry eye, and that glycosylation of gob-
let cell mucins changes with the disease. In a separate study, reduced expression
and abnormal aggregates of a cell membrane mucin (termed MEM) were found
to a greater extent in conjunctival cytology specimens obtained from Sjögren’s
syndrome patients than from patients with other forms of dry eye [34].

Increased expression of certain genes, including transglutaminase 1, involu-
crin, filagrin, and the cytokeratin pair 1/10, has been detected in eyes with severe
squamous metaplasia associated with Stevens-Johnson syndrome and ocular
cicatricial pemphigoid [35,36].

Accelerated apoptosis of conjunctival epithelial cells has been observed in
eyes of patients with KCS. Dogs who develop spontaneous KCS also exhibit
increased apoptosis of conjunctival epithelial cells and decreased apoptosis of
conjunctival stromal lymphocytes [37]. Pro-apoptotic markers (Fas, FasL, p53)
were highly expressed in the conjunctiva of dry eye dogs, whereas levels of the
anti-apoptotic marker bcl-2 were low. These phenomena reversed after treatment
with the immunomodulatory agent cyclosporin A. Flow cytometry of conjuncti-
val epithelial cells from dry eye patients showed increased levels of pro-apoptot-
ic and pro-inflammatory markers compared to normal eyes, and these markers
normalized following cyclosporin A therapy [38]. Experimental induction of dry
eye in mice by systemic administration of anticholinergic agents and a dessicat-
ing environmental significantly increased apoptosis in ocular surface epithelial
cells of the cornea and the bulbar and tarsal conjunctiva [39]. The greatest apop-
tosis was noted in goblet cell-rich areas of the bulbar conjunctiva. Induction of
apoptosis was inhibited with topically applied cyclosporine in this experimental
model [40].

IV. INFLAMMATION

The results of numerous immunopathological studies and the therapeutic
response of LKC to anti-inflammatory therapies underscore the importance of
inflammation in the pathogenesis of this condition. Ocular surface inflammation
in LKC involves both cellular and soluble mediators. Inflammatory mediators
exacerbate LKC in a number of ways: (1) by increasing the expression of adhe-
sion molecules on conjunctival blood vessels and epithelial cells; (2) by stimu-
lating chemotaxis of inflammatory cells, including T cells, polymorphonuclear,
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and macrophages, onto the ocular surface; (3) by activating these cells once they
arrive; (4) by altering epithelial proliferation and differentiation; (5) by stimulat-
ing the production and activation of proteases that disrupt cell–cell and
cell–matrix adhesions; (6) by promoting apoptosis; and (7) by sensitizing ocular
surface pain receptors.

An increased number of T lymphocytes and a change in their distribution in
the conjunctiva have been detected in eyes with aqueous tear deficiency (Fig. 1).
In 1990, Pflugfelder and colleagues observed CD3-positive T cells infiltrating the
tarsal conjunctival epithelium of patients with Sjögren’s syndrome-associated
KCS, but not in controls [30]. Lymphocytic infiltration of the substantia propria
of the conjunctiva was also observed. In a more comprehensive study that evalu-
ated conjunctival biopsies, a significantly increased number of T cells was found
in the epithelium and substantia propia of conjunctival biopsies from both
Sjögren’s syndrome (Fig. 3) and non-Sjögren’s syndrome patients with KCS,
suggesting that this is a common feature of KCS regardless of cause [41]. In
addition to the elevated T cell population, the proportion of T cells in the con-
junctival epithelium shifted from predominantly CD8 cells (cytotoxic TKiller cells)
to CD4 cells (TH cells). Increased expression of CD11a and CD23 indicated an
activated phenotype of the CD4-positive T cells [42]. Treatment of these patients
with topical cyclosporine decreased the number of T cells, which corresponded to
an improvement in ocular surface disease and irritation symptoms.
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Figure 3 CD3+ T cells in the conjunctival epithelium (arrows) and stroma in a patient
with Sjögren’s syndrome LKC.
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There is also evidence of immune activation in the conjunctival epithelium
in KCS. Increased production of a number of pro-inflammatory cytokines in the
conjunctival epithelium has been detected, including IL-1α and β, IL-6, IL-8,
TGF-β1, and TNF-α [1,2,43]. Increased epithelial production of these cytokines
was accompanied by increased levels of these cytokines (IL-1α and β, IL-6) in
the tear fluid of Sjögren’s syndrome patients with KCS [2,44]. A significant
increase in the amount of activated IL-1β and a decreased ratio of IL-1α to its
physiological antagonist, IL-1 receptor antagonist (IL-1RA), was also observed
[2]. Increased expression of a number of immune activation molecules, including
CD54 (ICAM-1) (Fig. 4), HLA-DR, CD40, and CD40 ligand, has been found
in the conjunctival epithelium of both Sjögren’s syndrome and non-Sjögren’s
syndrome patients with aqueous tear deficiency [38,43,45]. These findings
indicate that the ocular surface epithelial cells are direct participants in the
ocular surface inflammation of LKC.

The exact mechanisms responsible for the ocular surface inflammation in
LKC have not been firmly established. Desiccating environmental stress appears
to be an important trigger for ocular surface inflammation. This pro-inflammato-
ry stimulus may be exacerbated in certain patients with systemic autoimmune
diseases (e.g., Sjögren’s syndrome) by dysfunction of their intrinsic immunoreg-
ulatory pathways and in others by age-related androgen hormone deficiency.

198 Yeh et al.

Figure 4 ICAM-1 mRNA expression (brown cells) in the conjunctival epithelium of a
patient with non-Sjögren’s LKC.
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Exposure of human corneal epithelial cells to a hyperosmolar environment both
in vitro and in vivo activates intrinsic stress-related signaling pathways in a
dose-dependent fashion, which then stimulate production of the same pro-
inflammatory molecules that have been detected on the ocular surface of human
patients with LKC [20,21]. Our group has found that exposure of primary human
corneal epithelial cultures to increasing concentrations of sodium chloride,
elevating the osmolarity of the culture media from 300 to 500 mOsm, results in
activation (phosphorylation) of stress-associated protein kinases, such as p38,
c-jun n-terminal kinase (JNK), and ERK 1 and 2 [21]. The activated kinases in
turn activate transcriptional regulators (such as AP-1) that increase the produc-
tion of inflammatory cytokines (e.g., IL-1 and TNF-α) and matrix-metallopro-
teinases (MMPs). The pro-inflammatory effects of hyperosmolar stress can be
inhibited by treating cells with pharmacological inhibitors of these kinases.
Inflammatory mediators released from activated ocular surface epithelial cells in
response to hyperosmolar stress could certainly initiate an inflammatory cascade
on the ocular surface that leads to dysfunction of tear-secreting glands/cells and
ocular surface disease.

Cytokines released from activated epithelial cells can trigger production of
adhesion molecules by vascular endothelial and epithelial cells in the conjunctiva
in a paracrine fashion. Expression of adhesion molecules together with epithelial-
ly produced chemokines (e.g., IL-8), could lead to diapedis and retention of inflam-
matory cells in the conjunctiva [1].

Cytokines produced by activated ocular surface epithelia in LKC may also
alter epithelial proliferation, differentiation, or apoptosis, directly or indirectly.
The resulting paracrine stimulation of stromal fibroblasts causes secretion of
growth factors such as keratinocyte growth factor (KGF), a potent epithelial
mitogen [47]. Finally, inflammatory cytokines are potent stimulators of matrix-
metalloproteinase production by the ocular surface epithelial cells and infiltrating
leukocytes. The pro-inflammatory cytokines IL-1α, TNF-α, and TGF-β1 all
significantly increased the production of three classes of MMPs (gelatinases,
collagenases, and stromelysins) by cultured human corneal epithelial cells
[48–50]. The stimulatory effects of these cytokines on MMP production can be
blocked with their physiological antagonists (e.g., IL-1RA in the case of IL-1β)
or by neutralizing antibodies. Once activated, these MMPs can activate latent
pro-inflammatory cytokines, such as IL-1β, TNF-α, and TGF-β, and neural pep-
tides such as substance P. MMPs also degrade tight junctions in the superficial
corneal epithelium and the proteins that anchor the corneal and conjunctival
epithelium to their basement membrane [51–55]. It appears that interaction
between pro-inflammatory cytokines and the MMPs, including inflammatory
stimulation of MMP synthesis and activity, creates a vicious cycle of escalating
inflammation on the ocular surface in LKC.
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V. SUMMARY

1. LKC causes corneal and conjunctival disease.
2. Corneal manifestations of LKC are surface irregularity and altered

epithelial barrier function.
3. LKC causes increased proliferation and abnormal differentiation of

the conjunctival epithelium, and cellular and cytokine-mediated
inflammation.

REFERENCES

1. Pflugfelder SC, Jones D, Ji Z, Afonso A, Monroy D Altered cytokine balance in the
tear fluid and conjunctiva of patients with Sjogren’s syndrome keratoconjunctivitis
sicca. Curr Eye Res 1999; 19:201–211.

2. Solomon A, Dursun D, Liu Z, Xie Y, Macri A, Pflugfelder SC. Pro- and anti-
inflammatory forms of interleukin-1 in the tear fluid and conjunctiva of patients with
dry-eye disease. Invest Ophthalmol Vis Sci 2001; 42:2283–2292.

3. Norn MS. Desiccation of the precorneal film. I. Corneal wetting-time. Acta
Ophthalmol (Copenh) 1969; 47(4):865–880.

4. Norn MS. Desiccation of the precorneal film. II. Permanent discontinuity and dellen.
Acta Ophthalmol (Copenh) 1969; 47:881–889.

5. Pflugfelder SC, Tseng SC, Sanabria O, Kell H, Garcia CG, Felix C, Feuer W,
Reis BL. Evaluation of subjective assessments and objective diagnostic tests for
diagnosing tear-film disorders known to cause ocular irritation. Cornea 1998;
17:38–56.

6. Liu Z, Pflugfelder SC. Corneal surface regularity and the effect of artificial tears in
aqueous tear deficiency. Ophthalmology 1999; 106:939–943.

7. de Paiva CS, Lindsey JL, Pflugfelder SC.Assessing the severity of keratitis sicca
with videokeratoscopic indices. Ophthalmology 2003; 110:1102–1109.

8. Rolando M, Iester M, Macri A, Calabria G. Low spatial-contrast sensitivity in dry
eyes. Cornea 1998; 17:376–379.

9. Sall K, Stevenson OD, Mundorf TK, Reis BL. Two multicenter, randomized
studies of the efficacy and safety of cyclosporine ophthalmic emulsion in moderate
to severe dry eye disease. CsA Phase 3 Study Group. Ophthalmology 2000;
107:631–639.

10. Gobbels M, Spitznas M. Effects of artificial tears on corneal epithelial permeability
in dry eyes. Graefe’s Arch Clin Exp Ophthalmol 1991; 229:345–349.

11. Gobbels M, Spitznas M. Corneal epithelial permeability of dry eyes before and after
treatment with artificial tears. Ophthalmology 1992; 99:873–878.

12. Huang AJ, Tseng SC, Kenyon KR. Paracellular permeability of corneal and
conjunctival epithelia. Invest Ophthalmol Vis Sci 1989; 30:684–689.

13. Huang AJ, Tseng SC, Kenyon KR. Alteration of epithelial paracellular permeability
during corneal epithelial wound healing. Invest Ophthalmol Vis Sci 1990;
31:429–435.

200 Yeh et al.

20106_CH09(191-204).ps  5/17/04  3:56 PM  Page 200

dramroo@yahoo.com



14. Dursun D, Monroy D, Knighton R, Tervo T, Vesaluoma M, Carraway K, Feuer W,
Pflugfelder SC. The effects of experimental tear film removal on corneal surface
regularity and barrier function. Ophthalmology 2000; 107:1754–1760.

15. Xu KP, Li XF, Yu FS. Corneal organ culture model for assessing epithelial responses
to surfactants. Toxicol Sci 2000; 58:306–314.

16. Yi X, Wang Y, Yu FS. Corneal epithelial tight junctions and their response to
lipopolysaccharide challenge. Invest Ophthalmol Vis Sci 2000; 41:4093–4100.

17. Pflugfelder SC, Farley W, Li D-Q, Song X, Fini E. Matrix metalloproteinase-9
(MMP-9) knockout alters the ocular surface response to experimental dryness. Invest
Ophthalmol Vis Sci 2002; 43:E-Abstract 3124.

18. Afonso A, Sobrin L, Monroy DC, Selzer M, Lokeshwar B, Pflugfelder SC. Tear
fluid gelatinase B activity correlates with IL-1α concentration and fluorescein tear
clearance. Invest Ophthalmol Vis Sci 1999; 40:2506–2512.

19. Sobrin L IOVS Sobrin L, Selzer MG, Lokeshwar BL, Pflugfelder SC. Stromelysin
(MMP-3) activates pro-MMP-9 secreted by corneal epithelial cells. Invest
Ophthalmol Vis Sci 2000; 41:1703–1709.

20. Li D-Q, Chen Z, Song XJ, Farley W, Pflugfelder SC. Hyperosmolarity stimulates
production of MMP-9, IL-1β and TNF-α by human corneal epithelial cells via a
c-Jun NH2-terminal kinase pathway. Invest Ophthalmol Vis Sci 2002; 43:E-Abstract
1981.

21. Luo L, Li D-Q, Doshi A, Farley W, Pflugfelder SC. Experimental dry eye induced
expression of inflammatory cytokines (IL-1α and TNF-α), MMP-9 and activated
MAPK by the corneal epithelium Invest Ophthalmol Vis Sci 2003; 44:E-Abstract
1026.

22. Rao V, Friend J, Thoft RA, et al. Conjunctival goblet cells and mitotic rate in
children with retinol deficiency and measles. Arch Ophthalmol 1987; 105:378–380.

23. Thoft RA, Friend J, Kinoshita S, et al. Ocular cicatricial pemphigoid associated
with hyperproliferation of the conjunctival epithelium. Am J Opthalmol 1984;
98:37–42.

24. Weissman SS, Char DH, Herbort CP. Alteration of human conjunctival epithelial
proliferation. Arch Ophthalmol 1992; 110:357–359.

25. Jones DT, Ji A, Monroy D, Pflugfelder SC. Evaluation of ocular surface cytokine,
mucin, and cytokeratin expression in Sjögren’s syndrome. Adv Exp Med Biol 1998;
438:533–536.

26. Kunert KS, Tisdale AS, Gipson IK. Goblet cell numbers and epithelial proliferation
in the conjunctiva of patients with dry eye syndrome treated with cyclosporine. Arch
Ophthalmol 2002; 120:330–337.

27. Nelson JD. Diagnosis of keratoconjunctivitis sicca. Int Ophthalmol Clin 1994;
34:37–56.

28. Nelson JD, Wright JC. Conjunctival goblet cell densities in ocular surface disease.
Arch Ophthalmol 1984; 102:1049–1051.

29. Tseng SCG. Staging of conjunctival squamous metaplasia by impression cytology.
Ophthalmology 1985; 92:728–733.

30. Pflugfelder SC, Huang AJ, Feuer W, Chuchovski PT, Pereira IC, Tseng SC.
Conjunctival cytologic features of primary Sjogren’s syndrome. Ophthalmology
1990; 97:985–991.

Pathological Effects of Lacrimal Keratoconjunctivitis 201

20106_CH09(191-204).ps  5/17/04  3:56 PM  Page 201

dramroo@yahoo.com



31. Argueso P, Balaram M, Spurr-Michaud S, Keutmann HT, Dana MR, Gipson IK.
Decreased levels of the goblet cell mucin MUC5AC in tears of patients with Sjogren
syndrome. Invest Ophthalmol Vis Sci 2002; 43:1004–1011.

32. Zhao H, Jumblatt JE, Wood TO, Jumblatt MM. Quantification of MUC5AC protein
in human tears. Cornea 2001; 20:873–877.

33. Danjo Y, Watanabe H, Tisdale AS, George M, Tsumura T, Abelson MB, Gipson IK.
Alteration of mucin in human conjunctival epithelia in dry eye. Invest Ophthalmol
Vis Sci 1998; 39:2602–2609.

34. Pflugfelder SC, Tseng SCG, Yoshino K, Monroy D, Felix C, Reis B. Correlation
of goblet cell density and mucosal epithelial mucin expression with rose bengal
staining in patients with ocular irritation. Ophthalmology 1997; 104:223–235.

35. Nakamura T, Nishida K, Dota A, Kinoshita S. Changes in conjunctival clusterin
expression in severe ocular surface disease. Invest Ophthalmol Vis Sci 2002;
43:1702–1707.

36. Nakamura T, Nishida K, Dota A, Matsuki M, Yamanishi K, Kinoshita S. Elevated
expression of transglutaminase 1 and keratinization-related proteins in conjunctiva in
severe ocular surface disease. Invest Ophthalmol Vis Sci 2001; 42:549–556.

37. Gao J, Schwalb TA, Addeo JV, Ghosn CR, Stern ME. The role of apoptosis in
the pathogenesis of canine keratoconjunctivitis sicca: the effect of topical
cyclosporin A therapy. Cornea 1998; 17:654–663.

38. Yeh S, Song XJ, Farley W, Li DQ, Stern ME, Pflugfelder SC. Apoptosis of ocular
surface cells in experimentally induced dry eye. Invest Ophthalmol Vis Sci 2003;
44:124–129.

39. Strong B, Farley W, Stern ME, Pflugfelder SC. Topical cyclosporine inhibits
conjunctival apoptosis in experimental murine keratoconjunctivitis sicca. Invest
Ophthalmol Vis Sci 2002; 43:E-Abstract 2514.

40. Pflugfelder SC, Huang AJW, Schuclovski PT, Pereira IC, Tseng SCG. Conjunctival
cytological features of primary Sjogren’s Syndrome. Ophthalmology 1990;
97:985–991.

41. Stern ME, Gao J, Schwalb TA, et al. Conjunctival T-cell subpopulations in Sjogren’s
and non-Sjogren’s patients with dry eye. Invest Ophthalmol Vis Sci 2002;
43:2609–2614.

42. Kunert KS, Tisdale AS, Stern ME, Smith JA, Gipson IK. Analysis of topical
cyclosporine treatment of patients with dry eye syndrome: effect on conjunctival
lymphocytes. Arch Ophthalmol 2000; 118:1489–1496.

43. Jones DT, Yen M, Monroy D, Ji X, Atherton SS, Pflugfelder SC. Evaluation of
cytokine expression in the conjunctival epithelia of Sjogren’s syndrome patients.
Invest Ophthalmol Vis Sci 1994; 35:3493–3504.

44. Tishler M, Yaron I, Geyer O, Shirazi I, Naftaliev E, Yaron M. Elevated tear interleukin-
6 levels in patients with Sjogren syndrome. Ophthalmology 1998; 105:2327–2329.

45. Brignole F., Pisella P.J., Goldschild M., De Saint Jean M., Goguel A., Baudouin C.
Flow cytometric analysis of inflammatory markers in conjunctival epithelial cells of
patients with dry eyes. Invest Ophthalmol Vis Sci 2000; 41:1356–1363.

46. Brignole F, Pisella PJ, De Saint Jean M, et al. Flow cytometric analysis of
inflammatory markers in KCS: 6-month treatment with topical cyclosporine A.
Invest Ophthalmol Vis Sci 2001; 42:90–95.

202 Yeh et al.

20106_CH09(191-204).ps  5/17/04  3:56 PM  Page 202

dramroo@yahoo.com



47. Li DQ, Tseng SC. Three patterns of cytokine expression potentially involved in
epithelial-fibroblast interactions of human ocular surface. J Cell Physiol 1995;
163:61–79.

48. Li DQ, Lokeshwar BL, Solomon A, Monroy D, Ji Z, Pflugfelder SC. Regulation of
MMP-9 production by human corneal epithelial cells. Exp Eye Res 2001;
73:449–459.

49. Pflugfelder SC, Li D-Q, Shang TY, Lokeshwar BL. Regulation of gelatinase (MMP-
2, -9), collagenases (MMP-1, -8, -13) and stromelysins (MMP-3, -10, -11) in human
corneal epithelial cells by TGF-β1. Invest Ophthalmol Vis Sci 2001; 42(ARVO
Abstracts):5574.

50. Li D-Q, Tie Yan Shang TY, Kim H-S, Solomon S, Lokeshwar BL, Pflugfelder SC.
Regulated expression of collagenases (MMP-1, -8, -13) and stromelysins (MMP-3, -
10, -11) by human corneal epithelial cells. Invest Ophthalmol Vis Sci 2003;
44:2928–2936.

51. Schonbeck U, Mach F, Libby P. Generation of biologically active IL-1 beta by
matrix metalloproteinases: a novel caspase-1-independent pathway of IL-1 beta
processing. J Immunol 1998; 161:3340–3346.

52. Sternlicht MD, Werb Z. How matrix metalloproteinases regulate cell behavior. Ann
Rev Cell Dev Biol 2001; 17:463–516.

53. Mohan R, Chintala SK, Jung JC, Villar WV, McCabe F, Russo LA, et al. Matrix met-
alloproteinase gelatinase B (MMP-9) coordinates and effects epithelial regeneration.
J Biol Chem 2002; 277:2065–2072.

54. Asahi M, Wang X, Mori T, Sumii T, Jung JC, Moskowitz MA, et al. Effects of
matrix metalloproteinase-9 gene knock-out on the proteolysis of blood-brain barrier
and white matter components after cerebral ischemia. J Neurosci 2001;
21:7724–7732.

55. Liu Z, Shipley JM, Vu TH, Zhou X, Diaz LA, Werb Z, et al. Gelatinase B deficienct
mice are resistant to experimental bullous pemphigoid. J Exp Med Biol 1998;
188:475–482.

Pathological Effects of Lacrimal Keratoconjunctivitis 203

20106_CH09(191-204).ps  5/17/04  3:56 PM  Page 203

dramroo@yahoo.com



20106_CH09(191-204).ps  5/17/04  3:56 PM  Page 204

dramroo@yahoo.com



205

10
Impact of Allergy on the Ocular
Surface

Virginia L. Calder
University College London, London, England

S. Lightman
Moorfields Eye Hospital, London, England

Allergic reactions on ocular surfaces can result in a variety of mild to severe
clinical entities that may be acute or chronic in nature. The initiating allergen, the
effect of the environment, and the patient’s genetic background probably all
affect the clinical manifestations. In this chapter, the different forms of allergic
conjunctivitis will be described, together with the basic mechanisms involved.
Mechanisms involve both infiltrating inflammatory cells and local resident
conjunctival cells. Recent therapeutic approaches potentially useful for treatment
of these inflammatory conditions will also be discussed.

I. CLINICAL OVERVIEW OF ALLERGIC CONJUNCTIVITIS

Allergic eye disease is a major cause of ocular surface disease worldwide. All
types of allergic eye disease involve the conjunctiva, and in certain types, the
cornea, lid margins, and tear film can also be affected. Classically, allergic eye
disease is divided into four types: seasonal allergic conjunctivitis (SAC), perenni-
al allergic conjunctivitis (PAC), vernal keratoconjunctivitis (VKC), and atopic
keratoconjunctivitis (AKC). All of these can be associated with other signs of
allergic disease, such as eczema, rhinitis, and asthma. Giant papillary conjunctivi-
tis (GPC) is often classified as an allergic eye disease, but it is not associated with
systemic allergy. However, it does share some clinical and immunopathological
characteristics with VKC and AKC and therefore is relevant here.
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II. SEASONAL ALLERGIC CONJUNCTIVITIS AND PERENNIAL
ALLERGIC CONJUNCTIVITIS

Both seasonal allergic conjunctivitis (SAC) and perennial allergic conjunctivitis
(PAC) are common, SAC more so than PAC, and are often related to known
allergens [1]. Allergens known to be involved in SAC include various types of
grass and tree pollens and, because their appearance in the environment is sea-
sonal, the resulting conjunctivitis is also seasonal. At the end of pollen season,
symptoms of SAC disappear and the patient’s eyes return to normal. PAC
involves continuous rather than seasonal exposure to allergens. The house dust
mite is a common cause of PAC, and particularly high mite concentrations can
exacerbate symptoms. Other allergens may also be involved, such as from
animals (usually cats and dogs). A single individual may react to several differ-
ent allergens [2], perhaps because many allergens share sequence homology.

Both SAC and PAC are largely mast cell-mediated. Characteristic clinical
features of SAC and PAC include sore, itchy, red eyes with conjunctival chemo-
sis and injection, and tearing (Fig. 1). In PAC the symptoms may be associated
with eyes that appear white. Neither SAC nor PAC is sight-threatening; the
cornea is not involved. Therapy includes allergen avoidance when possible.
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Figure 1 Allergic conjunctivitis in a pediatric patient.
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Antihistamines and mast cell stabilizers are usually very effective against SAC,
whereas in patients with PAC, these drugs are often less effective, suggesting that
other cell types and mediators may be involved in PAC.

III. VERNAL KERATOCONJUNCTIVITIS

Vernal keratoconjunctivitis (AKC) occurs predominately in young children,
especially in boys, and often in association with other allergic manifestations. In
many cases the allergens responsible are unknown [3]. The patient’s genetic
background and the environment are important factors in VKC [4]. VKC is typi-
cally chronic with seasonal exacerbations, although in some countries it is peren-
nial. It tends to regress around puberty, but when active, it can threaten vision due
to corneal involvement. The eyes are sore, red, intensely itchy, and watery and
produce a stringy yellow/white discharge (Figs. 2A and 2B). Ocular examination
shows marked papillary conjunctivitis, which may appear as cobblestones,
particularly on the superior tarsus. Corneal involvement varies from none to
punctate keratitis to plaque formation, where the corneal epithelium has been
grossly disturbed. Topical steroids and cyclosporine are mainstays of treatment.
They are often supplemented with mast cell stabilizers to reduce the dose of
topical steroids, which can have side effects such as cataract formation and
elevated intraocular pressure. Surgical removal of the plaques from the visual
axis may be urgently required to avoid amblyopia, especially in young children.
Topical 2% cyclosporine may provide control without topical steroids [5].

IV. ATOPIC KERATOCONJUNCTIVITIS

Atopic keratoconjunctivitis (AKC) is a chronic, long-lasting disorder typically
affecting young adults who have severe atopic disease such as eczema (Figs. 3A
and 3B) [6,7]. Lid infection is common. AKC is a sight-threatening disease not
just because of potential corneal involvement but also because of scarring of the
lids, meibomian glands, and conjunctiva, which can reduce tear production and
destabilize the tear film. Defective immunoregulation in this condition also
increases the risk for lid and corneal infections, particularly from herpes virus and
Staphylococci. Topical and systemic steroids are often necessary to control the
inflammation in AKC, however, topical cyclosporine therapy may reduce the
dose of steroids required. This is particularly useful in patients who experience
complications of topical steroid use, such as cataract formation, elevated intraoc-
ular pressure, and herpetic keratitis [8]. Corneal epithelial toxicity may result
from preservatives in topical medications; unpreserved medications should be
used if this problem appears. Bacterial lid infection must be treated aggressively
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Figure 2 Vernal keratoconjunctivitis (VKC). (A) With limbal involvement. (B)
Ropelike adherent mucus to superior tarsus. (C) Inflammatory cell infiltrate of superior
tarsus, with eosinophils, lymphocytes, and macrophages.
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to minimize scarring and structural changes that may lead to further problems
with the tear film.

V. GIANT PAPILLARY CONJUNCTIVITIS

Giant papillary conjunctivitis (GPC) results from chronic trauma to the tarsal
conjunctiva by a foreign body on the ocular surface [9,10]. Contact lenses are the
most common inciting factor, but the condition may be associated with ocular
sutures following corneal transplant, or with a prosthesis [11]. When possible,
removal of the causative factor, for example, by removal of sutures or changing
the contact lens material, often alleviates the problem. Topical steroids improve
signs and symptoms.

VI. IMMUNOPATHOLOGY OF SEASONAL ALLERGIC
CONJUNCTIVITIS

SAC involves an immediate (type I) hypersensitivity response. In active SAC,
mast cells are the predominant inflammatory cell type in the conjunctiva, often
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Figure 3 Atopic keratoconjunctivitis (AKC). (A) Papillae and scarring on superior
tarsal conjuctiva. (B) Eczema on skin of the lower lid.
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with no T-cell influx [12]. Mast cells and mediators secreted from them primari-
ly orchestrate the inflammatory response in SAC, although other granulocytes are
found in lower numbers. Neutrophils and eosinophils at the site of inflammation
can secrete a wide range of pro-inflammatory agents, including interleukin
(IL)-8, tumor necrosis factor (TNF)-α, and IL-1, all capable of activating other
cells and augmenting the inflammatory response. Mast cell stabilizers, such as
sodium chromoglycate and nedocromil, or antihistamines, such as levocobastine
and olopatadine, are often highly effective treatments for SAC [13,14].

VII. IMMUNOPATHOLOGY OF PERENNIAL ALLERGIC
CONJUNCTIVITIS

PAC also involves an immediate-type hypersensitivity response but, unlike SAC,
allergens are present continuously (for example, house mites or pet dander), and
the resultant inflammation is more chronic. Therefore, its immunopathology may
differ somewhat from that of SAC. In addition to mast cells, eosinophils, and neu-
trophils, some T cells are present [15], suggesting that other cytokine pathways
might be involved. It is not yet known whether T cells contribute to the chronic
inflammation in PAC, or if they are simply bystanders. In general, little is known
about the basic immunopathological mechanisms involved in PAC and further
research is needed, since currently available treatments are inadequate.

VIII. IMMUNOPATHOLOGY OF VKC, AKC, AND GPC

By contrast to SAC and PAC, in which the cornea is never affected, corneal dam-
age can occur in VKC and AKC if inflammation is not controlled. In both of these
chronic inflammatory diseases, T lymphocytes, eosinophils (especially in VKC),
mast cells, neutrophils, and other activated cell types infiltrate the conjunctival
epithelium and stroma.

Immunostaining of tarsal conjunctival tissue, the main site of inflammation
in VKC, AKC, and GPC patients, showed increased numbers of activated
CD4+ T cells and increased HLA-DR expression compared with normal subjects
(Fig. 2C) [16]. T cells were mainly localized to the subepithelial layer of the
affected tissue. Increases in the numbers of Langerhans cells and activated
macrophages (CD68+) were also observed. To functionally characterize the
cytokine profiles of infiltrating T cells, conjunctival T cells were isolated from
VKC tissue and cultured in vitro. The cloned populations displayed TH2-like
behavior, expressing IL-4 and providing help for B cells, and produced little or
no interferon (IFN)-γ [17]. In-situ hybridization demonstrated upregulation of IL-
3, IL-4, and IL-5 mRNAs in all three conjunctival disorders in areas of maximum
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T-cell infiltration, supporting TH2 cell involvement [18]. Interestingly, IL-2
mRNA was significantly upregulated only in AKC, and IFN-γ expression by
CD3+ T cells was significantly increased in AKC compared with VKC and GPC.
These results suggested that the cytokine patterns differed depending on the sub-
type of chronic allergic eye disease, with IFN-γ expression evident in more severe
disease. However, this approach does not conclusively demonstrate that T cells
are the main producers of the cytokines, since mast cells, basophils, and
eosinophils are also capable of producing many TH2-type cytokines [19–21].
Analysis of cultured conjunctival T cells showed a predominant TH2 cytokine
profile in VKC-derived cells, upregulation of IFN-γ in AKC-derived cells, and
lower cytokine production in GPC-derived cells [22], in agreement with the
in-situ hybridization studies described above [18]. Consistent with these reports,
assays of AKC and VKC tear samples detected TH2-associated cytokines [23,24],
and TH2 cells expressing IL-4 were found in 67% of VKC tear specimens [25].

In summary, SAC mainly involves mast cell-initiated events, whereas in
VKC and AKC, T cells and eosinophils also infiltrate the conjunctiva. Accordingly,
mast cell stabilizers effectively treat SAC, but immunosuppressive drugs such as
topical or systemic steroids or cyclosporine may be required to treat VKC or AKC
(Table 1). In younger patients, long-term steroid treatment is undesirable due to
deleterious side effects. Precise elucidation of the cell types and cytokine pathways
involved in VKC and AKC would aid in development of more specific therapies.

Inflammatory cell types (T cells and eosinophils) associated with GPC are
similar to those present in VKC and AKC, yet the cornea is never affected. To our
knowledge, no evidence so far explains the benign clinical outcome observed in
GPC. Perhaps initiating antigens at the ocular surface induce different pathways of
cellular activation and cytokine production in GPC versus VKC and AKC.
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Table 1 Drug Therapy for Ocular Allergy
Depends on Cell Types Involved

Cell Type Therapy

SAC, PAC
Mast cells Antihistamines
Eosinophils Mast cell stabilizers
Neutrophils

VKC, AKC
T cells Mast cell stabilizers
Eosinophils Steroids
Mast cells Cyclosporine
Neutrophils

SAC, seasonal allergic conjunctivitis; PAC, peren-
nial allergic conjunctivitis; VKC, vernal kerato-
conjunctivitis; AKC, atopic keratoconjunctivitis.
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IX. CONJUNCTIVAL MAST CELLS

Conjunctival mast cells are central to the ocular allergic process. During SAC,
mast cell numbers increase without a concomitant increase in leucocytes [12].
Allergen bound to IgE at the surface of mast cells stimulates release of histamine
and inflammatory mediators, such as prostaglandin D2 and leukotrienes, which
help to recruit eosinophils and neutrophils. Two mast cell (MC) subtypes are
defined by their protease content: the MCTC form contains large amounts of
tryptase and also chymase, and is found in connective tissues such as skin and
conjunctiva [26], whereas the MCT form contains tryptase but no chymase, and
is found in mucosal tissues. Numbers of the mucosal MCT form are increased in
allergic eye disease [27]. Mast cells also store, synthesize, and secrete a range of
cytokines, including IL-4, IL-5, IL-6 IL-8, IL-13, TNF-α, and stem cell factor
[28,29]. IL-4 and IL-13 are stored in connective tissue MCTC cells, and IL-5a and
IL-6 in mucosal MCT cells [30]. IL-4, a hallmark of the TH2 response, is stored
as cytoplasmic granules in mast cells in the absence of allergen stimulation,
whereas secreted IL-4 is evident during active SAC [28], highlighting the pivotal
role of mast cells in SAC.

Conjunctival allergen challenge experimentally mimics clinical allergic
conjunctivitis, while allowing controlled stimulation of the allergic response [31].
Increases in mast cells, neutrophils, eosinophils, granulocytes, and adhesion
molecule expression have been documented following conjunctival allergen
challenge [32]. An early-phase response of increased tear histamine and tryptase
levels, which occurs within the first 40 min following ocular challenge, indicates
mast cell involvement. A late-phase response characterized by an increase in
symptoms, tear histamine levels, and eosinophil cationic protein, but not tryptase,
suggests mast cell, eosinophil, and/or basophil involvement [32]. Increased
expression of adhesion molecules, which help retain migrating inflammatory
cells at the site of allergic reaction, has also been observed following conjuncti-
val allergen challenge [33]. At 6 h after challenge (early phase), E-selectin and
ICAM-1 expression increase, correlating with elevated lymphocyte and granulo-
cyte levels. By 24 h after challenge (late phase), VCAM expression peaks,
correlating with elevated conjunctival eosinophil levels [34]. Specific patterns
of cellular infiltration appear to reflect the relative concentrations of different
adhesion molecules.

X. EOSINOPHILS

Eosinophils are present in high numbers within affected conjunctiva, particularly
in chronic allergic eye disease, together with elevated IgE levels [35]. They
release a number of inflammatory mediators, including major basic protein,
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eosinophil peroxidase, and eosinophil cationic protein, toxic molecules that can
cause tissue damage [36,37]. IgA can also bind specific receptors on eosinophils,
stimulating degranulation and release of eosinophil cationic protein, eosinophil-
derived neurotoxin, eosinophil peroxidase, and IL-5 [38], although its possible
role in allergic eye disease has not been investigated. Eosinophil products are
detected at significantly increased levels in VKC tear specimens and are a useful
marker of clinical disease [39–41].

Eosinophils are attracted to and activated at the site of inflammation by
chemokines and chemoattractants such as eotaxin and RANTES [42–44]. Once
activated, they can secrete a range of pro-inflammatory cytokines, growth factors,
and chemokines, including IL-3, granulocyte-macrophage colony-stimulating
factor (GM-CSF), IL-5, macrophage inflammatory protein-1α (MIP-1α) [45],
transforming growth factor (TGF)-α, TGF-β, TNF-α, IL-1, IL-6, and IL-8.
TGF-β is a potent growth factor for fibroblasts, and its secretion by eosinophils
and mast cells could be responsible for the tissue remodeling observed in VKC
and AKC. Human eosinophils have been reported to produce both TH1- and
TH2-type cytokines: IFN-γ, IL-2, IL-4, IL-5, IL-10, IL-12, and IL-13 [46].

The pattern of cytokines produced depends on the nature of the in-vitro
stimulus. Stimulation of eosinophils via their IgE or IgA receptors, or in the pres-
ence of the co-stimulatory molecule CD86 and the absence of CD80, results in
production of TH2 cytokines, suggesting a role for eosinophils in polarization
toward TH2 responses [47]. In contrast, TH1 cytokines are produced by
eosinophils when stimulated by immobilized anti-CD28 antibody, suggesting that
subtypes of eosinophils may exist, as for T lymphocytes. It is not known how
eosinophils are activated within the conjunctiva during ocular allergy, but it may
vary depending on the type of conjunctivitis, since the degree of eosinophil
activation, rather than their total number, correlates with clinical severity [48].

XI. T CELLS

Naive human CD4+ T cells differentiate into at least two distinct subsets, TH1 and
TH2, with different cytokine secretion profiles. TH1 cells secrete mainly
IL-2, IFN-γ, and TNF-α and promote cellular immune responses, whereas TH2
cells synthesize IL-4, IL-5, and IL-13 and promote humoral immune responses,
especially those mediated by IgE [49]. TH2 cytokines are typically found in
association with allergic responses.

T-cell responsiveness is regulated by the local cytokine microenvironment,
the nature of the stimulating antigen and the mode of stimulation provided by the
antigen-presenting cell, and co-stimulatory molecules. For example, IFN-γ
inhibits the differentiation and proliferation of TH2 cells, whereas IL-4 and IL-10
prevent the differentiation and activation of TH1 cells (Fig. 4).
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T cells infiltrate the conjunctiva during chronic allergic conjunctivitis. In
VKC, infiltrating cells exhibit a TH2 cytokine profile, suggesting an allergen-
driven response. By contrast, the AKC cytokine profile is more mixed, including
both TH1 and TH2 cytokines [18,22]. The T-cell response may be skewed toward
a TH1-type (autoimmune) cytokine profile in AKC by the nature of the initiating
antigen/allergen. Alternatively, following an initial hypersensitive/allergic
immune response, a chronic inflammatory process could be triggered, including
tissue damage and release of novel antigens. This, in turn, could activate other
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Figure 4 T-cell differentiation is highly dependent on the nature of the antigenic stim-
ulus, the co-stimulatory molecules expressed by the antigen-presenting/accessory cells,
the genetic background of the host, and the local cytokine environment. IL-12 promotes
differentiation of TH1 cells, which mediate autoimmune responses, whereas IL-4 promotes
promotes differentiation of TH2 cells, which are involved in allergic responses. IL-4 also
stimulates growth of B cells, and together with IL-3, inhibits differentiation of TH1 cells
and stimulates differention of mast cells. Another TH2 cytokine, IL-5, stimulates
eosinophils. TH1- and TH2-associated cytokines are thought to maintain an equilibrium, in
which, for example, the action of IFN-γ is inhibitory to that of IL-4 and vice versa.
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resident and nonresident cells which do not normally participate in the immune
response, resulting in a more TH1-like cytokine profile.

XII. CONJUNCTIVAL FIBROBLASTS

During chronic allergic eye disease, considerable tissue remodeling with deposi-
tion of collagen is observed in tarsal VKC, but not in limbal disease or in normal
conjunctival tissues. Collagen deposition occurs in the subepithelial layer, where
significant numbers of activated fibroblasts are found [50]. Increased levels of
fibronectin and procollagens I and III in VKC tears also indicate participation of
conjunctival fibroblasts [51]. Cytokines produced by the inflammatory cells
likely activate conjunctival fibroblasts, leading to collagen production. IL-4 and
IL-13 produced by conjunctival T cells and eosinophils activated conjunctival
fibroblasts in vitro, leading to production of procollagens and modification the
equilibrium between matrix metalloproteinase-1 (MMP-1) and its inhibitor
(TIMP-1), proteins involved in tissue remodeling [52]. Other cytokines known to
stimulate fibroblasts, fibroblast growth factor (FGF), TGF-β, and TNF-α, are
also present during chronic allergic eye disease. Following activation in vitro,
conjunctival and corneal fibroblasts can produce a variety of factors, notably
the eosinophil attractant eotaxin, which conjunctival and corneal epithelial cells
failed to produce under the same conditions [53,54]. These studies suggest
fibroblast-mediated tissue remodeling during chronic allergic eye disease is
likely significant and merits further investigation.

XIII. MACROPHAGES, B CELLS, AND DENDRITIC/LANGERHANS
CELLS

Increased expression of CD68, a marker for activated macrophages, has been
detected in VKC, AKC, and GPC [16]. Conjunctival tissues from limbal VKC
contain high levels of the chemokines IL-8, eotaxin, monocyte chemoattractant
protein (MCP)-1, MCP-3, and RANTES, mainly expressed by macrophages [55].
Since macrophages are capable of many pro-inflammatory activities including
antigen presentation to T cells, a better understanding of their role in allergic eye
disease is desirable.

Expression of the cell markers CD23/21, CD40, and CD86 in conjunctival
cell infiltrates is significantly increased in the limbal form of VKC [56]. This
pattern suggests that precursors of IgE-producing B cells might be present, which
could lead to localized IgE production within the conjunctiva. It is not yet known
whether these B cells are involved at the early stages of VKC or are secondary,
in response to the many cytokines and chemokines present.
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Increased numbers of CD1a-expressing dendritic/Langerhans cells are
found in tarsal conjunctival tissues of GPC, VKC, and AKC patients [16].
Expression of co-stimulatory molecules CD80 and CD86 and HLA-DR by mouse
corneal dendritic/Langerhans cells was significantly enhanced in the inflamed
cornea, suggesting a role for these cells during pro-inflammatory responses
[57,58]. Whether these markers are expressed by human conjunctival dendritic
cells is unknown, however, their numbers increase during chronic allergic eye
disease together with those of B cells and macrophages. These “professional”
antigen-presenting cells are capable of supporting conjunctival T-cell responses.
If, in fact, they do participate in T-cell responses, they might be attractive targets
for immunotherapy.

XIV. CONJUNCTIVAL EPITHELIAL CELLS

Recent evidence suggests that mucosal epithelial cells participate actively in
immune reactions via expression of surface antigens, adhesion molecules,
cytokines, and chemokines [59]. Normal conjunctival epithelial cells do not
express HLA-DR or the adhesion protein ICAM-1 [60], but both markers are
expressed on conjunctival epithelial cells isolated from chronic allergic eye
disease tissues, with greater expression seen in cells from AKC and VKC
than from GPC [48]. The cytokines IL-6, IL-8, RANTES, and TNF-α were
detected in normal conjunctival epithelial cells, however, RANTES was upregu-
lated in conjunctival epithelial cells from all the allergic disorders, and IL-8
was particularly increased in GPC. IL-3 and GM-CSF were not expressed in
normal conjunctival epithelial cells but were detected in conjunctival tissue
from chronic allergic eye disease. GM-CSF was more highly expressed in
AKC than GPC and VKC [48], and IL-3 was expressed only in VKC- and
AKC-derived epithelial cells, perhaps because corneal damage occurs in VKC
and AKC but not in GPC. These studies suggest that conjunctival epithelial
cells could play an important pro-inflammatory role in chronic allergic eye
disease.

Corneal tissue damage in allergic eye disease is thought to be induced by
infiltrating inflammatory cells, yet mechanisms for recruiting these cells remain
unclear. Human conjunctival epithelial cells produced the chemokine RANTES
in response to TNF-α stimulation and may recruit inflammatory cells such as
eosinophils and T lymphocytes to the ocular surface [61]. In VKC specimens,
inflammatory cells expressing pulmonary and activation-regulated chemokine
(PARC), macrophage-derived chemokine (MDC), and I-309 (the MDC receptor
CCR4) were detected, suggesting a potential role for these chemokines in selec-
tive migration of T lymphocytes into the conjunctiva, although the contribution
of epithelial cells has yet to be established.
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XV. FUTURE THERAPIES FOR OCULAR ALLERGY

The different clinical forms of allergic conjunctivitis involve a range of pro-
inflammatory cell types and mediators. Although current therapies for SAC are
often effective, improved, cell type-specific therapies are needed for chronic
forms of ocular allergy [62].

Conventional allergen-specific immunotherapy is useful only when the
allergen has been identified. Modified allergen vaccines, including formalin-
inactivated allergens, T-cell peptides, recombinant allergens, bioengineered
vaccines, and naked DNA vaccines, attempt to anergize responding T cells, ren-
dering them functionally nonresponsive. Modified allergen vaccines administered
over long treatment regimens are usually available only at specialized centers,
because of local or systemic adverse side effects that may be fatal. Standardization
of allergen extracts is technically difficult, and the duration of treatment efficacy
is not well established. Several different therapies have been investigated, includ-
ing ones using grass pollen allergens [63], cat dander [64], and low, medium, or
high doses of cat peptides (the Allervax cat trials) [65]; the main clinical benefits
were observed in the lungs. Notably, Feld 1 cat peptides or whole cat dander
elicited different T-cell responses in vitro. Although peptide immunotherapy is
partially effective and probably safer than conventional allergen-specific
immunotherapy, the duration of protection is undetermined. These therapies are
unlikely to be useful for most chronic forms of allergic conjunctivitis, since the
antigen(s) responsible for the inflammation usually cannot be identified.

Immunotherapeutic approaches for chronic inflammatory diseases have
been aimed at blocking intracellular cytokine synthesis or at neutralizing the
cytokines extracellularly, for example, with antibodies directed against IL-4,
IL-5, IL-13, and TNF-α. So far, trials of anticytokine antibodies for treatment of
asthma have produced conflicting results. Anti-IL-4 and anti-IL-10 have been
withdrawn due to toxicity and thrombocytopenia [66]. By contrast, clinical trials
of the anti-TNF-α monoclonal antibody (Infliximab) and TNF-receptor/Fc fusion
protein (Etanercept) have demonstrated efficacy for treatment of rheumatoid
arthritis [67,68]. Low-dose anti-TNF-α antibody combined with low-dose
methotrexate (ATTRACT) produced clinical benefits exceeding those of
methotrexate alone. This may have been due to a 60% overall reduction of leuko-
cyte trafficking, resulting in normalization of the inflammatory response [69].
Anti-TNF-α has been successful in treatment of Crohn’s disease [70], severe
psoriasis [71], and ankylosing spondilitis [72]. Possible use of cytokine-directed
immunotherapy to treat chronic allergic eye disease will require a better under-
standing of the cytokines involved, including the role of TNF-α.

Currently available therapies for chronic ocular allergy are inadequate,
and further research is required to improve understanding of the immunopatho-
genic mechanisms involved. The roles of resident conjunctival cells, including
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fibroblasts, epithelial cells, and Langerhans cells, need to be investigated, to
determine how these cells contribute to tissue damage and conjunctival scarring
in chronic allergic eye disease. Since it is possible that inflammatory-induced cell
surface receptors could be ligands for viruses, the relationship of chronic ocular
allergy with viral infection should be investigated [73]. The impact of regional
differences in allergens and genetic backgrounds also needs to be established.

XVI. SUMMARY

1. Seasonal allergic conjunctivitis (SAC) is largely mast cell-mediated,
and does not invlove the cornea. Neutrophils and eosinophils recruited
to the site of allergy can secrete a wide range of pro-inflammatory
agents. For therapy, allergen avoidance is recommended where possi-
ble. Topical mast cell stabilizers or antihistamines are often effective
treatments.

2. Perennial allergic conjunctivitis (PAC) differs from SAC in that the
allergens are present continuously. Some T cells are present in PAC, in
addition to the inflammatory cells found in SAC. Treatments effective
against SAC tend to be less effective for PAC, suggesting a slightly
different immunopathology.

3. Vernal keratoconjunctivitis (VKC) and atopic keratoconjunctivitis
(AKC) are chronic inflammatory diseases that can cause corneal dam-
age if not controlled. Mast cells, neutrophils, and eosinophils, together
with activated T cells, Langerhans cells, and macrophages, infiltrate
conjunctival tissue. In addition to inflammatory products from these
cell types, conjunctival epithelial cells may express pro-inflammatory
adhesion proteins, chemokines, and cytokines. Currently available
therapies, cyclosporine and topical steroids supplemented with mast
cell stabilizers to reduce the steroid dose, are often ineffective.
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The ocular surface is a complex biological continuum responsible for protection
of the cornea and maintenance of corneal clarity. The precorneal tear film, neural
innervation, and the protective blink reflex help sustain an environment favorable
for epithelial cell layers. Epithelial cells are self-renewing; precursor cells, called
stem cells, constantly differentiate into new ocular surface epithelium. Limbal
stem cells are responsible for maintenance of the corneal epithelium, while the
conjunctiva and possibly adnexal conjunctival structures are renewed by con-
junctival stem cells.

I. STEM CELLS

Stem cells are present in all self-renewing tissues of the body. They are respon-
sible for continued replacement and regeneration of tissues, thereby maintaining
a steady-state population of healthy cells. Tissues that undergo minimal cellular
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replacement, such as the central nervous system, have limited regenerative ca-
pacity. Cells of some organs, such as the liver or kidney, may remain fairly static,
but will proliferate in response to stimuli or injury. Tissues with a constant
turnover of cells, such as epithelia or the hematopoietic system, are highly pro-
liferative and continuously replenish populations of mature, differentiated cells.
Adult corneal and conjunctival stem cells represent the earliest progenitor cells
responsible for the homeostasis and regeneration of the ocular surface. An intri-
cate balance of intrinsic and extrinsic factors modulates stem cell proliferation
and differentiation, eventually resulting in terminally differentiated cells.

Stem cells are a small, quiescent subpopulation of cells within a given tis-
sue. Upon a demand for tissue regeneration, for example, following injury, they
are stimulated to divide and differentiate into transient amplifying cells. Transient
amplifying cells increase rapidly in number to replace injured or dead cells within
a tissue. After amplification, they cease division, becoming postmitotic cells,
which then differentiate and display the final phenotypic characteristics of the
tissue as terminal differentiated cells (Fig. 1).

The ocular surface is an ideal region to study epithelial stem cell biology
because of its unique spatial arrangement of stem cells and transient amplifying
cells. Corneal epithelial stem cells are compartmentalized within the limbus, pro-
viding a valuable opportunity to study the behavior of stem cells and transient
amplifying cells, including their responses to various growth stimuli and the
mechanisms that modulate their growth and differentiation.

II. PROPERTIES OF STEM CELLS

Characteristics defining stem cell nature and behavior in all body tissues are
derived mostly from studies of hematopoietic cells:

1. Stem cells comprise a small subpopulation, from 0.05% to 10%, of all
cells in a tissue [1,2].

2. Stem cells are small, blastlike, poorly differentiated, with a high
nuclear–cytoplasmic ratio, and are ultrastructurally unspecialized.

3. Stem cells are pluripotent, able to differentiate along several lineages.
4. Stem cells are highly proliferative and self-renewing, able to maintain

the steady-state population of cells within tissues for the life span of
the organism.

5. At steady state, stem cells remain fairly dormant and replicate infre-
quently, but when the need for tissue regeneration arises, proliferation
may be induced rapidly. Relative dormancy minimizes the possibility
of replication errors during cell division, which can result in mutations.

6. Stem cells give rise to transient amplifying cells that proliferate rap-
idly, ensuring prompt regeneration of the tissue. Transient amplifying
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cells in turn give rise to postmitotic, and finally terminally differenti-
ated cells.

7. Stem cells have a long life span, potentially exceeding that of the
organism, and show little evidence of aging.

8. Many cancers arise from stem cells or early progenitor cells.

III. LIMBAL STEM CELLS

Terminally differentiated cells located superficially in the corneal epithelium are
constantly lost, to be replaced by basal cells entering the differentiation pathway
[3–5]. Previous reports suggested that conjunctival and corneal epithelial cells

Ocular Surface Epithelial Stem Cells 227

Figure 1 Schematic diagram showing the hierarchy of stem cells (SC), transient ampli-
fying cells (TAC1, TAC2, and TAC3), postmitotic cells (PMC), and terminally differenti-
ated cells (TDC). Upon division, the stem cell gives rise to regularly cycling TACs cells,
which have shorter cell cycle times and undergo rapid cell division. A self-renewal
process, possibly by asymmetric division, maintains the stem cell population.
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arose from a common progenitor cell type, and that depletion of the corneal ep-
ithelium could be replenished from the adjacent conjunctival epithelium [6–8].
Conjunctival transdifferentiation, in which conjunctival epithelial cells differen-
tiated into a corneal epithelial cell phenotype, was also proposed as a mechanism
to explain replenishment of the corneal epithelium [6–8]. Subsequent studies
showed that conjunctival transdifferentiation rarely resulted in complete corneal
epithelial function [9–12]. Current evidence indicates that corneal epithelial cells
arise from specific progenitor cells located in the basal cell layer of the limbus
(Fig. 2) [3,5,13–20]. Limbal stem cells divide to form transient amplifying cells,
which migrate superficially to the suprabasal limbus, and centrally to form the
basal layer of the corneal epithelium. These transient amplifying cells differenti-
ate into postmitotic cells, which then differentiate further into terminally differ-
entiated cells. These migrate superficially and take on the final phenotypic
characteristics of the tissue. As their names imply, postmitotic and terminally
differentiated cells are incapable of cell division.

The idea that limbal epithelial cells are involved in regeneration of epithe-
lial cells of the cornea was proposed by Davanger and Evensen in 1971 [21].
In heavily pigmented eyes, they observed pigmented epithelial lines migrating
from the limbal region to the central cornea during healing of corneal epithelial
defects. Limbal basal epithelial cells are the least differentiated cells of the

228 Ang et al.

Figure 2 A schematic diagram of the ocular surface epithelium showing the prolifera-
tion and transit of cells arising from the stem cells located at the limbus. The limbal basal
epithelium is believed to contain corneal stem cells. These cells divide to form transient
amplifying cells (TAC), which migrate centrally to occupy the basal layer of the cornea.
Subsequent cellular divisions give rise to postmitotic cells (PMC), which occupy the
suprabasal layers. Progressive differentiation of postmitotic cells results in terminally
differentiated cells (TDC) in the superficial layers.
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corneal epithelium. Schermer et al. found a 64-kDa keratin, called K3, among dif-
ferentiated corneal epithelial cells [22]. This cornea-specific keratin was ex-
pressed in differentiated cells in the suprabasal limbal layer, and throughout the
corneal epithelium. K3 was essentially absent among limbal basal cells, suggest-
ing that they represented a more primitive, nondifferentiated subpopulation that
did not express this cytokeratin. K3 expression was reduced in the conjunctiva,
consistent with the notion that corneal progenitor cells did not originate in the
conjunctiva. Kurpakus et al. demonstrated that the cornea-specific keratin K12,
also expressed in the suprabasal cells of the limbus and throughout the entire
corneal epithelium, was absent from the limbal basal cells [23,24]. They
also demonstrated that stem or stemlike cells found throughout the basal layer
or the limbal and corneal epithelium during embryonic development were later
sequestered in the limbus [23–25].

No molecular markers specific for stem cells have yet been identified, sig-
nificantly limiting study of their characteristics and behavior. An indirect method
to identify stem cells was developed that exploited their slow growth [26,27].
Continuous administration of tritiated thymidine for a prolonged period labels
replicating DNA in all cells that undergo a cell division, including slow-cycling
cells. During a prolonged chase period in the absence of tritiated thymidine, ra-
dioactive label in the DNA of rapidly dividing cells is diluted by incorporation of
nonradioactive thymidine. Slow-cycling cells, presumably stem cells, retain most
of the previously incorporated isotope during the chase period [26,27]. Using this
technique, Cotsarelis et al. observed retention of tritiated thymidine in limbal
basal cells, evidence that corneal stem cells might be present [28].

This small subpopulation of normally slow-cycling limbal basal epithelial
cells has a significantly greater proliferative response to wounding and to stimu-
lation by tumor-promoting compounds than cells of the peripheral or central
cornea (Fig. 3) [13,16,28]. The limbal cells’ ability to respond was maintained
over a prolonged period, demonstrating a significant proliferative reserve. No
cells with these properties were found in the central corneal epithelium. The label-
retaining cells present in the limbus exhibited properties expected of stem cells.

Exactly how a population of stem cells is maintained is unclear. A stem cell
may divide symmetrically, giving rise to a transient amplifying cell and produc-
ing a daughter stem cell, replenishing the stem cell pool. Alternatively, regener-
ation of stem cells could occur by de-differentiation of early transient amplifying
cells back to stem cells.

Stem cells have the highest growth potential for culture in vitro, and re-
gions enriched in stem cells display greater numbers of colony-forming cells.
They can continue to divide in vitro for at least 120–160 generations [29,30].
Limbal epithelial cells display greater in-vitro proliferative capacity than central
and peripheral corneal cells, consistent with the presence of stem cells in the lim-
bus [31–41]. Culture conditions in vitro do not entirely mimic the original
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microenvironment of these cells, as indicated by their eventual senescence.
Therefore, the true proliferative reserve of stem cells relative to the life span of
the organism is impossible to determine at present.

Clinical evidence supports the limbal region as the site of corneal stem
cells [36,42–45]. Destruction of the limbal epithelium by physical or chemical in-
sult induces a stem cell-deficient state. Clinical features of limbal stem cell defi-
ciency include abnormal wound healing with persistent or recurrent epithelial
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Figure 3 Autoradiograms showing the response of corneal and limbal epithelia to treat-
ment with phorbol ester [16]. Low tritiated thymidine incorporation is evident is the con-
trol panels a and b. A single exposure of phorbal myristate markedly increases tritiated
thymidine incorporation in panels c and d, whereas 2 days of phorbal myristate traetment
results in decreased incorporation. (a) Corneal epithelium, petrolatum (control) treatment.
(b) Limbal epithelium, petrolatum (control) treatment. (c) Corneal epithelium, 1 phorbal
myristate treatment. (d) Limbal epithelium, 1 phorbal myristate treatment. (e) Corneal ep-
ithelium, 2 days of phorbal myristate treatment. (f ) Limbal epithelium, 2 days of phorbal
myristate treatment.
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defects, conjunctivalization (conjunctival epithelial ingrowth), vascularization,
loss of corneal clarity, and chronic inflammation. Additionally, the limbus is the
most common site of ocular surface neoplasias. They likely arise from altered
growth behavior of undifferentiated progenitor cells, suggesting that a corneal
intraepithelial neoplasm is essentially a stem cell tumor.

IV. THE LIMBUS: A STEM CELL MICROENVIRONMENT

Since the corneal epithelium must provide a transparent medium for vision, it is
devoid of pigmentation, and has a smooth stromal-epithelial junctional structure.
Accordingly, corneal epithelial cells are vulnerable to shearing injury because of
their poor adhesion to the underlying stroma, as evident in patients with recurrent
corneal erosions following relatively minor corneal injuries.

The anatomical structure of the limbus is significantly different from the
adjacent cornea because it need not be transparent. It is well suited to harbor and
protect corneal stem cells. Stem cells in the body are usually located in deeper tis-
sue layers, presumably for protection. The limbal epithelium is 8–10 cell layers
thick, compared with 5 layers in the corneal epithelium. The limbus tends to be
heavily pigmented, especially in pigmented races; this may protect basal cells
from carcinogenic effects of ultraviolet radiation [28,46]. In addition, the pal-
isades of Vogt have an undulating epithelial–stromal junction, which provides
greater adhesion properties, thereby rendering the limbal epithelium resistant to
shearing forces. These folds also greatly increase the surface area of the basal
cells. The stromal component of the limbus is well innervated, and is supplied by
a rich vascular network, allowing regulation of limbal stem cell growth and pro-
liferation through various cytokine- and neural-mediated pathways. An appropri-
ate stromal microenvironment (stem cell niche) is probably important for
correctly regulated stem cell activity.

V. TRANSIENT AMPLIFYING CELLS

Transient amplifying cells play an important role in wound healing. When slow-
cycling limbal stem cells are activated by a demand for tissue regeneration, such
as wounding, they give rise to daughter transient amplifying cells that migrate
centrally or superficially to replenish the population of corneal epithelial cells [5].
Transient amplifying cells have shorter cell cycle times, resulting in rapid cell di-
vision, and have a limited proliferative capacity. They probably undergo a pre-
determined number of cell divisions before differentiating into postmitotic cells,
which in turn terminally differentiate and replenish the diminished epithelial cell
population.
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A hierarchy of cells extends from the limbus to the central cornea. Early
transient amplifying cells, located adjacent to limbal stem cells, have a greater
proliferative capacity than later transiently amplifying cells which are migrating
from the periphery toward the center of the cornea. Cells in the central cornea are
mainly postmitotic cells with no capacity for cell division. These findings are
consistent with growth responses in vitro, where limbal and peripheral corneal
cells generate large colonies and are easily serially cultivated, whereas central
corneal cells are less clonogenic, and cannot be subcultured more than once
[31,32,34,36].

VI. CORNEAL EPITHELIAL HEALING

Thoft’s X, Y, and Z hypothesis of corneal epithelial maintenance proposed that
epithelial cell proliferation and migration result from three independent mecha-
nisms (Fig. 4) [47]. The X vector represents vertical migration of epithelial cells
from the basal layers to the superficial ocular surface, the Y vector represents
centripetal migration of peripheral cells toward the center of the cornea, and the
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Figure 4 The X, Y, and Z hypothesis of corneal epithelial maintenance [47].
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Z vector represents the overall direction of corneal epithelial cell movement due
to a combination of X and Y forces, from the basal peripheral region, to the su-
perficial central aspects of the cornea. Maintenance of the corneal epithelium in-
volves a balance of these processes, defined by the equation: X + Y = Z. Constant
renewal results in complete turnover of corneal epithelial cells every 7–10 days.
Following corneal injury, these regenerative mechanisms must be accelerated to
replace lost corneal epithelial cells. Other investigators have also demonstrated
epithelial cell migration from the peripheral cornea and limbus [33,48–50].

Corneal epithelial defects, regardless of the nature of injury, result in a
fairly consistent pattern of re-epithelization [36,51]. Three to six convex leading
fronts of migrating epithelial sheets develop around the circumference of the
defect and progress toward the center. The advancing fronts of epithelium even-
tually meet and merge imperceptibly to repopulate the entire surface [51].
Notably, healing rates for larger (8-mm-diameter) corneal epithelial defects are
more rapid (mean rate 0.91 mm2/h) than for smaller (4-mm-diameter) defects
(mean rate 0.37 mm2/h), consistent with a greater proliferative response of cells
in the peripheral cornea and limbus than in the central cornea [52]. Regarding the
mechanism of centripetal migration, Lavker et al. suggested that they are drawn
inward by preferential desquamation of central corneal epithelial cells rather than
by forcing their way toward the center [46].

VII. CONJUNCTIVAL STEM CELLS

Corneal and conjunctival epithelia are now believed to arise from different stem
cell populations [53]. Consistent with this, transdifferentiation of conjunctival ep-
ithelial cells in a corneal stromal environment appears incomplete [10,54].
Conjunctival epithelium transplanted to the cornea of limbal stem cell-deficient
patients retained many characteristics of conjunctival tissue, such as its glycogen
content and goblet cells [55,56].

Patterns of cytokeratin expression under identical cell culture conditions
provided direct evidence for separate lineages of conjunctival and corneal cells
[53]. Conjunctival epithelial cells expressed K4 and K13 cytokeratins, whereas
corneal epithelial cells expressed K3 and K12 [36,53]. Additionally, when con-
junctival and corneal epithelial cell suspensions were injected subcutaneously
into the flanks of athymic mice, cysts resulting from injection of limbal and
corneal epithelial cells retained features of normal corneal epithelium, a stratified
squamous epithelium without goblet cells, whereas cysts derived from con-
junctival epithelial cells displayed normal conjunctival morphology, a stratified
epithelium interspersed with numerous goblet cells [37,53].

The mixed population of keratinocytes and goblet cells observed in these
cysts was ultimately derived from a single cultured conjunctival epithelial cell.
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Therefore, both cell types must have descended from a bipotent progenitor
cell. Conjunctival keratinocytes differentiate into goblet cells at fairly specific
times during the life span of transient amplifying cells, suggesting that the
decision to differentiate into a goblet cell depends on an intrinsic cell doubling
clock [35]. The preponderance of evidence indicates that conjunctival epithelial
stem cells are bipotent, and divergence of some keratinocytes into a goblet cell
differentiation pathway probably occurs late in the process.

VIII. LOCATION OF CONJUNCTIVAL STEM CELLS

The nonkeratinized conjunctival epithelium extends from the corneal limbus to
the lid margin, where it gradually transitions to keratinized, stratified squamous
epithelium. The conjunctival epithelium provides a mechanical and immunolog-
ical barrier to injury and infection, and its numerous mucin-secreting goblet cells
contribute to the production and stability of the tear film.

The forniceal conjunctiva of rabbits and mice appears to be enriched in
conjunctival stem cells. Using the pulse labeling approach described earlier, a
significantly greater percentage of slow-cycling cells (probable stem cells) were
found in the murine forniceal epithelium than in the bulbar and palpebral con-
junctiva [55]. Following stimulation with a tumor-promoting compound, for-
niceal basal cells displayed a significantly greater and more sustained
proliferative response than cells from other regions (Fig. 5). Cells from the for-
niceal conjunctiva of rabbits showed greater colony-forming efficiency and
greater numbers of serial subcultures than cells from the bulbar and palpebral re-
gions, which generated small colonies and could not be subcultured more than
once [36]. Thus, a cell population with the properties of stem cells is evident in
the forniceal epithelium of rabbits and mice (Fig. 6).

Although the conjunctival fornix appears to contain the greatest proportion
of stem cells, pockets of conjunctival stem cells may also exist throughout the
conjunctival epithelium. This could explain observations by other investigators
who analyzed the in-vitro proliferative capacities of the different conjunctival re-
gions, and concluded that stem cells may be uniformly distributed over the bul-
bar and forniceal conjunctiva [35]. The high density of goblet cells in the fornix
may be due to the concentration of bipotent conjunctival stem cells there [55,56].
More scattered conjunctival stem cells in the bulbar and palpebral conjunctiva
may give rise to the dispersed pockets of goblet cells seen within these regions.

Another study suggested that the mucocutaneous junction at the lid margin
might also be enriched in conjunctival stem cells, and serve as a source of ep-
ithelial cell replacement for the palpebral and forniceal conjunctiva [57].
However, the pulse labeling method employed in these experiments essentially
labeled transient amplifying cells rather than conjunctival stem cells.
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Clustering of stem cells into localized regions is a recurring finding among
stratified epithelial tissues, for example, corneal stem cells are located in the lim-
bal region, interfollicular epidermal stem cells are located in the bottom of deep
rete ridges, and epidermal stem cells are concentrated in the bulge area of the hair
follicle. Consistent with this, the fornix is located well within the upper and lower
recesses created by the closely apposed eyelid and globe, farther from the
external environment than the other conjunctival regions, and is able to protect
conjunctival stem cells from extrinsic insult and injury. The stroma of the fornix
comprises a network of collagen and elastic fibers, protecting the epithelial
cells from shearing and mechanical forces. The fornix is also the most richly
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Figure 5 Autoradiograms showing the response of bulbar, forniceal, and palpebral con-
junctival epithelia to treatment with phorbol ester [16]. A single exposure to phorbal
myristate markedly increases tritiated thymidine incorporation (d, e, and f), most notably
in the fornical epithelium. After 2 days of treatment, incorporation into bulbar and palpe-
bral epithelia has decreased (g and j), whereas the fornical epithelium shows a greater pro-
liferative capacity, indicated by continued incorporation (h). (a) Bulbar epithelium,
petrolatum (control) treatment. (b) Fornical epithelium, petrolatum (control) treatment. (c)
Palpebral epithelium, petrolatum (control) treatment. (d) Bulbar epithelium, 1 phorbal
myristate treatment. (e) Fornical epithelium, 1 phorbal myristate treatment. (f) Palpebral
epithelium, 1 phorbal myristate treatment. (g) Bulbar epithelium, 2 days of phorbal myris-
tate treatment. (h) Fornical epithelium, 2 days of phorbal myristate treatment. (i) Palpebral
epithelium, 2 days of phorbal myristate treatment.
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vascularized and innervated region of the conjunctiva, allowing prompt response
to cytokine or neural stimuli. Thus, the fornix provides a suitable microenviron-
ment for maintaining conjunctival stem cells.

IX. EPITHELIAL–STROMAL INTERACTIONS AND THE STEM CELL
MICROENVIRONMENT

Both intrinsic factors (inherent to the cell), and extrinsic factors (environmental
factors surrounding the cell) are thought to be involved in the regulation of stem
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Figure 6 Schematic diagram showing the relative densities of label-retaining cells in the
palpebral, forniceal, and bulbar conjunctiva in the mouse model. The highest concentration
is noted in the forniceal conjunctiva (F), which is believed to be the site enriched in con-
junctival stem cells. It also represents the site with the highest density of goblet cells. E, epi-
dermis; T, transitional zone between palpebral conjunctiva and epidermis (muco–cutaneous
junction); P, palpebral conjunctiva; F, fornix conjunctiva; B, bulbar conjunctiva; L, limbus;
C, cornea.
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cells [58,59]. Schofield proposed that stem cells existed in a microenvironment that
helped maintain their undifferentiated state [59]. In-vitro cultures of limbal and
corneal epithelial cells have demonstrated effects of growth factors and extracellu-
lar calcium on the growth and proliferation of these cells [38–41,59–61]. Under
similar culture conditions, limbal epithelial cells proliferated faster and were more
resistant to tumor-promoting compounds than central corneal epithelial cells [62].

Limbal basal cells express higher levels of epidermal growth factor recep-
tor (EGFR) compared with more mature and differentiated cells, such as basal
cells of the central cornea [63]. Greater concentrations of EGF receptors might al-
low these cells to be rapidly stimulated by growth factors to undergo cell division
during development and following wounding.

Limbal basal cells also express intermediate filaments, cytokeratin 19, vi-
mentin, α6 β4-integrin, metallothionein, transferrin receptor, and a protein bound
by monoclonal antibody AE1 [64–66]. Intermediate filaments are involved in
maintenance of cell cytoarchitecture, and may play a role in anchorage of these
cells to underlying tissues. This expression profile is unique to limbal basal cells,
and differs from that of surrounding basal cells.

Other proteins present in higher concentrations in limbal basal cells than in
central corneal basal cells include metabolic enzymes, such as Na-K-ATPase, cy-
tochrome oxidase, and carbonic anhydrase [3,61,67]. Differences in the concen-
trations of these proteins may reflect inherent differences in the physiological and
metabolic characteristics of these cells.

Long-term survival and serial propagation of epidermal cells is possible
when they are co-cultured with 3T3 fibroblast feeder layers [68,69]. This system
has been used successfully for cultivation of epithelial cells, including ocular
surface epithelial cells. Growth properties of epidermal and ocular surface
stem cells appear to be preserved in the 3T3 feeder system [30,34,68,70]. The
identitiy of growth-promoting factors or antiapoptotic factors arising from the
mesenchymal–epithelial interaction remains to be determined.

The basement membrane of the limbus differs from that of the central
cornea. The basement membrane of the central corneal epithelium contains a pro-
tein identified by monoclonal antibody AE27, also present in low amounts in the
limbal area [71]. Conversely, collagen type IV is abundant in the basement mem-
brane of the limbus, but absent from the cornea. The basement membranes of
human corneal and conjunctival epithelium can be divided into at least three do-
mains: the conjunctival basement membrane (type IV collagen-positive, AE27-
weak), the limbal basement membrane (type IV collagen-positive, AE27-strong),
and corneal basement membrane (type IV collagen-negative, AE27-strong).
Basement membrane heterogeneity may play a functional role in regulating
keratin expression and other aspects of corneal epithelial differentiation. These
features, together with the anchoring fibrils of the limbus, might enhance the
adhesion of the basal cells to the underlying stroma.
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Stromal–epithelial interactions are believed to be extremely important in
supporting normal corneal function. Intercellular communications between the
corneal stromal and epithelial cells that are critical during early development,
homeostasis, and wound healing are mediated by a variety of cytokines [72–74].
Various growth factors, such as transforming growth factor-β (TGF-β), platelet-
derived growth factor B (PDGF-B), and interleukin-1 (IL-1) are synthesized by
epithelial cells, while receptors for these factors are found among stromal fibrob-
lasts [72]. The best characterized stromal to epithelial interaction in the cornea is
mediated by hepatocyte growth factor (HGF), expressed by corneal fibroblasts,
and by keratinocyte growth factor (KGF), expressed mostly by limbal fibroblasts
[73–75]. Because KGF plays an important role in wound healing, the uniquely
high expression of KGF may be important for regulation of proliferation, motil-
ity, or differentiation during epithelial stem cell division in wound healing. These
findings suggest regulation of limbal stem cells by their microenvironment,
including epithelial–stromal exchange of growth factors and cytokines.

Identification of stem cells is critical to our understanding of the normal
homeostatic mechanisms that regulate proliferation and maintenance of tissues in
the body. Stem cells remain poorly characterized because molecular markers that
can conclusively distinguish stem cells from transient amplifying cells have yet
not been identified. Strategies and markers used for identification of epithelial
stem cells can also be applied to limbal stem cells.

X. STRATEGIES FOR IDENTIFICATION OF EPITHELIAL STEM
CELLS

Keratinocytes with high levels of α6-integrin and low to undetectable expression
of the transferrin receptor (CD71) represented a small, quiescent subpopulation
of cells with a high nuclear to cytoplasmic ratio and a high proliferative capacity.
Approximately 70% of these cells retained tritiated thymidine after a prolonged
chase. All of these are properties of stem cells. Conversely, the majority of ac-
tively cycling basal cells, most likely transient amplifying cells, contained high
levels of both α6-integrin and CD71 receptor. Cells with low α6-integrin expres-
sion had limited proliferative capacity, and expressed differentiation markers,
indicating they were postmitotic [76].

Stem cells can also be identified by their proliferative capacities in vitro
[29,30]. Three types of keratinocytes with different capacities for proliferation
have been identified from the human epidermis, holoclones, meroclones, and par-
aclones. The holoclone has the highest proliferative capacity, is able to undergo
120–160 divisions with less than 5% terminally differentiated colonies, and
is considered an epidermal stem cell. The paraclone is able to undergo 15 cell
divisions with 95% of colonies containing terminally differentiated cells, and
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represents a transient amplifying cell. The meroclone is an intermediate cell type
which represents a reservoir of transient amplifying cells [29,30]. Clonal analy-
sis showed that nuclear protein p63 was abundantly expressed by epidermal and
limbal holocolones, but was undetectable in paraclones, suggesting that p63
might be a marker for keratinocyte stem cells [77]. Transient amplifying cells
displayed greatly reduced p63 expression immediately after their withdrawal
from the stem cell compartment (meroclones), even though they still possessed
appreciable proliferative capacity.

Alpha-enolase, another possible candidate corneal epithelial stem cell
marker, was localized to K3-negative limbal basal cells [14,78,79]. The number
of K3-negative, enolase-positive limbal basal cells increased following corneal
epithelial injury. However, α-enolase is not a specific marker of stem cells
because it is also present in basal cells of other stratified epithelia [80].

Cell–cell communication plays an important role in cellular develop-
ment and differentiation. Gap junction channels, formed by a family of related
amphipathic polypeptides called connexins, allow direct passive diffusion of low-
molecular-weight solutes between neighboring cells. Two connexins, connexins
43 and 50, are abundantly expressed in corneal epithelial cells but are absent
from the limbus [81]. Consistent with this, dye transfer studies indicate no gap
junction mediated cell–cell communication in the limbus.

XI. CAUSES OF LIMBAL STEM CELL DEFICIENCY

Limbal stem cell deficiency can be caused by a variety of hereditary or acquired
disorders. Inherited disorders include aniridia keratitis and keratitis associated
with multiple endocrine deficiency, in which limbal stem cells may be congeni-
tally absent or dysfunctional. Acquired disorders associated with deficient or
destroyed stem cells are the majority of cases seen clinically, including Stevens-
Johnson syndrome, chemical injuries, ocular cicatricial pemphigoid, contact lens-
induced keratopathy, multiple surgeries or cryotherapies to the limbal region,
neurotrophic keratopathy, and peripheral ulcerative keratitis.

XII. CLINICAL PRESENTATION OF LIMBAL STEM CELL
DEFICIENCY

Limbal stem cell deficiency results in abnormal healing and epithelization of the
cornea. It is characterized by persistent or recurrent epithelial defects, ulceration,
corneal vascularization, stromal inflammation and scarring, and conjunctivaliza-
tion (conjunctival epithelial ingrowth), with resultant loss of the clear demarcation
between corneal and conjunctival epithelium at the limbal region [5,44,45,82].
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Figure 7 Limbal stem cell deficiency in patients with (top) Stevens-Johnson syndrome,
and (bottom) ocular cicatricial pemphigoid. There is loss of transparency of the cornea,
stromal scarring and vascularization, conjunctivalization, cicatricial shortening of the for-
nices, and symblepheron formation.
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Chronic instability of the corneal epithelium and chronic ulceration may lead to
progressive melting of the cornea, with the risk of perforation. Conjunctival ep-
ithelial ingrowth of the corneal surface is the pathognomonic feature of limbal
stem cell deficiency [5]. Biomicroscopic examination of the cornea reveals a dull
and irregular reflex of the cornea, with vascularization and loss of transparency
(Fig. 7). Impression cytology confirms conjunctival goblet cells on the surface
[83].

Limbal deficiency may be localized (partial) or diffuse (complete)
[42,43,45]. In localized limbal stem cell deficiency, some sectors of the limbal
and corneal epithelium are normal, and conjunctivalization is restricted to the re-
gions devoid of healthy epithelium. In small, localized areas of limbal deficiency,
the disease may remain subclinical with no apparent manifestations, as the pro-
liferative reserve of adjacent healthy limbal tissue may be sufficient to repopulate
the corneal surface.

Diagnosis of limbal deficiency is crucial in ocular surface disorders, as
these patients are poor candidates for conventional corneal transplantation.
Conventional penetrating keratoplasty does not replace corneal stem cells, and
hence the corneal graft is subject to complications, with a high risk of rejection.
In addition, limbal-deficient eyes are often vascularized, with chronic stromal in-
flammation, sometimes accompanied by lid margin irregularities and keratiniza-
tion. Conventional penetrating keratoplasty is therefore prone to failure.

XIII. SUMMARY

1. Stem cells are essential for replenishment of self-renewing tissues such
as stratified epithelia.

2. In their dormant state, stem cells have a long life span and replicate in-
frequently. When proliferation is induced, they give rise to transient
amplifying cells, which replicate rapidly. These eventually become
postmitotic, and finally, terminally differentiate.

3. Labeling methods that detect slow-cycling cells are often used because
specific molecular markers for stem cells have not yet been identified.
The great proliferative capacity of stem cells is also an identifying
characteristic.

4. As corneal epithelial stem cells proliferate and differentiate during the
healing process, they migrate from the limbus and peripheral cornea
toward the center.

5. Conjunctival epithelial stem cells originate primarily in the fornix,
although pockets of them may be distributed throughout the bulbar and
forniceal conjunctiva. They are bipotent, able to differentiate into
epithelial or goblet cells.
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6. Limbal stem cell deficiency is characterized by conjunctival epithelial
ingrowth of the corneal surface, accompanied by vascularization,
goblet cells, and loss of transparency.
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Meibomian Gland Disease

William D. Mathers
Casey Eye Institute, Oregon Health & Science University, 
Portland, Oregon, U.S.A

Meibomian glands secrete remarkably diverse components comprising the lipid
layer of the tear film. Proper functioning of the glands minimizes evaporation from
the tear film. A number of factors may contribute to dysfunction of meibomian
glands, often leading to dry eye disease and its characteristic ocular surface in-
flammation. This chapter reviews the normal anatomy and function of meibomian
glands, then considers causes of their dysfunction, the impact of dysfunction on
the tear film and ocular surfaces, and treatments for meibomian gland dysfunction.

I. ANATOMY

The meibomian glands lie within the upper and lower lids and fully occupy the
tarsal space. Each gland is approximately 1 mm wide and 3–12 mm in length.
Some glands branch, but most are essentially a single long cluster of acinar cells,
emptying into a central duct.

Meibomian glands develop from a mesenchymal condensation of the frontal
nasal and maxillary processes. The ectoderm of the eyelid proliferates in the
region of the future upper lid starting at the outer canthus when the fetus is
8–12 mm in length, or at 4–5 weeks. The meibomian (sebaceous and holocrine)
gland anlage is first seen at 80 mm as epithelial buds and downgrowths from
the basal cells along the lid margins. Arterization of meibomian glands occurs
at 5.5 months, or 170 mm, at which time they become situated within the tarsal
plates [1,2].

Approximately 20–25 glands are located in the upper lid, and slightly
fewer in the lower. The glands of the lower lid are somewhat shorter than in the
upper lid, reflecting the size of the tarsal plate. The blood supply to the eyelids
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and subsequently the meibomian glands derives mainly from the ophthalmic
and lacrimal arteries by the medial and lateral palpebral branches. Glands are
composed of arrays of alveoli, the outer cells of which form a germinal layer
(Fig. 1). As the cells mature, they migrate inward toward the center of the alve-
oli. At maturation, cells laden with secretory substance approach the excretory
duct and disintegrate as they release their contents.

Nerve fibers form a plexus around the alveoli. Both the density and number
of different neuropeptides suggest that stimulation of the meibomian glands is
subject to complex neural control. Human tissue demonstrates the presence of the
neuropeptides substance P, vasoactive intestinal peptide (VIP), and calcitonin
gene-related peptide (CGRP) [3,4]. Innervation comes to the meibomian glands
through the ipsilateral pterygopalatine ganglion and along the more proximal por-
tions of greater petrosal nerve. It appears to be largely parasympathetic, with rel-
atively smaller contributions from sympathetic and sensory sources. Cynomolygus
monkey meibomian glands demonstrated axons that stained for neuropeptides
SP, CGRP, neuropeptide Y, VIP, the proteins tyrosine hydroxylase, dopamine
beta-hydroxylase (DBH), nitric oxide synthase, and NADPH-dehydrogenase.

248 Mathers

Figure 1 The normal meibomian gland. As acinar cells mature, they move inward to-
ward the lumen, where they disintegrate and release lipids. Meibomian gland innervation
is largely parasympathetic.
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Thus, it appears that various neuropeptides, catecholamines, and nitric oxide
may act as neurotransmitter substances to meibomian glands, deriving from the
pterygopalatine, superior cervical, and trigeminal ganglia, respectively [5].

II. HORMONE RECEPTORS

While the use of androgen antagonists in human subjects has been shown to alter
lipid profiles, there has been disagreement regarding whether androgen receptors
are present in human meibomian glands [6]. Meibomian glands are a type of
sebaceous gland and therefore are likely to have androgen receptors. Reverse-
transcription polymerase chain reaction (RT-PCR) studies showed that human
meibomian glands contain androgen receptor mRNA, and androgen receptor
protein was detected in epithelial cell nuclei [7–9]. However, studies of human
tissue by Esmaeli were positive for estrogen receptors but not for androgen
receptors [10]. Other animals, including rats, have been studied, often with
differing results [11].

III. THE LIPID LAYER: SECRETION, FUNCTIONS, AND
COMPOSITION

Normal meibomian secretions slowly emerge from the opening of the ducts along
the lid margin. Contraction of the orbicularis muscle applies pressure to the mei-
bomian glands, causing additional lipid to emerge. Forced lid closure intensifies
this effect. Lax lids without normal orbicularis activity may have diminished lipid
production. Lipid can also be expressed deliberately by direct external pressure
to the surface of the lid, or inadvertently by eyelid rubbing.

The lipid layer has multiple functions but serves primarily to decrease evap-
oration. It is remarkably effective, reducing the evaporation rate to approximately
5% of the rate expected in the absence of a lipid layer [12,13]. Consistent with this,
surgical closure of rabbit meibomian gland orifices leads to dry eye, presumably
from increased evaporation [14]. The lipid layer also stabilizes the tear film, which
helps maintain a smooth optical surface, thus maintaining optimal visual clarity.

The lipid layer is extraordinarily complex, probably containing in excess of
100 distinct lipid compounds, including cholesterol esters, cholesterol, free fatty
acids, wax esters, short wax esters, and polar lipids [13,15]. McCulley and Shine
have recently proposed a structure for the lipid layer based on this composition
[15,16]. The inner sublayer of the lipid layer contains bipolar lipids, whose
polar tails interface with the aqueous layer of the tear film, and whose nonpolar
outer surfaces interdigitate into the long-chain lipids and sterol esters found in
the middle sublayer of the lipid layer. The outer sublayer of the lipid layer,
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which interfaces with the environment, contains mostly nonpolar lipids, such as
long-chain waxes and esters.

While the lipid components are all liquid and free to mix, they appear to
be fairly stably organized, despite the mechanical compression and mixing
caused by eyelid blinking. The lipid layer wrinkles and folds with compression
and then reexpands following each blink. This can be observed directly from
the interference pattern of the lipid layer [17]. Retention of a particular interfer-
ence pattern after blinking indicates incomplete mixing and partial failure to
reorganize spontaneously into sublayers.

IV. EVAPORATION PROCESS

Evaporation from the ocular surface occurs whenever the eye is open. The rate of
evaporation is dependent on the humidity directly in front of the ocular surface
and is affected by air currents [12]. Early attempts to measure evaporative loss
employed a stream of air over the exposed ocular surface [18]; however, most in-
vestigators later adopted a closed chamber of dry air, typically at 35–40% relative
humidity [19]. Evaporation from the open eye is calculated from the rate of
increase of humidity in the chamber. A normal evaporative rate is in the range
of 10–20 × 10–7 g/cm2/s. This translates to a loss of 0.1–0.2 µL/min from the tear
film, or 5–10% of the normal tear flow [19–22]. In certain dry eye conditions, the
evaporative rate may approach 0.5 µL/min, a relatively large percentage of normal
tear flow. For dry eye patients who may have subnormal tear flows of less than
1 µL/min, evaporation can become a significant fraction of total tear flow.

Meibomian gland function has a significant effect on evaporation [20].
Gland dropout is associated with increased tear evaporation, although dropout
is probably more of a marker for meibomian gland disease, since any loss of
gland function may cause a change in evaporative rate [23]. In addition to
evaporative losses due to gland dropout, high evaporative rates are found in
subjects with increased lipid viscosity or decreased expressible lipid volume,
characteristics of obstructive meibomian gland dysfunction [13,23]. However,
even in severe obstructive meibomian gland disease with extensive gland loss,
the protective function of the lipid layer may not be completely absent, because
the evaporative rate from the human eye never reaches the theoretical value of
150–200 × 10–7 g/cm2/s for pure water at 37°C.

Seborrheic meibomian gland dysfunction, resulting in a relatively thicker
lipid layer, is associated with a relatively low evaporation rate. Digital expression
of lipid also increases lipid thickness, as measured by the optical interference
pattern, causing a decreased evaporative rate [24]. However, the lipid layer need
not be thick to function well. Young normal subjects usually have a thin lipid
layer, but also have low evaporative rates.
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The evaporative rate appears to result from a combination of pathophysio-
logical properties, since one lid may evidence both seborrheic and obstructive
meibomian gland changes, which increase and decrease lipid production, respec-
tively, by different mechanisms. The measured rate of evaporation is presumably
determined by which processes predominate. Dry eye disease without meibomian
gland dysfunction does not exhibit markedly elevated evaporation, although there
is probably some effect [21].

V. CAUSES OF MEIBOMIAN GLAND DYSFUNCTION

The term “meibomian gland dysfunction” was first suggested by Gutgesell in
1982 [25]. Since then it has been used in association with a wide array of disease
processes that affect the meibomian gland, resulting in a number of probable
causes grouped under this general heading (Fig. 2).

Age appears to play a role in development of meibomian gland dysfunc-
tion, since gland dropout increases with age [26]. However, lipid production, as
measured by lipid volume, does not appear to change or may even increase in
older age groups [27–29]. Chronic changes at the lid margin are progressive with
age (Fig. 3) [27,28]. The relationship between these age-associated changes and
the development of meibomian gland dysfunction is not yet understood.

Hormones influence meibomian gland function, and thus may play a role
in meibomian gland dysfunction. Androgens affect sebaceous gland function,
and since the meibomian gland is a modified sebaceous gland, the impact of
androgens is not surprising [9,30,31]. Androgen receptor mRNA is found in mei-
bomian glands, as are androgen receptor proteins, although some of the data are
conflicting (see above). Patients with genetic androgen insensitivity exhibit al-
tered meibomian gland function, and patients on antiandrogen medications have
altered lipid profiles [9,32]. Androgen levels decline with age and in Sjögren’s
syndrome. This decline in hormonal support may contribute to the development
of meibomian gland dysfunction and dry eye [33–37]. Dehydroepiandrosterone
(DHE) application to the ocular surface to stimulate the production and release of
lipid from meibomian glands remains controversial. The role of estrogen is less
clearly defined than that of androgen, and menopause does not appear to play a
role in meibomian gland dysfunction.

Rosacea is a common dermatological diagnosis of unknown etiology,
which can cause meibomian gland dysfunction and inflammation of the ocular
surface [38–40]. The disease process is not understood, but it results in dilated
and inflamed blood vessels, inflamed conjunctiva, and increased cytokines in the
tear film [38,41]. In addition, both seborrheic and obstructive meibomian gland
dysfunction are often observed. Some glands display increased lipid excretion,
while other glands in the same eyelid show decreased lipid volume, increased
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viscosity, acinar gland dropout, and squamous metaplasia of the ductal opening
(Fig. 4), characteristic changes of obstructive meibomian gland dysfunction
[23,42]. Rosacea probably represents a significant cause of meibomian gland
dysfunction, but the exact percentage of cases is unknown. No precise marker for
the disease has been identified [43,44].

Seborrheic dermatitis is another dermatological diagnosis that appears to
influence development of meibomian gland dysfunction [45]. This disease causes
an oily scaling of the epidermis and hyperkeratinization. Hyperkeratinization
along the lid margin may cause inspissation and obstructive meibomian gland
dysfunction.

Keratinization from toxicity or other disease processes can also contribute to
meibomian gland disease. Polychlorobiphenol (PCB) toxicity was well documented
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Figure 2 Meibomian gland dysfunction can result from a number of causes, including
rosacea, inflammation, androgen deficiency, and hyperkeratinization of the lid margins.
Acinar cell death is seen in diseased meibomian glands. The remaining acinar cells in
diseased gland no longer secret lipids, and the ductal orifice may be obstructed by kera-
tinized cells. Increased vascularity surrounding the meibomian gland orifices is often
seen in rosacea.
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when PCB-contaminated cooking oil affected a large population in Japan [46].
These subjects developed severe blepharitis with chalazia (meibomian cysts),
suggestive of obstructive meibomian gland dysfunction, in addition to other
forms of dermatitis. Topical application of epinephrine was also shown
to cause hyperkeratinization of meibomian gland ducts leading to obstructive
meibomian gland dysfunction in rabbits [47]. Atopic disease induces hyperkera-
tinization of the lid margin and considerable ocular conjunctival inflammation,
which often severely affects the cornea as well. Meibomian gland dropout and
increased lipid viscosity may result from atopic disease, although signs of chronic
severe inflammation usually predominate.

A complex causal relationship exists between dry eye from decreased tear
production and meibomian gland dysfunction. Reports in the literature have often
suggested an association between dry eye and blepharitis [13,20,48]. Low tear pro-
duction results in decreased tear washout and the accumulation of inflammatory
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Figure 3 Telangiectasia of the lid margin, showing meibomian gland ducts, tends to
increase with age and in ocular rosacea [28].
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products along the lid margin, which can lead to hyperkeratinization and meibo-
mian gland disease [39,49–51]. Conversely, surface inflammation from
excessive evaporation due to meibomian gland dysfunction may be communi-
cated by the neural feedback loop from the ocular surface to the lacrimal gland,
resulting in decreased lacrimal gland function and further exacerbating dry eye
[52]. Thus, meibomian gland dysfunction and dry eye disease are closely inter-
woven. In addition, symptoms of the two conditions are nearly indistinguishable
and frequently confused.

VI. LIPID COMPOSITION

Meibomian gland secretions obtained by digital expression display a range of
physical characteristics in different disease states, probably due to variations in
lipid composition. These differences in composition may cause disease, or they
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Figure 4 Squamous metaplasia of meibomian gland orifices is characteristic of
obstructive meibomian gland dysfunction.
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may result from other disease processes that secondarily alter lipid composition.
Correlations between clinical diseases and lipid composition have been vigor-
ously pursued by a number of research teams, particularly McCulley and Shine
[53–55]. Results from such studies have illuminated the role of sterols [16].
Increased levels of cholesterol esters appear necessary for development of
meibomian gland dysfunction [56]. Although normal subjects may have either
low or high levels, subjects with disease had relatively high levels of cholesterol
esters. Esterase activity releases free cholesterol, which stimulates growth of
Staphylococcus aureus in vitro, a species associated with some forms of meibo-
mian gland disease [57]. Phospholipids appear critical for tear film stability and
reduced levels of two particular phospholipids were found in keratoconjunctivitis
sicca-associated meibomian gland dysfunction [58].

The melting point of meibomian gland secretions is determined by
their composition and correlates with their oleic acid content [59]. A higher
melting point solidifies secretions and could induce inspissation and secondary
obstruction with granulomatous inflammation. The possible effect of bacterial or
ductal lipase activity on the melting point or viscosity of secretions has not been
fully elucidated.

VII. BLEPHARITIS, INFLAMMATION, AND MEIBOMIAN GLAND
DYSFUNCTION

Relationships between bacteria normally resident on the lid margin, infection
of the lid margin and meibomian glands, the development of blepharitis, and
meibomian gland dysfunction are complex and remain poorly understood. Many
investigators discuss the subject primarily in terms of blepharitis, in which mei-
bomian gland dysfunction plays a role. It should be noted that the terms blephar-
itis and meibomian gland dysfunction are not interchangeable: blepharitis refers
simply to inflammation of the lid margin and may or may not involve meibomian
gland dysfunction. Early classification systems for blepharitis did not recognize
meibomian gland dysfunction. The term was first introduced by Gutgesell in 1982
and promoted by Jester in 1989 and Mathers in 1991 [25,47,60]. It is the author’s
opinion that more recent comprehensive physiological data indicate meibomian
gland dysfunction is the key process in most blepharitis. Inflammation of the lid
margin is central to the pathophysiology; however, active infection probably plays
a relatively minor role in chronic blepharitis and in most forms of meibomian
gland dysfunction. This remains a very controversial issue and the terminology
will likely evolve as our understanding improves.

All eyelids are colonized by bacteria. The spectrum of bacteria found in
the lids of blepharitis patients appears little different from that found in normal
subjects, except for Staphylococcus aureus, which is found more frequently in 
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patients with staphylococcal blepharitis [61–64]. Bacteria on the lid margin re-
lease exotoxins and cause inflammation, irritation, and probably hyperkeratiniza-
tion. The quantity of bacteria was also increased in patients with meibomian gland
dysfunction and chronic blepharitis compared with normals [65,66]. In addition,
bacterial enzyme preparations isolated from subjects with disease contain lipases
in higher concentration and with different properties than preparations from
eyelids of normal subjects [55]. Control of bacterial overgrowth usually results
in symptomatic improvement, suggesting that bacterial overgrowth and toxin
production contribute to the overall disease process. However, the therapeutic
success of systemic tetracyclines is not incontrovertable evidence that bacterial
action plays a central role, since the action of doxycycline may be primarily
anti-inflammatory and tetracyclines decrease production of lipases derived from
bacteria without affecting bacterial growth [67].

Inflammation from pathological processes other than bacterial infection can
also affect development of meibomian gland dysfunction in a number of ways.
Inflammation from any source may cause hyperkeratinization of the lid margin
and meibomian ducts and subsequent obstructive meibomian gland disease. In an
apparently different process, seborrheic eyelid disease causes eyelid inflammation
and irritation without hyperkeratinization and obstructive meibomian gland dis-
ease. In seborrheic disease, the lipid volume produced actually increases, and no
gland dropout or increased lipid viscosity occurs.

Many other processes besides bacterial infection could initiate an inflamma-
tory cascade. Secretory phospholipase A2 (PLA2) may play a part in inflammation
leading to meibomian gland dysfunction. PLA2 levels are twice as high in ble-
pharitis patients as in normal subjects [68]. PLA2 activity releases the proinflam-
matory lipid precursor, arachidonic acid. Chemoatractant lipids can also be
formed from other unsaturated fatty acids such as linoleic acid [69]. Aldehyde 
4-hydroxynonenal (HNE), arachidonic acid, oleic acid, and linoleic acid are 
potent activators of phagocytic leukocytes and increase the levels of reactive 
oxygen species (ROS) [70]. In the presence of TNF-α, this ROS activation is
greatly increased [16].

VIII. CLINICAL FEATURES OF MGD: EXAMINATION TECHNIQUES
AND THEIR LIMITATIONS

The lack of a common descriptive terminology has limited progress in under-
standing blepharitis and meibomian gland dysfunction. Ambiguities are present
even in assessment of symptoms. It is not possible to distinguish between
the symptoms of blepharitis and those of meibomian gland dysfunction, nor to
determine whether symptoms originate from the lid margin or the ocular surface.
Symptoms usually include irritation, foreign body sensation, burning, dry eye,
and occasionally itching [71].
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The slit lamp appearance of the lid margin has been characterized most
carefully in the work of Dr. Anthony Bron, who documented a progression of
changes occurring in blepharitis, including keratinization, rounding of the lid
margin, and obscuration of the gray line which demarcates the wet conjunctival
surface [27]. Atrophy, increased transparency of the lid margin, and increased
vascularity were also carefully described. There appears to be little justification
for the original differentiation between anterior and posterior blepharitis.

Expression of lipid at the lid margin following digital compression of mei-
bomian glands has been well characterized [60,72]. The lipid dome, which appears
following several seconds of lid compression, has a physical volume described by
its diameter, typically ranging from 0.3 to 0.9 mm. Lipid viscosity and trans-
parency can be graded using an analog scale from 1 to 4. Viscosity can extend
from completely clear liquid, grade 1, found in the ideal normal subject, to opaque
hyperviscous secretions with the consistency of toothpaste, grade 4 (Fig. 5), found
in patients with severe obstructive meibomian gland dysfunction [13,23].

Evaporation is a key measure of ocular surface physiology that is strongly
influenced by meibomian gland disease [13,14,19,20,23,51,60]. Patients with very
elevated evaporation rates have more difficulty maintaining normal tear volume,
especially in drying environments such as air conditioning, a windy environment,
or very dry air [73,74]. By contrast, patients with a very low evaporative rate will
not benefit as much from measures that alter evaporation, such as humidifiers.
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The lipid layer can be visualized directly because it induces interference of
reflective light [24,75,76]. The normal lipid layer is between 50 and 100 nm in
thickness, about one-quarter of the wavelength of white light [77–79]. As white
light passes through the lipid layer and is reflected back from its posterior
surface, it traverses a path twice this thickness. If this total distance is near
one-half of the average wavelength of white light, it induces an inference pattern
creating multiple colors. A lipid layer thinner than 100 nm, such as is often found
in normal young individuals, should not induce interference visible with white
light and is nearly invisible. Seborrheic meibomian gland dysfunction, which
creates a thicker lipid layer, creates multiple interference patterns and is readily
detected. Examination of tear film interference patterns can also reveal debris
and dry spots in the tear film as the lipid layer collapses into the mucus-covered
surface epithelial cells [17].

Meibomian gland morphology is another key observation that can help cli-
nicians differentiate, identify, and classify patterns of meibomian gland dysfunc-
tion. Normal meibomian glands lie within the tarsal plate of the upper and lower
lid and are easily visualized by transillumination. Infrared video cameras are ca-
pable of taking relatively high-resolution images of meibomian glands.
Transillumination can detect meibomian gland dropout, cystic structures, cha-
lazia (meibomian cysts), scarring, and irregular congenital malformations of mei-
bomian glands (Fig. 6) [42,47,80,81]. Chalazia are a common sign of meibomian
gland dysfunction and probably cause most gland dropout. Administration of
isotretinoin (Accutane, Roche Pharmaceuticals), a retinoid acne treatment that in-
hibits sebaceous gland function and keratinization, produces an interesting trans-
illumination pattern characterized by decreased acinar density with relatively
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normal anatomy. Cessation of isotretinoin restores the density of meibomian
glands to their original state within several months in most subjects [82].

Meibomian gland dysfunction and dry eye are closely interrelated for many
reasons. Part of the symptom complex of Sjögren’s syndrome is due to meibo-
mian gland dysfunction [72]. The symptoms of dry eye are difficult to distinguish
from symptoms of meibomian gland dysfunction [23]. Patients with either sebor-
rheic or obstructive meibomian gland dysfunction are more likely to develop dry
eye than normal population [45,83]. Association of blepharitis and meibomian
gland dysfunction with dry eye disease supports the hypothesized neuronal feed-
back mechanism between the ocular surface and the lacrimal gland (discussed
in detail in Chapter 2) [52]. Since meibomian gland dysfunction destabilizes the
tear film, it likely contributes to dysfunction of the neural loop, which ultimately
alters or inhibits lacrimal gland function. Conversely, dry eye may contribute
to meibomian gland dysfunction by inducing inflammation of the lid margin, as
evidenced by increased cytokine levels found in the tear film of dry eye patients
[39,41,84,85].

IX. PATHOLOGY OF MGD: CLASSIFICATION SYSTEMS

The intimate relationship between blepharitis and meibomian gland dysfunction
was not initially appreciated. Early classification systems focused primarily on
two parameters, the appearance of the lid margin and the role of bacteria in caus-
ing eyelid inflammation. Thygesons’s classic description divided patients into
seborrheic, staphylococcal, mixed seborrheic and staphylococcal, and blepharitis
from Hemophilus duplex [86].

McCulley proposed a classification system in 1982 with seven subsets that
included seborrheic blepharitis, staphylococcal blepharitis, and meibomitis [45].
This focused attention on the inflammatory nature of both the lid findings
and meibomian gland disease, although it still relied heavily on staphylococcal
bacteria to differentiate categories. Three of the seven categories included
meibomian gland dysfunction in their definitions.

This author first presented a classification system for blepharitis based
primarily on meibomian gland dysfunction in 1991 [60]. The system evaluated
meibomian gland dysfunction using only objective criteria: meibography for
gland dropout, the diameter of expressible lipid for lipid volume, and grading of
lipid viscosity from clear to very viscous (toothpaste). Dry eye was evaluated by
Schirmer’s test. The system was later expanded by including evaporation rate as
a measure of lipid integrity, fluorophotometry for steady-state tear flow, and tear
osmolarity. Rosacea, eyelid infection, and allergic disease were added as clinical
subgroups identified in some of 156 patients with clinical blepharitis, dry eye, or
allergic disease [23]. Only 2 of 109 patients with meibomian gland dysfunction
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actually had a detectable bacterial infection. Also in 1991, Bron introduced an
extensive clinical classification system for meibomian gland disease based on the
clinical appearance of the lid margin [27].

While no universally accepted system for classifying and grading meibo-
mian gland dysfunction currently exists, the relationship between meibomian
gland dysfunction and blepharitis has become the central issue. Supplementing
this are other aspects such as allergic phenomena and inflammation secondary to
bacterial infection, and dermatological conditions such as rosacea, seborrheic
dermatitis, and atopy.

X. TREATMENT OF MGD

Meibomian gland dysfunction and related blepharitis is a disease complex with
many potential causes. In any individual, the disease may originate with one or more
of these causes. Multiple genetic factors for dermatological diseases, lipase activity,
and lipid composition can combine with allergies, hormonal influences, and other
pathological processes to influence an individual’s disease. Notwithstanding these
complexities, most individuals fall into some recognizable pattern or group display-
ing identifiable problems with common characteristics. This allows development of
treatment regimens based on identification of these pathological mechanisms.

Inflammation clearly plays a central role. We may approach the relief of
symptoms and treatment of meibomian gland dysfunction first by suppressing
inflammation on the ocular surface and then by treating rosacea (if present),
reducing the pathological effects of bacterial overgrowth on the lid margin,
improving lipid function by reducing lipase activity, and treating any concomi-
tant dry eye. We will consider these general approaches by analyzing each of
the treatment modalities currently available. Many treatments have multiple
mechanisms of action, while others may still be poorly understood.

Although inflammation is often present with meibomian gland dysfunction,
it may be difficult to assess the degree of inflammation involved. Many clinical
signs of eyelid inflammation, such as injection and edema, are reasonably easy to
identify. Less severe inflammation, though perhaps not easily recognized, may
still be clinically significant and should be treated. Topical steroids were gener-
ally avoided in the past, since the long-term use of such agents carried a relatively
high risk of side effects. Newer compounds, such as loteprednol, have been found
to be relatively free of such effects and are still reasonably effective at suppress-
ing surface inflammation [87]. Short-term use of more potent agents may also be
considered. Other approaches that treat inflammation should also be considered.
Specially compounded topical cyclosporine has been used to treat ocular surface
inflammation for years despite being unavailable commercially. An FDA-ap-
proved cyclosporine emulsion (Restasis, Allergan, Inc.) is now available [88–90].
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Systemic tetracyclines, especially doxycycline and minocycline, have a
number of effects that are useful in treating meibomian gland dysfunction. These
compounds decrease lipase production, and consequently, fatty acid production
[91]. They also suppress inflammation through their ability to retard leukocyte
migration [92]. Oral tetracycline decreased nitrous oxide synthesis and reactive
oxygen species (ROS) by phagocytic leukocytes [93]. Minocycline inhibits
phospholipase 2 activity by interacting with its substrate [94]. There is also
evidence that tetracyclines inhibit keratinization [95]. Doxycycline is a potent
inhibitor of many matrix metalloproteinases, which may explain some of its anti-
inflammatory properties [96]. Very low doses appear to be effective, especially
if given over a sufficiently long period of time, usually many months, and the
effects linger for a long time after cessation of the drug. Systemic tetracyclines
are very useful in the treatment of rosacea, although somewhat higher doses may
be necessary to treat rosacea than are needed for obstructive meibomian gland
disease [43,97]. Topical metronidazole may also be helpful [98].

The role of essential fatty acids, particularly the alpha-3-omega fatty
acids found in fish oil and flax seed oil, has received attention following reports
of decreased dry eye with high-fish diets [99]. Anecdotal reports suggest that
the anti-inflammatory action of these compounds may improve both meibomian
gland disease and dry eye symptoms [100]. Following oral ingestion, these
essential fatty acids are not secreted in breast milk and may not alter meibomian
secretions except through their anti-inflammatory action [101,102].

Physical cleansing of the lid margin, frequently referred to as lid scrubs,
is generally acknowledged to be helpful, but the mechanism is not fully under-
stood. Part of the effectiveness probably derives from the removal of bacteria
and associated toxins and from the partial expression of lipid which opens
clogged meibomian gland ducts [103,104]. Overzealous cleansing should be
avoided because it induces inflammation [105]. Short-term topical antibiotics
may provide some benefit by decreasing bacterial populations [106].

Dry eye and meibomian gland dysfunction are closely associated
[45,48,72]. Meibomian gland dysfunction may cause or exacerbate dry eye
through neuronal feedback to the lacrimal gland [52]. Thus, it is important to treat
both meibomian gland dysfunction and dry eye, since treating one condition will
often help the other. Punctal occlusion, nonpreserved artificial tears and mist, and
the use of pilocarpine derivatives as tear stimulants are often helpful [107–110].

XI. SUMMARY

1. Meibomian glands, located in the upper and lower lids, secrete over
100 different lipids, including cholesterols, fatty acids, wax esters, and
polar lipids that comprise the lipid layer of the tear film.
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2. The innervation and diverse neuropeptides found around meibomian
glands suggest that they are under complex neural control.

3. The lipid layer serves primarily to decrease tear film evaporation to a
rate about 5% of that expected in the absence of a lipid layer. It also
stabilizes the tear film, helping to maintain a smooth optical surface.

4. Any loss of meibomian gland function, whether from gland dropout or
meibomian gland dysfunction (MGD), may increase tear evaporation.

5. A complex relationship exists between dry eye and MGD. Low tear
production and accumulation of inflammatory products resulting from
dry eye can lead to hyperkeratinization of the lid margin and MGD.
Conversely, surface inflammation caused by MGD-induced excessive
evaporation may be communicated by the neural feedback loop to the
lacrimal glands, decreasing their function and exacerbating dry eye.

6. Therapies for MGD are mostly directed toward controlling inflamma-
tion, including topical cyclosporine emulsion, short-term topical
steroids, and systemic tetracyclines. Lid scrubs are usually helpful, if
performed gently to avoid inducing inflammation. Concommitant
treatment of dry eye is important because of its close association with
MGD.
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13
Diagnostic Approaches to Lacrimal
Keratoconjunctivitis

Cintia S. De Paiva and Stephen C. Pflugfelder
Baylor College of Medicine, Houston, Texas, U.S.A.

I. INTRODUCTION

Patients with dry eye can present to clinicians in a variety of ways. Typical dry
eye patients complain of eye irritation; however, some patients complain of
blurred or fluctuating vision, and occasionally, patients with severe dry eye have
no complaints. Dry eye due to an unstable tear film and corneal epitheliopathy is
a common cause for a poor visual outcome after penetrating keratoplasty or laser-
assisted intrastromal keratomileusis (LASIK). A small percentage of dry eye pa-
tients present with a sight-threatening corneal complication due to sterile
ulceration or microbial keratitis that can be attributed to their tear deficiency. Dry
eye disease should be suspected in patients who develop ocular surface disease
from topically applied medications, which is often due to preservatives they con-
tain. This chapter will review subjective and objective measures for diagnosing
tear deficiencies and the ocular surface disease that results from them.

Diagnosis of dry eye by symptoms alone is difficult, because many ocular
surface disorders share similar symptoms. Furthermore, dry eye patients present
with a variety of complaints that correlate poorly with objective signs of their dis-
ease. This may be due in part to the lack of specific neural receptors for dryness
on the ocular surface [1]. The highly dynamic nature of dry eye, whose severity
may fluctuate with the level of desiccating environmental stress and visual effort
[2], the variable tolerance of individuals to ocular pain, and the variety of terms
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patients use to describe their eye irritation symptoms (Table 1), mean that a sin-
gle complaint cannot be used to screen patients for dry eye. Although symptoms
or a history of ocular irritation are not sufficient to arrive at a diagnosis, they may
be used as indicators of dry eye.

Responses to several different questionnaires suggest that some common pat-
terns underlie the symptoms experienced by dry eye patients [3–9]. Two complaints
provide important clues that patients may be suffering from dry eye: exacerbation
of irritation by environmental stress, and exacerbation of irritation by activities that
require prolonged visual attention. For example, patients with dry eye are often in-
tolerant of drafts from air conditioners, smoky environments, and the low humidity
of airplane cabins, and they typically report worsening symptoms when reading or
viewing a video display terminal because their blink rate decreases, resulting in
increased tear film evaporation and ocular surface desiccation [10]. The severity of
eye irritation symptoms significantly correlates with results of objective tests of
lacrimal keratoconjunctivitis (LKC, also known as keratoconjunctivitis sicca) such
as the fluorescein clearance test, fluorescein or rose bengal staining scores, and
computerized videokeratoscopic surface regularity indices [8,11–13].

It is essential to obtain a complete history of the patient’s medication use
to identify any agents that may decrease tear secretion (Table 2). A history of dry
mouth (xerostomia), dental and gum disease, or arthritis, all symptoms found with
Sjögren’s syndrome, or a history consistent with other autoimmune disorders,
may be associated with dry eye disease (Table 3).
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Table 1 Frequently Reported Complaints of Dry Eye Patients

Irritation symptoms
Burning or stinging
Gritty or scratchy sensation
Sandy sensation
Soreness
Dryness
Sensitivity to cold, or to air drafts
Itching
Pain or burning in the middle of the night, or upon awakening

Tearing/discharge symptoms
Mucus discharge
Tearing

Vision symptoms
Vision fluctuation
Vision that improves with tears
Blurred vision
Light sensitivity
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Table 2 Medications Associated with Decreased Lacrimal Gland Secretion

Blood pressure regulators Clonidine (α-1-blocker)
Prazosin (Minipress) (β-2-blocker)
Propanolol (Inderal) (β-blocker)
Methyldopa (Aldomet)

Antihistamines Diphenhydramine hydrochloride (Benadryl)
Loratadine (Claritin)

Antidepressants Amitriptyline (Elavil)
Nortriptyline (Pamelor)
Imipramine (Tofranil)
Desipramine (Norpramin)
Doxepin (Sinequan)
Phenelzine (Nardil)
Tranylcypromine (Parnate)
Amoxapine (Asendin)
Trimipramine (Surmontil)
Fluoxetine (Prozac)

Treatment for Parkinson’s disease Benztropine (Cogentin)
Other medications Marijuana

Thiabendazole
Diphenoxylate hydrochloride and atropine 
sulfate (Lomotil)

Source: Information from Refs. 14–18.

Table 3 Autoimmune Disorders
Associated with Sjögren’s Syndrome

Rheumatoid arthritis
Systemic lupus erythematosus
Progressive systemic sclerosis
Scleroderma
Polyarteritis nodosa
Polymyositis
Lymphocytic interstitial pneumonitis
Hashimoto’s thyroiditis
Thrombocytopenic purpura
Hypergammaglobulinemia
Waldenström’s macroglobulinemia
Raynaud’s phenomenon
Dermatomyositis
Interstitial nephritis
Chronic hepatobiliary cirrhosis
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II. EVALUATION OF LACRIMAL FUNCTIONAL UNIT

The lacrimal functional unit that was described in Chapter 2 comprises afferent
and efferent control of secretory tissues that maintain the health of the ocular
surface. Dysfunction of certain elements of the functional unit can be specifically
diagnosed, while dysfunction of others must be inferred based on the constella-
tion of clinical features. For example, corneal sensation and goblet cell density
can be evaluated objectively, whereas parasympathetic secretory dysfunction
cannot be assessed directly, but would be suspected in a patient with a low
Schirmer score who is taking systemic anticholinergic medication. This chapter
discusses objective measures of lacrimal keratoconjunctivitis.

A. Assessment of Corneal/Conjunctival Sensitivity

The first corneal esthesiometers measured corneal sensitivity using the pressure
exerted by a pig hair deflected against the corneal surface [19]. Technical prob-
lems included effects of hair size and humidity on the measurement. These were
solved with the Cochet-Bonnet esthesiometer, which uses a monofilament nylon
thread that is extendable from 0 to 60 mm (Fig. 1) [20]. When applied perpen-
dicularly to the corneal surface with a bending angle of about 5°, this thread
exerts pressures from 11 to 200 mg/mm2, correlating inversely with the length of
the filament. The subject reports when the touch of the filament is felt, and the
corneal blink reflex is also observed. This instrument was used to evaluate
corneal sensitivity in pathological conditions with loss of touch sensitivity,
including contact lens wear [21,22], herpetic keratitis [23–25], and lacrimal
keratoconjunctivitis. Dry eye patients examined with the Cochet-Bonnet esthe-
siometer had reduced sensitivity compared with normal subjects [4,7,26], which
correlated strongly with delayed tear fluorescein clearance [8,11]. This reduction
in corneal sensation was hypothesized to disrupt the integrated lacrimal function
unit and may be coadjuvant in the pathogenesis of LKC [27–29].

Two noncontact esthesiometers have been described: the gas esthesiometer
and the noncontact aesthesiometer. The gas esthesiometer has been used exten-
sively to assess corneal sensitivity in animals and humans (Fig. 2) [30–33]. This
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Figure 1 A Cochet-Bonnet esthesiometer.
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instrument delivers a temperature-controlled 2-s pulse of air or an air/CO2 mix-
ture through a 0.5-mm-diameter metal tube 4–5 mm away from, and perpendicu-
lar to, the corneal surface. Mechanical sensations due to contact are assessed by
increasing the air flow. Chemical sensation is evaluated by increasing the CO2

concentration in the gas jet, which is converted to carbonic acid on the corneal
surface, decreasing its pH [31,34], followed by observation of the polymodal re-
ceptor response. Mechanical and chemical stimulation thresholds of the normal
cornea ranged from 79 to 121 mL/min and from 21% to 31% CO2, respectively
[30–32,35]. Both mechanical and chemical corneal sensation decreased after 
instillation of the pungent substance capsaicin, which depletes the sensory nerve
endings of substance P and causes anesthesia [32].

The noncontact aesthesiometer delivers a 0.5-mm-diameter stimulus of
atmospheric air to the cornea for 0.9 s [36], which produces a localized area of
cooling [37]. Using this technique, contact lens wearers and LASIK patients
showed decreased sensitivity and higher thresholds than subjects with normal
corneas [38,39]. Similar findings were obtained with the Cochet-Bonnet esthe-
siometer [40–45]. However, no correlation between mean sensitivity thresholds
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Figure 2 A modified Belmonte gas esthesiometer. (A) Air and CO2 gas tanks. (B)
Control module. (C) The distance from the tip of the instrument to the cornea is 4 mm.
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of the noncontact aesthesiometer and the Cochet-Bonnet tests were found for
normal subjects [46].

B. Assessment of Lacrimal Gland Function

The Schirmer test, originally described in 1903 [47], remains the most commonly
used technique for assessing tear secretion. It is performed with or without topi-
cal anesthesia by placing a standardized folded Whatman filter paper strip over
the lid margin at the junction of the medial and lateral third of the lower lid.
Aqueous tear production is measured by the millimeters wetted during the test pe-
riod, usually 5 min (Fig. 3) [48]. A cutoff value of 5.5 mm wetted in 5 min for
the Schirmer I test (without anesthesia) diagnosed aqueous tear deficiency in
83% of dry eye patients tested [49]. For the Schirmer test with anesthesia (the
Schirmer II test), which minimizes reflex tearing, a measurement of less than
10 mm of wetting in 5 min was defined as abnormal [50].

The Schirmer test has been criticized for its variability and poor repro-
ducibility. A study of the reproducibility and kinetics of the Schirmer test with
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Figure 3 A Schirmer test strip placed over the lower eyelid. The arrow and line indicate
the portion of the strip wetted by tears.
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and without topical anesthesia in normal subjects found an initial rapid phase of
Schirmer strip wetting followed by a progressive reduction in wetting rate [51].
Results were variable when the test was repeated, and variability was greater af-
ter topical anesthesia. This was attributed to residual reflex components, perhaps
resulting from varying degrees of ocular surface anesthesia. A different study
reported greater tear flow for young girls than young boys, and that tear flow de-
creased with age [52], whereas another study found no correlation between
Schirmer I test scores and age [53].

An evaluation of the Schirmer I test using a diagnostic cutoff of 1 mm/min
found 25% sensitivity and 90% specificity for diagnosis of dry eye, using patient
history, symptoms, and clinical examination (i.e., deficient inferior tear menis-
cus, excess debris in the tear film, and/or a viscous tear film) as diagnostic crite-
ria for dry eye [54]. Another recent study noted significant differences in
Schirmer I values between patients with aqueous tear deficiency, patients with
meibomian gland disease, and normal subjects [7]. All normal eyes and eyes with
meibomian gland disease had Schirmer I values greater than 5 mm in both eyes,
whereas only 5% of eyes with Sjögren’s syndrome LKC and 33% of eyes with
non-Sjögren’s LKC had Schirmer I values greater than 5 mm.

Another measure of tear secretion employs a special cotton thread impreg-
nated with the pH indicator phenol red (phenolsulfonphthalein), which is inserted
into the temporal side of the lower conjunctival sac for 15 s (Fig. 4) [55]. When
tears wick into the thread, phenol red turns from yellow to bright orange because
tears are slightly alkaline. The length of thread wetted measures aqueous tear pro-
duction. The cotton thread is not irritating, so topical anesthesia is not required.
Better reproducibility than Schirmer tests with or without anesthesia has been
reported, as well as greater specificity for diagnosis of dry eye [56].

Fluorophotometric techniques have also been used to quantitate tear secre-
tion and tear volume. Measurements of tear secretion using a commercial fluo-
rophotometer showed significantly less secretion in dry eye patients (0.2 µL/min)
than in healthy subjects (1.2 µL/min) [57]. Measurement of physiological tear
flow using a quantitative fluorophotometer found a rate of 1.2 µL/min, similar to
the value of 0.6–0.8 µL/min measured by Schirmer test strips, with no significant
difference between age groups, genders, or fellow eyes [58]. Fluorophotometry is
not commonly used in clinical practice because the equipment is expensive and
the technique lacks standardization.

C. Evaluation of the Tear Meniscus

Reflective meniscometry uses photographs or video images of an illuminated tar-
get reflected off the meniscus to measure the radius of tear meniscus curvature,
which is related directly to tear volume [59]. The video system provides images
of human menisci over prolonged periods of time [60]. Changes in the meniscus
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Figure 4 Cotton thread measurement of tear secretion. Tears wicking up the thread turn
the pH indicator in the thread to red (arrow), facilitating measurement of distance wicked.
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radius can be used to monitor effects of conventional tests, such as the cotton
thread or the Schirmer tests, on the tear reservoir [61]. In a study of 45 normal
and 32 dry eyes, the tear meniscus radii of curvature were significantly lower in
dry eyes than in normal eyes, and correlated significantly with corneal fluores-
cein staining scores and grading of interference colors of the precorneal lipid
layer [59]. Reflective meniscometry also correlates significantly with conven-
tional tear meniscus height measurements taken with a micrometer-equipped slit
lamp [62].

D. Tear Film Osmolarity

Elevated tear film osmolarity was recognized by the NEI/Industry workshop on
dry eye as a global measure of tear film deficiency [27]. It is a sensitive test for
identifying dry eye [63,64], although elevated osmolarity is often a secondary ef-
fect of decreased tear secretion due to lacrimal gland disease, or of increased tear
film evaporation resulting from exposure, blink abnormalities, or meibomian
gland disease [65–67]. Collecting a sufficient volume of tears to perform an ac-
curate and reproducible measurement of tear osmolarity without causing reflex
tearing has been one of the obstacles to widespread application of this test.
Collection of microliter tear sample volumes with small-diameter glass pipettes
allows measurement of osmolarity without causing reflex tearing [68]. However,
no instrument to measure tear osmolarity is commercially available.

E. Tear Protein Analysis

The antimicrobial protein lysozyme was initially discovered in mucosal secretion
by Fleming in 1922 [69]. It degrades peptidoglycan, found only in bacterial cell
walls, causing susceptible bacterial cells to lyse. Over the next 30 years, the
lysozyme content of tears was studied using a variety of methods. A common
method for measuring tear lysozyme employs a uniform suspension of
Micrococcus lysodeikticus, a lysozyme-sensitive bacterium, in an agarose gel.
Enzyme molecules applied to a central well diffuse radially through the gel dur-
ing incubation and lyse the bacteria, clearing a zone around the well. A greater
lysozyme concentration in the tear sample produces a larger zone of clearance.
Lysozyme accounts for 20–40% of total tear protein, and its concentration de-
creases with age [14] and in dry eye patients [70]. Tear lysozyme concentration
was reported to be a more sensitive test for the diagnosis of dry eye than either
the Schirmer test or rose bengal staining, with a sensitivity and specificity of
greater than 95% [49]. Filter paper strips or cellulose sponges have been used to
collect tear specimens [71], but adsorption of lysozyme to these materials can
lead to errors in measurement. The main disadvantage of tear lysozyme as a di-
agnostic test for dry eye is its lack of specificity. Decreased tear lysozyme levels
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have been found in herpes simplex virus (HSV) keratitis, bacterial conjunctivitis,
smog irritation, and malnutrition [72–76].

Lactoferrin is a tear protein with antioxidant and antibacterial properties
secreted by lacrimal glands. Its concentration in tears has been used as a measure
of lacrimal function. Tear lactoferrin concentrations measured by ELISA corre-
lated with the clinical severity of LKC as assessed by symptoms, biomicroscopic
findings, Schirmer test scores, rose bengal staining, and tear breakup time [77].
Another study found that tear lactoferrin concentrations correlated well with
symptoms of ocular irritation, but not with tear breakup time or rose bengal
staining [78].

The tear concentration of epidermal growth factor (EGF), also secreted by
lacrimal glands, decreased with age and after sensorineural stimulation [79]. Tear
EGF concentration was lower in women than in men of similar age [80].

F. Measurement of Tear Clearance

Delayed clearance (turnover) of fluorescein dye instilled onto the ocular surface
has been reported for the two most commonly encountered dry eye conditions,
aqueous tear deficiency and meibomian gland disease [7]. Tear fluorescein clear-
ance can be assessed visually in the inferior tear meniscus, on Schirmer strips
(Fig. 5), or fluorometrically [7,11,81,82].

Fluorescein clearance measures the rate of tear turnover. At 15 min after
instillation of 5 µL of 2% sodium fluorescein into the inferior conjunctival
cul-de-sac, the fluorescein-stained tear fluid is collected under direct observation
from the inferior tear meniscus with a porous polyester rod or glass capillary
pipette. Fluorescein concentration is measured with a commercial fluorometer
[11]. Tear turnover can also be assessed directly in vivo using a Fluorotron
Master fluorometer (Ocumetrics, Mountain View, CA) [83,84].
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Figure 5 Schirmer strip method for tear clearance evaluation. The color of the
fluorescein on the Schirmer strip is compared visually with known concentrations of
fluorescein.
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Figure 6 For fluorescein tear clearance evaluation, the color of the lateral inferior tear
meniscus is visually matched to the 0–6 color scale.
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A standardized visual scale from 0 to 6 (Fig. 6) for routine clinical assess-
ment of tear fluorescein concentration avoids the use of a fluorometer [8]. Fifteen
minutes after instillation of 5 µL of 2% fluorescein, the color of the lateral infe-
rior tear meniscus is visually matched to the colors on the standardized visual
scale. A score of 3 corresponds to a fluorophotometric value of 274 fluorescein
units /µL, the previously reported threshold between normal and symptomatic pa-
tients [11]. This technique is equivalent to fluorometric assessment of tear clear-
ance in its correlation with irritation symptoms, ocular surface sensitivity, and the
severity of ocular surface, eyelid and meibomian disease. Both methods of as-
sessing delayed tear clearance correlate better with symptoms and signs of dry
eye than the Schirmer I test. The ability of the fluorescein clearance test to dis-
tinguish healthy subjects from patients with meibomian gland disease or aqueous
tear deficiency can be improved by using a correction factor based on the
Schirmer I test score.

G. Assessment of Meibomian Gland Disease

Meibomian gland disease is due to atrophy of the glandular acini or to obstruc-
tion of the duct by epithelial hyperplasia (see Chapter 12). [85,86]. Diagnosis is
by biomicroscopic recognition of pathological signs, such as ductal orifice meta-
plasia (white shafts of keratin in the orifices), reduced expressibility of meibo-
mian gland secretions, increased turbidity and viscosity of the expressed
secretions, and dropout of glandular acini [27]. Photographic techniques to grade
the extent of meibomian gland acinar loss have been reported [87]. Meibomian
gland acinar dropout in chronic blepharitis has been imaged using an infrared
video camera and hand-held transilluminating light source [88].

H. Evaluation of Conjunctival Mucin Production

The stratified epithelia and goblet cells in the conjunctiva produce mucins. In
eyes with aqueous tear deficiency, the epithelium undergoes pathological
changes, termed squamous metaplasia, and goblet cell density decreases. A defi-
ciency of mucin in the tear film results and the tear film becomes unstable.
Squamous metaplasia can occur in a variety of other dry eye conditions in addi-
tion to aqueous tear deficiency, including vitamin A deficiency (xerophthalmia),
Stevens-Johnson syndrome, and ocular cicatricial pemphigoid [89,90].

Superficial cells may be obtained from the bulbar conjunctiva by applica-
tion of a cytology membrane against the conjunctival surface (impression cytol-
ogy), allowing quantitative measurement of goblet cells and a qualitative
assessment of the epithelial morphology in various conjunctival diseases.
Adequate samples of conjunctival cells may also be collected with a brush [90].
The extent and severity of squamous metaplasia are graded by loss of goblet cells,
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enlargement and increased cytoplasmic/nuclear ratio of superficial epithelial
cells, and keratinization [14,91,92]. Squamous metaplasia of the bulbar conjunc-
tiva, mucous aggregates adherent to the bulbar conjunctiva, and inflammatory
cell infiltration of the inferior tarsal conjunctiva occur in a significantly greater
percentage of patients with Sjögren’s syndrome LKC than in other forms of dry
eye [93]. Expression of specific mucin moieties (e.g., MUC4 and MUC5AC)
can be assessed on impression cytology membranes with immunostaining
techniques [94].

I. Ocular Ferning Test

The ocular ferning test is based on crystalization of a drop of tear fluid on a glass
slide as it dries at room temperature. After crystallization, the ferning patterns are
examined microscopically and classified as one of four types depending on their
density and branching frequency [95]. Type I has uniform structures, whereas
type IV shows no ferning. An increase in either temperature or humidity
decreases the ferning phenomenon [96].

Dry eye patients displayed types III and IV ferning patterns more
frequently than normal control subjects [95]. The ferning test had a sensitivity of
90% for diagnosis of primary Sjögren’s syndrome LKC, and 80% for identifying
secondary Sjögren’s syndrome LKC [97,98], and is reported to have sensitivity
and specificity similar to other commonly used diagnostic tests for Sjögren’s
syndrome [99]. The test has been used as evidence of ocular surface dryness in
several clinical trials [100–102].

J. Measurement of Tear Film Stability

An unstable tear film is the hallmark of dry eye and of dysfunction within the
lacrimal functional unit [14]. Tear film stability can be assessed by a number of
invasive and noninvasive techniques.

Tear film stability measured by the tear breakup time (TBUT) test may be
the most important and practical test for diagnosing dry eye. It is performed by
placing fluorescein in the lower conjunctival sac using a fluorescein-impregnated
strip wetted with nonpreserved saline solution, asking the patient to blink, and
measuring the interval between a complete blink and the first randomly appear-
ing dry spot or discontinuity in the precorneal tear film. The test should be
performed without topical anesthesia and without lid holding, because they re-
duce the tear breakup time [103]. Sensitivity is increased by viewing the corneal
surface with a yellow filter. Three repetitions are recommended.

A mechanism to explain tear breakup proposes that after each blink,
the precorneal tear film may thin secondary to evaporation and retract toward
the fornices [104]. Meanwhile, the superficial lipid would diffuse through the
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aqueous layer to the mucin surface, converting it to a hydrophobic surface, fol-
lowed by retraction of the aqueous tear film from the contaminated area, forming
a dry spot. However, some researchers believe that the aqueous layer in the tear
film is too thick (6–9 µm), and the attraction between mucin and lipid molecules
too weak, to explain the proposed migration of lipid molecules [105]. Thus, a
definitive mechanism for tear breakup remains to be elucidated.

An alternative method for measuring tear film stability reflects a regular
pattern off the corneal surface and measures the time for it to distort or break
up following a blink [106]. Because no instillation of fluorescein is required, this
test is known as the noninvasive breakup time (NIBUT). Noninvasive techniques
to evaluate tear film stability minimize effects of fluorescein and the reflex tear-
ing caused by instilled fluorescein, confounding factors that may destabilize the
tear film [107,108]. The fluorescein-added and the noninvasive techniques share
the disadvantage that any local alteration of the corneal surface will cause a
persistent breakup of the tear film in the area of alteration.

A xeroscope is used to measure noninvasive breakup time [107]. It consists
of a hemispherical bowl mounted on a binocular slit lamp biomicroscope. The
bowl has a white grid inscribed on its inner matte black surface and is uniformly
illuminated by a ring fluorescent tube attached to the rim. The reflection of
the grid off the cornea is viewed through the slit lamp and videotaped.
Noninvasive breakup time can also be measured with a keratometer [109,110],
which showed better reproducibility and lower variability than seen for fluores-
cein tear breakup time measurements [110]. Xeroscope grid distortion (Fig. 7) is
greater in patients with aqueous tear deficiency than in those with meibomian
gland disease [7].

The Keeler Tearscope is designed to provide a 360° specular reflection
of white light off the tear film, permiting visualization of the tear film against
this white background [111]. It can measure noninvasive breakup time, and also
evaluate the tear lipid layer [112,113]. Attachments such as a xeroscope-like grid
insert, a Placido disc, and blue and yellow filters for fluorescein observation
provide additional functions [114].

Placido-based computerized videokeratoscopy instruments have also been
used to evaluate tear film stability [115]. In one study, 4 images/s of the reflected
ring were captured during 15 s after a complete blink. The tear film requires ap-
proximately 3–10 s (the tear film buildup time) to reach its most regular state
[115]. This technique allows quantitative measurement of tear film dynamics but
has not been used routinely for clinical diagnosis.

K. Clinical Assessment of Tear Film Stability

The original description of fluorescein tear breakup time found a wide variation
in normal subjects (3–132 s, average 30 s) [116]. Although there is no consensus
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Figure 7 Xeroscope images. (A) Normal patient showing uniform grid. (B) Patient with
lacrimal keratoconjunctivitis, showing distortions of the grid indicated by arrows.
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on a normal tear breakup time, a value less than 10 s is considered abnormal by
many [116–118], and was sufficiently specific to screen patients for tear film
instability [108].

Several factors influence tear breakup time. Lid holding and instillation of
a local anesthetic reduced breakup time, but no correlation of breakup time with
gender or age was found [117]. Other studies reported that women had shorter
breakup times [108], and that tear breakup times correlated inversely with be-
tween palpebral fissure width [118]. Fluorescein instilled on the ocular surface
shortened the noninvasive breakup time during the first 2 min after instillation
[119].

One study found that that fluorescein tear breakup time was reliable and
reproducible in normal subjects [116], but another noted variability in measure-
ments performed on the same eye on successive days and questioned the
reproducibility of the test [120]. Noninvasive breakup time measurement with a
Mengher-Tongue xeroscope in normal individuals showed excellent repeatability
in the same (normal) subjects on different days [110]. Noninvasive breakup time
of dry eye patients, for whom diagnostic criteria were not defined, averaged
12.0 s (range 1–20 s), whereas normal eyes averaged 41 s (range 4–214 s) [107].
Another study using the same technique found that 53% of normal patients had
noninvasive breakup time values greater than 30 s, whereas all patients with dry
eyes had noninvasive breakup times less than 20 s [121].

Rapid fluorescein tear breakup time has previously been observed in dif-
ferent types of dry eye, including keratoconjunctivitis sicca, mucin deficiency,
and meibomian gland disease [108,116,122,123]. In a controlled study, patients
with aqueous tear deficiency or with meibomian gland disease exhibited a sig-
nificantly faster fluorescein tear breakup time than normal subjects [7]. The tear
breakup pattern for tear lipid deficiency tends to be linear on the inferior and cen-
tral cornea compared with a more random circular breakup pattern over areas of
punctuate epitheliopathy for aqueous tear deficiency (Fig. 8).

During the noninvasive tear breakup test, distortions of the xeroscope grid
were apparent immediately after a blink for a significantly greater percentage of
subjects with aqueous tear deficiency, particularly that associated with Sjögren’s
syndrome, than for those with meibomian gland disease [7]. None of the eyes in
the meibomian gland disease group showed this type of grid abnormality. This
finding suggests that the xeroscope evaluates a different phenomenon than the
fluorescein tear breakup technique and may be useful for differentiating aqueous
tear deficiency from meibomian gland disease.

In summary, wide variability is evident in the tear breakup time of
normal subjects, but an arbitrary cutoff time of 10 s for both fluorescein-
added and noninvasive techniques, if consistently obtained, appears to provide
sufficient specificity to screen patients for evidence of tear film instability
[124].
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Figure 8 Patterns of tear breakup. (A, B). Tear breakup in meibomian gland disease.
(C, D). Tear breakup in aqueous tear deficiency with corneal epitheliopathy.

20106_CH13(269-308).ps  5/17/04  3:59 PM  Page 285

dramroo@yahoo.com



L. Noninvasive Evaluation of Tear Film Regularity

Computerized videokeratoscopy (CVK) provides a quantitative measure of tear film
regularity. This procedure uses computerized algorithms to evaluate Placido rings
reflected off the surface of the cornea. About 12 different indices can be quantitated
by the Klyce software package of the Tomey TMS videokeratoscope [125]. Among
them are the surface regularity index (SRI), which measures local fluctuations in
power in the central 10 rings, the surface asymmetry index (SAI), which measures
the difference in corneal powers at every ring 180° apart over the entire corneal
surface, the irregular astigmatism index (IAI), which reports an area-compensated
average summation of inter-ring power variations along every meridian for the en-
tire corneal surface, and the potential visual acuity index (PVA), which estimates
the best corrected acuity that can be obtained through the viewing surface (Fig. 9).

The surface regularity index increased with contact lens warpage [126] and
with increasing age [127]. The greatest increases were seen in patients with LKC
(Fig. 10) [13,128–130], where the surface regularity index correlates with conven-
tional dry eye tests such as corneal fluorescein dye staining [13,128]. Artificial
tears transiently decrease the surface regularity index [126,131] and improve visual
function [129,132]. Significantly increased videokeratoscopic indices indicating
irregular corneal topography likely explain the frequent visual complaints of dry
eye patients [132]. Consistent with this, the severity of blurred vision reported by
a cohort of 90 patients with dry eye correlated significantly with the surface regu-
larity and potential visual acuity index scores, but not with Snellen visual acuity
[133]. However, another study reported that the surface regularity index did corre-
late with Snellen visual acuity and subjective measures of visual function, such as
contrast sensitivity [134]. Experimental tear film removal [135] and a sustained
pause in blinking [136] also increased the surface regularity index score. It appears
that lubrication and hydration of regions of corneal desiccation can improve
topographical irregularities detected by computerized videokeratoscopy [137].

M. Evaluation of the Lipid Layer

Several instruments have been developed to evaluate the tear lipid layer by de-
tecting the fringe patterns generated by interference of white light reflected from,
or transmitted through, the upper and lower interfaces of a thin film (the tear
film). Interference colors depend on the thickness and refractive index of the
layer, and on the angle of incident light [138]. Gray indicates a thin lipid layer
(90–120 nm), brown indicates a thicker lipid layer (135–150 nm), and blue
indicates the thickest lipid layer (165–180 nm) [139–141].

The interference pattern created by the lipid surface of the tear film can also
be captured by confocal microscopy, then viewed on a video monitor and
recorded. Confocal images may be evaluated for five properties: debris, pattern
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Figure 9 Computerized videokeratoscopy of normal eyes showing regular Placido
rings. Values for topographic indices (SRI = surface regularity index, SAI = surface asym-
metry index, IAI = irregularity asymmetry index, PVA = potential visual acuity) are low.
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Figure 10 Computerized videokeratoscopy in two severe cases of keratoconjunctivitis
sicca, showing distortion of the Placido rings. Values for topographic indices (SRI =
surface regularity index, SAI = surface asymmetry index, IAI = irregularity asymmetry
index, PVA = potential visual acuity) are substantially greater than for normal eyes.
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variability, linearity, dry spots, and lipid thickness [142]. Lipid thickness has
been estimated by an arbitrary increase in dark area immediately before and after
manual meibomian gland expression. Patients with seborrheic meibomian gland
dysfunction had a thicker lipid layer, greater pattern variability, and more debris
than patients with obstructive meibomian gland dysfunction [142].

Lipid interference microscopy is performed using a white light source
refracted by a half-mirror and focused by a lens onto the tear surface. The specular
images are observed in a 2-mm-diameter zone of the central cornea, then video-
taped and scored using five different grades: grade 1, somewhat gray color, uniform
distribution; grade 2, gray color, nonuniform distribution; grade 3, few colors,
nonuniform distribution; grade 4, many colors, nonuniform distribution; grade
5, corneal surface partially exposed [143]. For normal eyes, lipid layer interference
is primarily grade 1 [138], whereas grades 3 and above are regarded as indicators
of dry eye [143]. The interference pattern correlated strongly with tear function
parameters such as the fluorescein staining score, tear breakup time, and the cotton
thread test [143]. A thick lipid layer (grade 4) was more frequently observed in pa-
tients with aqueous tear deficiency than in patients with meibomian gland disease
[144]. In a series of 114 eyes of diabetic patients, the tear lipid layer was less
uniform than the tear film of the nondiabetic group, and the lipid interference
grade indicated epitheliopathy [145]. Lipid interference patterns have been used to
measure of corneal surface smoothness after phototheraupetic keratectomy [146].

Specular microscopy has been used for tear film evaluation by removing
the cone lens from the tip of an S-III specular microscope (Konan Camera,
Hyogo, Japan) and photographing the noncontact reflection. The color photomi-
crographs are classified in four grades depending on the intensity of the interfer-
ence color of the lipid layer, from no interference color (grade 1) to high intensity
(grade 4). A second parameter, termed “oil droplet” (oil droplets appearing to
float over the tear film), was also evaluated. The dominant color in grades 2 and
3 was red and in grade 4 it was blue. In a study of 52 primary Sjögren’s syndrome
patients, the grade of interference color was closely related to the intensity of
ocular surface dye staining [147]. The oil droplet pattern appeared in eyes that
also showed intense corneal staining with fluorescein and rose bengal [147].

N. Diagnostic Dye Staining

The simplest and most practical method of assessing the severity of LKC uses di-
agnostic dyes, such as fluorescein, rose bengal, and lissamine green. Fluorescein
stains tissues by penetrating their intercellular spaces—an intact epithelium pre-
vents its permeation into the stroma [148]. Fluorescein staining is more easily ob-
served in the cornea than in the conjunctiva and is very well tolerated by patients.

Fluorescein strips should be wetted with a standardized volume of nonpre-
served saline and the corneal staining observed after 2 min through a yellow filter
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Figure 11 Distinctive corneal fluorescein staining patterns found for different forms of
LKC dysfunction. (A) Meibomian gland disease. (B) Neurotrophic keratopathy. (C)
Chronic limbal trauma (migratory pattern) in a contact lens wearer. (D) Aqueous tear
deficiency, showing keratitis sicca with lid pattern staining (arrows). (E) Aqueous tear
deficiency, showing a diffuse pattern. (F) Filamentary keratitis with multiple areas of fluo-
rescein diffusion (white arrow) and filaments (red arrow). (G) Superior limbic keratocon-
junctivis stained with rose bengal (arrow). (H) Lagophthalmos following blepharoplasty
producing inferior staining.
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(e.g., Wratten #11) [149,150]. Fluorescein-dextran is a higher-molecular-weight
molecule that can be used to examine the corneal epithelium without removal of
contact lenses [151]. Dysfunction of different components of the integrated
lacrimal unit results in distinctive patterns of corneal fluorescein staining (Fig. 11).

Sjögren described the use of rose bengal in KCS patients in 1933 [152].
Although it has been traditionally thought that rose bengal stains only devitalized
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epithelial cells (and lipid-contaminated mucous strands), it also stains healthy
epithelial cells that are not protected by a normal mucin layer (Fig. 12) [148].
Therefore, rose bengal has the unique property of evaluating the protective status
of the preocular tear film. Most clinicians recommend using small volumes
(5 µL) of 1% rose bengal solution, because the impregnated strips often do not
deliver sufficient dye [14]. Rose bengal dye is irritating, so it is better tolerated
when applied after instillation of a drop of anesthetic. Some investigators have
reported a clear staining pattern with a combination of 1% rose bengal and 1%
fluorescein in saline [153,154].

Lissamine green B and sulforhodamine B have been investigated as indi-
cators of ocular surface disease. Lissamine green B, available commercially only
impregnated in strips, detects dead or degenerated cells and causes less irritation
than rose bengal [155]. Sulforhodamine B has an orange fluorescence, which is
particularly useful because it can be readily visualized against the natural green
fluorescence of ocular tissue. Neither lissamine green B nor sulforhodamine B
stains healthy conjunctival epithelium [156]. Staining of cultured rabbit corneal

Figure 12 Lissamine green and rose bengal conjunctival staining showing different
degrees of severity and intensity. (A) Exposure zone with limbal sparing. (B) Exposure
zone with limbal staining. (C) Intense diffuse exposure zone staining. (D) Rose bengal
staining showing the classical exposure zone triangle staining pattern of keratitis sicca.
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epithelium by lissamine green, but not sulforhodamine B, was enhanced by
treatment of the cells with detergents [157]. Therefore, lissamine green staining
may indicate membrane abnormalities in ocular surface epithelial cells (Fig. 12).
The staining characteristics of ophthalmic dyes are summarized in Table 4.

Interpretation of ocular surface dye staining is based on two criteria, inten-
sity and location. Different grading schemes for ocular surface dye staining have
been proposed [27,158,159], but a universal grading scheme has yet to be
adopted. The van Bijsterveld grading scale evaluates the intensity of staining on
a scale of 0–3 in three areas on the exposed ocular surface, the nasal conjunctiva,
the temporal conjunctiva, and the cornea, with a maximum score of 9 [49].
Lemp’s grading scheme evaluates staining in five different zones on the cornea
(central, superior, temporal, inferior, and nasal) [27]. The nasal and temporal
conjunctiva are divided into three zones, with a triangle pointing toward the
canthus and the remaining rectangular area divided into superior and inferior
zones. The degree of staining in each zone ranges from 0 (none) to 3 (intense),
yielding a maximum score of 15 for the cornea and 18 for the conjunctiva. We
propose a slight modification of the NEI grading scheme for the cornea based
on the number of stained dots, the number of confluent areas of staining, and the
presence of filamentary keratitis (Table 5).

Rose bengal usually stains the conjunctiva more intensely than the cornea,
but in severe cases of dry eye, it can stain the entire cornea. The classic location
for rose bengal staining in aqueous tear deficiency is the interpalpebral conjunc-
tiva, which appears in the shape of two triangles (nasal and temporal) whose
bases are at the limbus (Fig. 12) [152]. Rose bengal staining intensity correlates
well with the degree of aqueous tear deficiency, tear film instability measured by
tear breakup time, and with reduced mucus production by conjunctival goblet
cells and nongoblet epithelial cells [159–163]. A study of 100 consecutive dry
eye patients found a rose bengal staining score > 3 in 89%, but not in any of the
healthy controls [164]. Rose bengal staining was more sensitive and more
specific for detecting dry eye than either reduced tear breakup time or a low
Schirmer score [164]. Subjects with Sjögren’s aqueous tear deficiency had sig-
nificantly greater rose bengal staining scores than subjects with non-Sjögren’s
aqueous tear deficiency, meibomian gland disease, or healthy controls [7]. The
non-Sjögren’s aqueous tear deficiency group also showed significantly greater
staining than the normal control group. Total ocular surface rose bengal staining
scores correlated strongly with xeroscope grid distortion and with loss of
the nasal-lacrimal reflex, but did not correlate with pathological signs of the
meibomian glands (orifice metaplasia, expressibility, and acinar atrophy) [7].

As with rose bengal, significantly greater fluorescein staining of the cornea
and the ocular surface was observed for eyes with Sjögren’s aqueous tear
deficiency than in normal eyes, or in eyes with non-Sjögren’s aqueous tear
deficiency or meibomian gland disease (Fig. 11) [7]. The total corneal fluorescein
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staining score correlated strongly with corneal surface regularity indices, sug-
gesting that the computerized videokeratoscope can be used as an objective
assessment of the severity of LKC [13].

O. Impression Cytology

Impression cytology is a practical and minimally invasive method performed
under local anesthesia to obtain superficial cells by application of a small
membrane against the conjunctival surface. It allows quantitation of goblet
cells and a qualitative assessment of epithelial morphology in various conjuncti-
val diseases. Asymmetrically cut cellulose acetate filters can be placed on
different areas of the conjunctiva (nasal, temporal, superior bulbar, inferior
palpebral). Gentle pressure is applied, after which the filter paper is removed with
a forceps [92].

In advanced keratoconjunctivitis sicca, the conjunctiva epithelium under-
goes squamous metaplasia, and the density of goblet cells decreases (Fig. 13). The
tear film becomes unstable secondary to an abnormal balance and reduced
concentration of mucin in the tear film. The extent and severity of squamous
metaplasia is examined and graded based on three major cytological features, the
loss of goblet cells, enlargement and increased cytoplasmic/nuclear ratio of
superficial epithelial cells, and increased keratinization [14,92,165]. Squamous
metaplasia can occur in a variety of other dry eye conditions, including vitamin A
deficiency (xerophthalmia), ocular cicatricial pemphigoid [89,165], and superior
limbic keratoconjunctivitis [166].
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Table 5 Baylor Corneal Fluorescein Staining Scheme

Staining procedure:
Instill 3 µL of 2% fluorescein without anesthesic
Wait 2 minutes
View staining through a yellow filter and grade

Grading: Count dots in 5 areas of cornea Score

No dots (no staining) 0
1–5 dots 1
6–15 dots 2
16–30 dots 3
≥ 30 dots 4
If there is:

1 area of confluence Add 1
2 or more areas of confluence Add 2
Filamentary keratitis Add 2
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Squamous metaplasia of the bulbar (but not tarsal) conjunctiva, mucous
aggregates adherent to the bulbar conjunctiva, and inflammatory cell infiltration
of the inferior tarsal were found in a significantly greater percentage of patients
with Sjögren’s syndrome than in those with other forms of dry eye [93].
Squamous metaplasia was graded significantly higher in patients with Sjögren’s
syndrome LKC than in those with non-Sjögren’s LKC [167].

The diagnostic specificity of impression cytology can be increased by
immunostaining cells on cytology membranes to detect inflammatory cells on
the ocular surface, as well as antigens expressed by conjunctival epithelial
cells (Fig. 14) [93,162,168]. Cells for flow cytometry can also be obtained by
impression cytology [169,170].

Impression cytology is a highly sensitive method to detect pathological
changes in the conjunctival surface and confirm a clinical diagnosis. However,

296 De Paiva and Pflugfelder

Figure 13 Temporal bulbar conjunctival impression cytology. (A) Goblet cells of a nor-
mal subject stained violet by periodic acid-Schiff (PAS) reagent (arrow). (B) Conjunctiva
of a normal subject stained with antibody against goblet cell mucin MUC5-AC (bright
spots indicated by the arrow). (C) Mild squamous metaplasia and absence of goblet
cells [compare with (A)] in a Sjögren’s syndrome patient. (D) Severe squamous metapla-
sia with intense keratinization of some cells (red-stained cells indicated by the arrow) in a
Stevens-Johnson syndrome patient.

20106_CH13(269-308).ps  5/17/04  4:00 PM  Page 296

dramroo@yahoo.com



its routine use in clinical practice has been limited by the lack of facilities for
staining and microscopic examination.

P. Fluorometric Evaluation of Corneal Epithelial Barrier Function

Corneal epithelial barrier function can be assessed objectively and quantitatively in
a noninvasive manner with a scanning computerized fluorophotometer system
(Fluorotron Master, OcuMetrics) [84]. Its optical head delivers a focused excitation
beam of blue light, and a photodetector measures the intensity of the emitted
fluorescent green light. It is capable of measuring fluorescence in different ocular
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Figure 14 Impression cytology showing HLA-DR expression in conjunctival epithe-
lium. (LC, Langerhans cells). (A) From a normal subject. (B) From a keratitis sicca pa-
tient, in whom Langerhans cells and epithelial cells stained positive.
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tissues and fluids from the cornea posteriorly to the retina. Fluorophotometric
analysis correlated with biomicroscopic grading of corneal epithelial fluorescein
staining [83,171,172], consistent with three- to fourfold greater fluorescein perme-
ability in dry eye patients than in normal subjects [83,173,174]. Benzalkonium
chloride, a preservative in many artificial tear formulations, increased permeability
to fluorescein in rabbits [175], whereas use of artificial tears without preservatives
significantly decreased fluorescein permeability [173].

Using a regression formula, tear volume and secretion can be determined
by fluorophotometric analysis after instillation of a small known amount of
fluorescein dye, either disodium fluorescein or carboxyfluorescein, eliminating
the need for a tear sample [84]. Mean tear secretion in 56 eyes of dry eye patients
determined by this method was 2.48 µL/min compared with 3.4 µL/min in con-
trol subjects; however, mean tear volume was not significantly different between
the two groups [84].

This instrument can also measure tear pH, using the pH sensitive dye
bis-carboxyethyl-carboxyfluorescein (BCECF). Using this method, the pH of
tears was found to be approximately 7.5, a value similar to that measured with a
micro-pH meter [176].

The computerized fluorophotometer has been used in clinical studies to
evaluate tear dynamics [177] and corneal permeability to fluorescein after excimer
laser photorefractive keratectomy [178], and also in diabetic patients [179].

III. APPROACH TO THE DRY EYE PATIENT

The approach recommended for diagnosis of LKC based on dysfunction of the
integrated lacrimal functional unit is presented in Fig. 15. Patients with ocular
irritation should first be evaluated for an unstable tear film. Further tests can be
conducted to assess performance of components of the lacrimal functional unit,
in order to arrive at a final, detailed diagnosis.

IV. SUMMARY

1. Dry eye patients report a variety of symptoms, many of which overlap
with symptoms of other ocular surface diseases, complicating diagnosis.

2. Exacerbation of ocular irritation by environmental stresses such as air
conditioner drafts and smoky or desiccating environments, or worsen-
ing of symptoms during prolonged reading or viewing of a computer
screen, are suggestive of dry eye disease.

3. The patient’s history of medication use and possible symptoms of au-
toimmune syndromes may point to causes of decreased tear secretion.

298 De Paiva and Pflugfelder
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4. Assessments of tear film stability and regularity, tear secretion, and
dye staining of the cornea and conjunctiva are among the most impor-
tant objective clinical measures of lacrimal keratoconjunctivitis.
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Therapy of dry eye, or lacrimal keratoconjunctivitis (LKC), requires a multi-
pronged approach aimed at eliminating exacerbating factors, supporting the
tear-producing glands, hydrating the ocular surface, restoring normal tear film os-
molarity, stabilizing the tear film, and inhibiting the production of inflammatory
mediators and proteases (Fig. 1). These therapies may be tailored to individual
patients based on the severity of their secretory dysfunction, ocular surface
disease, and inflammation.

I. ELIMINATING EXACERBATING FACTORS

Factors that may decrease tear production or increase tear evaporation, such as
the use of systemic anticholinergic medications (e.g., antihistamines and antide-
pressants) and desiccating environmental stresses (e.g., low humidity and air-
conditioning drafts) should be minimized or eliminated. Video display terminals
should be lowered below eye level to decrease the interpalpebral aperture, and
patients should be encouraged to take periodic breaks with eye closure when
reading or working on a computer. A humidified environment is recommended to
reduce tear evaporation. This is particularly beneficial in dry climates and high
altitudes. Tear evaporation can be reduced by placement of side panels and moist
inserts on eyeglasses [1]. Nocturnal lagophthalmos can be treated by wearing
swim goggles, taping the eyelid closed, or tarsorrhapy.
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II. SUPPORT OF THE FUNCTIONAL UNIT

Therapies that support the functional unit are aimed at normalizing tear secretion
by dysfunctional secretory glands and/or promoting normal growth and differen-
tiation of the ocular surface epithelia. As summarized in Chapter 6, androgen
hormones are well recognized for their ability to maintain lacrimal gland
secretory immune function and suppress the lacrimal gland inflammation that
may be triggered from ocular surface irritation or from an autoimmune reaction.
Systemically administered androgen hormones have been reported to stimulate
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Figure 1 Therapies for dry eye (LKC). Some therapies, such as artificial tears or punc-
tal occlusion, are directed against symptoms resulting from irritation or tear deficiency.
Others, such as cyclosporin or corticosteroids, treat the inflamation that underlies lacrimal
keratoconjunctivitis.
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lacrimal tear protein production in murine models of Sjögren’s syndrome [2]. The
presence of androgen receptors in tear-secreting glands on the ocular surface
(meibomian glands, corneal and conjunctival epithelia, and accessory lacrimal
glands) suggests that these hormones may support tear secretion when applied
topically [3,4]. Clinical trials of topically administered androgens for therapy of
LKC are currently in progress.

There is increasing recognition that lacrimal-secreted factors modulate
growth and differentiation of the ocular surface epithelia. Topical application
of biologically active constituents that are found in tear fluid can be considered
for treatment of patients with severe lacrimal dysfunction and LKC. Topically
applied vitamin A was reported to improve conjunctival squamous metaplasia
in patients with cicatricial conjunctival disease (e.g., Stevens-Johnson syn-
drome), mucin deficiency, and conjunctival graft versus host disease [5–7].
Vitamin A appears to be most useful for treating hyperkeratinization of the
lid margins.

Serum and plasma contain several growth factors that are present in tears,
including vitamin A, epidermal growth factor (EGF), nerve growth factor (NGF),
and TGF-β. Clinical trials of topically applied autologous serum or plasma drops
have produced conflicting results in improving the signs and symptoms of non-
Sjögren’s and Sjögren’s-related LKC. Fox and associates reported that, compared
to placebo, serum diluted 1:3 with normal saline resulted in a significant im-
provement in symptoms of ocular irritation and a decrease in ocular surface rose
bengal staining [8]. Tsubota and colleagues reported that serum drops decreased
ocular surface fluorescein and rose bengal staining and increased the expression
of MUC-1 mucin by the conjunctival epithelium [9]. In contrast, no difference
was observed between serum and control in irritation symptoms, ocular surface
dye staining, and conjunctival squamous metaplasia in another study [10].
Autologous plasma may offer advantages over serum because it contains clotting
factors such as fibrin and fibronectin that may promote epithelial attachment and
wound healing.

III. HYDRATING, STABILIZING, AND LUBRICATING THERAPIES

Patients with aqueous tear deficiency have a reduced tear volume, elevated tear
osmolarity, increased tear electrolytes, and decreased tear film stability. These
alterations can be treated with artificial tears, secretogogues, and punctal occlu-
sion. Topically applied artificial tears are a mainstay of therapy for aqueous
tear deficiency. Artificial tears are aqueous solutions that contain polymers that
determine their viscosity, shear properties, retention time, and adhesion to the
ocular surface (Table 1). Certain artificial tear polymers (e.g., hyaluronic acid)
have non-Newtonian properties that mimic human tears; they have high viscosity
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but thin with eyelid shear forces during blinking. Many tear preparations contain
electrolytes and buffers aimed at normalizing tear osmolarity and pH.
Nonblurring tear gels that contain polymers such as polyacrylic acid have longer
retention times than artificial tear solutions. The addition of a lipid component,
such as castor oil, may serve as an evaporative barrier and prevent intrusion of ir-
ritating skin lipid. Petrolatum-based ointments are usually reserved for nocturnal
use, because they blur vision and feel sticky.

Artificial tears have been reported to provide temporary improvement in
symptoms of eye irritation and blurred vision, visual contrast sensitivity, tear
breakup time, corneal surface regularity, and ocular surface dye staining. They
have not been found to reverse conjunctival sqaumous metaplasia [11–18].

Frequent instillation of artificial tears combined with reduced tear turnover
(in some cases exacerbated by punctal occlusion) makes patients with aqueous
tear deficiency particularly susceptible to ocular surface epithelial toxicity
from preservatives in artificial tears, particularly benzalkonium chloride [19,20].
The advent of preservative-free lubricants allows patients to use these prepa-
rations as frequently as necessary without experiencing ocular surface epithe-
lial toxicity [21]. Preservative-free artificial tears should be considered for
treatment of patients who instill them more than four times a day to relieve
their symptoms.
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Table 1 Artificial Tear Polymers

Polymer Properties

Cellulose esters (hypromellose,
hydroxyethylcellulose, methylcellulose,
carboxymethylcellulose)

Polyvinyl alcohol

Povidone (polyvinyl pyprolidone)

Carbomers (polyacrylic acid)

Hyaluronic acid, chondroitin sulfate

Viscoelastic polysaccharides increase the
viscosity of tears; large increase in
viscosity when concentration is
moderately increased

Low viscosity, optimal wetting
characteristics at 1.4%

Superior wetting when co-formulated
with polyvinyl alcohol

High-molecular-weight polymers of
acrylic acid; high viscosity when eye
is static, shear-thins during blinking
or eye movement, maximizes thickness
of tear film while minimizing drag;
longer retention time than polyvinyl
alcohol

Glycosaminoglycan dissacharide
biopolymers exhibiting non-Newtonian
properties and long retention times
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IV. SECRETOGOGUES

Secretogogues stimulate endogenous tear production by the lacrimal glands
and/or the ocular surface epithelia. Two different orally administered cholinergic
agonists, pilocarpine and cevilemine, are currently available in the United States.
Patients who were treated with pilocarpine at a dose of 5 mg QID experienced a
significantly greater overall improvement in “ocular problems,” in their ability to
focus their eyes during reading, and in symptoms of blurred vision, compared
with placebo-treated patients [22]. The most commonly reported side effect from
this medication was excessive sweating, occurring in over 40% of patients.
Two percent of the patients taking this medication withdrew from this study
because of drug-related side effects. Cevilemine is another oral cholinergic
agonist that has been found to improve ocular irritation symptoms and aqueous
tear production [23]. This agent may have fewer adverse systemic side effects
than oral pilocarpine.

Dinucleoside polyphosphate agonists of the P2Y2 receptors applied to
the ocular surface have been reported to stimulate tear secretion in rabbits [24].
One such P2Y2 receptor agonist, diuridine tetraphosphate (Up4U, INS365), was
reported to increase Schirmer test scores, to decrease corneal fluorescein staining,
and to improve the “worst” irritation symptom compared to the vehicle in FDA
Phase III clinical trials [25].

V. PUNCTAL OCCLUSION

Punctal occlusion should be considered for patients with aqueous tear deficiency
when medical means of aqueous enhancement are ineffective or impractical. It
is one of the most useful and practical therapies for conserving tears. Punctal
occlusion can be accomplished with “semipermanent” plugs, made of silicone
or themolabile polymers that are placed into the punctal orifice (Fig. 2), or by
permanent occlusion with a thermocautery, radiofrequency needle, or suture
[26–32]. Semipermanent plugs have the advantage of being reversible if the pa-
tient develops epiphora symptoms after punctal occlusion. In most cases, they
should be considered before permanent punctal occlusion. Punctal plugs have
been observed to decrease ocular irritation symptoms, to improve ocular surface
dye staining, and to decrease dependence on artificial tears [33].

Permanent punctal occlusion is most commonly performed with a dispos-
able thermocautery or with a radiofrequency needle [30]. This procedure can be
performed rapidly in the examination room after application of topical anesthesia
or infiltration of the lid with local anesthetic. Punctal occlusion can also be
performed with an argon laser [34], but the results of this technique are variable.
One advantage of the laser technique is that laser spots can surround the puncta,
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causing stenosis but not permanent closure. Therefore, the amount of stenosis can
be titrated based on the patient’s tear function.

Tarsorrhaphy can be used to conserve tears by decreasing the size of the in-
terpalpebral aperture and tear film evaporation. Tarsorrhaphy can be performed
on the lateral and/or medial aspects of the eyelids and can be done temporarily
or permanently. This procedure is often effective in treating corneal epithelial
defects that have been refractory to other treatment modalities. Type A botulinum
toxin injected into the levator palpebrae muscle induces a temporary (6–8-week)
complete ptosis of the upper eyelid that can serve as an alternative to tarsorrha-
phy. This therapy has been reported to be successful in healing corneal epithelial
defects [35,36].

VI. ANTI-INFLAMMATORY THERAPY OF DRY EYE

The traditional approach to treat dry eye has been to hydrate and lubricate the
ocular surface with artificial tears. Artificial tears do not directly inhibit the
ocular surface inflammation of lacrimal keratoconjunctivitis, although artificial
tears may secondarily decrease inflammation through their ability to lower
tear osmolarity and to dilute the concentrations of noxious and inflammatory fac-
tors in the tear fluid and flush them from the ocular surface. Anti-inflammatory
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Figure 2 Punctal occlusion with a “semipermanent” plug.
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therapies that target one or more of the components of the inflammatory response
to dry eye (Table 2) have been reported to be efficacious in treating the signs
and symptoms of dry eye. Anti-inflammatory therapies may be considered for
patients with a stagnant and unstable tear film who continue to have symptoms
or who have corneal disease on aqueous enhancement therapies. Each of these
therapies will be discussed below.

A. Cyclosporin A

Cyclosporine (Cyclosporin A, CsA) is a fungal-derived peptide that prevents
activation and nuclear translocation of cytoplasmic transcription factors that are
required for T-cell activation and inflammatory cytokine production [37].
Cyclosporine also inhibits an initiating event in mitochondrial-mediated path-
ways of apoptosis by blocking the opening of the mitochondrial permeability
transition pore [38]. Opening of the mitochondrial permeability transition pore is
triggered by cyclophilin binding to the mitochondrial membrane in the presence
of calcium [38,39]. Cyclosporine inhibits this process by competively binding
cyclophilin in the cytosol [38].

The potential of CsA for treating dry eye disease was initially recognized
in dogs that develop spontaneous KCS [40]. The therapeutic efficacy of CsA for
human LKC was then documented in several small, single-center, randomized,
double-masked clinical trials [41,42]. CsA emulsion for treatment of LKC has
been subsequently evaluated in several large, multicenter, randomized, double-
masked FDA clinical trials. A phase II clinical trial compared four concentrations
of CsA (0.05%, 0.1%, 0.2%, or 0.4%) administered twice daily to both eyes of
129 patients for 12 weeks with vehicle treatment of 33 patients [43]. In this study,
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Table 2 Mechanisms of Action of Anti-inflammatory Agents for Treatment of
Lacrimal Keratoconjunctivitis

Agent Reported efficacy Mechanism of action

MMP, matrix metalloproteinase; IL-1, interleukin-1.

Cyclosporin A

Corticosteroids

Tetracyclines

Autologous serum

Dry eye
Keratoconjunctivitis sicca
Keratoconjunctivitis sicca
Delayed tear clearance

Ocular rosacea
Keratoconjunctivitis sicca
Keratoconjunctivitis sicca

Inhibits epithelial apoptosis and
T-cell activation

Inhibits MMP, inflammatory
cytokine/chemokine, and
adhesion molecule production

Inhibits MMP and IL-1 production

Soluble protease and inflammatory
cytokine inhibitors
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CsA was found to significantly decrease conjunctival rose bengal staining, su-
perficial punctate keratitis and ocular irritation symptoms (sandy or gritty feeling,
dryness, and itching) in a subset of 90 patients with moderate to
severe LKC. There was no clear dose response; CsA 0.1% produced the most
consistent improvement in objective end points, while CsA 0.05% gave the most
consistent improvement in patient symptoms.

Two independent FDA Phase III clinical trials compared twice-daily
treatment with 0.05% or 0.1% CsA or vehicle in 877 patients with moderate
to severe dry eye disease [44]. When the results of the two Phase III trials were
combined for statistical analysis, patients treated with CsA, 0.05% or 0.1%,
showed significantly (p ≤ 0.05) greater improvement in two objective signs of dry
eye disease (corneal fluorescein staining and anesthetized Schirmer test values)
than those treated with vehicle. An increased Schirmer test score was observed
in 59% of patients treated with CsA, with 15% of patients having an increase of
10 mm or more. In contrast, only 4% of vehicle-treated patients had this magni-
tude of change in their Schirmer test scores (p < 0.0001). CsA 0.05% treatment
also produced significantly greater improvements (p < 0.05) in three subjective
measures of dry eye disease (blurred vision symptoms, need for concomitant ar-
tificial tears, and the global response to treatment). No dose–response effect was
noted. Both doses of CSA exhibited an excellent safety profile with no significant
systemic or ocular adverse events, except for transient burning symptoms after
instillation in 17% of patients. Burning was reported in 7% of patients receiving
the vehicle. No CsA was detected in the blood of patients treated with topical
CsA for 12 months.

The clinical improvement that was observed in these trials was accompa-
nied by decreased expression of immune activation markers (i.e., HLA-DR),
apoptosis markers (i.e., Fas), and the inflammatory cytokine IL-6 by the
conjunctival epithelial cells [45,46]. The numbers of CD3, CD4, and CD8-
positive T lymphocytes in the conjunctiva decreased in cyclosporine-treated
eyes, while vehicle-treated eyes showed an increased number of cells expressing
these markers (Fig. 3) [47]. Following treatment with 0.05% cyclosporine, there
was a significant decrease in the number of cells expressing the lymphocyte acti-
vation markers CD11a and HLA-DR, indicating less activation of lymphocytes
compared with vehicle-treated eyes.

Cyclosporine A ophthalmic emulsion (Restasis™, Allergan, Inc.) was ap-
proved by the FDA in December 2002 to increase tear production in patients
whose tear production is presumed to be suppressed due to ocular inflamma-
tion associated with LKC. This drug is indicated for BID administration. The
FDA recommended that this drug should not be used in patients with active
ocular infections.

CsA has also been reported to heal paracentral sterile corneal ulcers
associated with Sjögren’s syndrome [48].
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B. Corticosteroids

Corticosteroids are potent inhibitors of numerous inflammatory pathways.
Activated corticosteroid receptors in the cell nucleus bind to DNA and regulate
gene expression. They also interfere with transcriptional regulators (e.g., AP-1
and NF-κB) of pro-inflammatory genes [49,50]. Among their multiple biological
activities, corticosteroids inhibit inflammatory cytokine and chemokine produc-
tion, decrease the synthesis of matrix metalloproteinases and lipid mediators of
inflammation (e.g., prostaglandins), decrease expression of cell adhesion mole-
cules (e.g., ICAM-1), and stimulate lymphocyte apoptosis. [51–56]. Side-chain
substitutions on the corticosteroid ring structure alter their potency, free-radical
scavenging effects, and membrane-stabilizing properties [57].

Corticosteroids have been reported to improve both signs and symptoms
of dry eye in several clinical studies. In a retrospective clinical series, topical
administration of a 1% solution of nonpreserved methylprednisolone, given
3–4 times daily for 2 weeks to patients with Sjögren’s syndrome KCS, provided
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Figure 3 Changes in numbers of total (CD3 marked), helper (CD4 marked), and cyto-
toxic (CD8 marked) T lymphocytes in dry eye patients, as detected in conjunctival biopsies
by immunostaining after 6 months of treatment with cyclosporin emulsion or vehicle.
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moderate to complete relief of symptoms in all patients [58]. In addition, there
was a decrease in corneal fluorescein staining and complete resolution of
filamentary keratitis. This therapy was effective even for patients suffering with
severe LKC who had no improvement from maximum aqueous enhancement
therapies. A prospective, randomized clinical trial compared the severity of ocu-
lar irritation symptoms and corneal fluorescein staining in two groups of patients:
one treated with topical nonpreserved methylprednisolone for 2 weeks, followed
by punctal occlusion (Group 1), and one which received punctal occlusion alone
(Group 2) [59]. After 2 months, 80% of patients in Group 1 and 33% of patients
in Group 2 had complete relief of ocular irritation symptoms. No corneal fluo-
rescein staining was observed in 80% of eyes in Group 1 and in 60% of eyes in
Group 2 after 2 months. No steroid-related complications were observed in this
study. In a separate retrospective review of patients with delayed tear clearance,
83% of those who were treated with topical nonpreserved 1% methylpred-
nisolone reported an improvement in irritation symptoms, and ocular surface dye
staining was observed in 80% of treated patients [60]. This symptomatic response
was accompanied by improved tear fluorescein clearance.

C. Tetracyclines

Tetracyclines are compounds that have traditionally been used as antibiotics.
More recently, they have been observed to have numerous anti-inflammatory
properties. They inhibit the production and activity of inflammatory cytokines,
decrease nitric oxide production, and inhibit matrix metalloproteinase production
and activation [51,61–64]. With regard to the ocular surface, tetracyclines have
been observed to decrease production of IL-1 and matrix metalloproteinases by
human corneal epithelial cells [51,61]. The significant clinical improvement in
the severity of the inflammatory disease gingival periodontitis has been attributed
to these nonantimicrobial activities of tetracyclines [65,66].

Systemically administered tetracycline antibiotics have long been recog-
nized as effective therapies for ocular surface inflammatory diseases. The
semisynthetic tetracycline doxycycline has been reported to improve irritation
symptoms, increase tear film stability, and decrease the severity of ocular surface
disease in patients with ocular rosacea [67–69]. Doxycycline has also been re-
ported to be effective for treating recurrent corneal epithelial erosions and
phlyctenular keratoconjunctivitis [53,70,71].

D. Essential Fatty Acids

Significant improvement in ocular irritation symptoms, decreased ocular surface
lissamine green staining, and decreased conjunctival HLA-DR staining was
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observed in a prospective placebo-controlled clinical trial of the essential fatty
acids linoleic acid and gamma-linolenic acid administered orally twice daily [72].
This preparation is not currently marketed in the United States, but there are a
number of nutritional supplements that contain essential fatty acids (e.g., flaxseed
oil) on the market.

E. Autologous Serum

Serum and plasma contains a number of anti-inflammatory factors that have the
potential to inhibit mediators of the ocular surface inflammatory cascade of dry
eye. These include inhibitors of inflammatory cytokines (e.g., IL-1 receptor ago-
nist and soluble TNF-α receptors) and matrix metalloproteinases inhibitors (e.g.,
TIMPs) [73–75]. In several small clinical trials, autologous serum drops (diluted
1:3% with saline) have been reported to improve ocular irritation symptoms and
both conjunctival and corneal dye staining in Sjögren’s syndrome-associated
keratoconjunctivitis sicca [8–10,76].

VII. RECOMMENDATIONS FOR USE OF ANTI-INFLAMMATORY
THERAPY FOR LACRIMAL KERATOCONJUNCTIVITIS

Our current knowledge of the pathogenesis of lacrimal keratoconjunctivitis
suggests that anti-inflammatory therapy should be considered for patients who
experience more than occasional ocular irritation from tear film instability that is
not relieved by artificial tears and for all patients who develop corneal epithelial
disease from LKC. Anti-inflammatory therapies can be used alone or in combi-
nation, because they have different mechanisms of action. The excellent safety
profile and efficacy of CsA with twice-daily dosage makes it the obvious choice
for initial and prolonged therapy. Topical steroids and oral tetracyclines may be
added in patients who do not respond to CsA and those who show improvement
but continue to have symptoms and ocular surface disease. Because of their
potential to raise intraocular pressure, cause posterior subcapsular cataracts,
and increase the risk for infection, topical corticosteroids are best used in short
pulses (1–4 weeks). At that point they should be stopped, or the dose decreased
to once or twice daily using an agent that carries less risk for glaucoma and
cataract formation (e.g., loteprednol etabonate or fluorometholone). Patients on
corticosteroids should be closely monitored for steroid-related side effects. Oral
tetracyclines have excellent safety profiles and can be safely used for extended
periods. The gastrointestinal side effects of doxycyline can be diminished by
using lower doses (20 mg twice daily).
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VIII. SUMMARY

1. Because so many factors contribute to or exercerbate dry eye, therapy
requires a multipronged approach.

2. Systemic anticholinergic medications (antihistamines and antidepres-
sants) and dessicating environmental stresses should be minimized or
avoided where possible.

3. Artificial tears (preservative-free preferred) may provide temporary
improvement in symptoms of irritation and blurred vision, but do not
address the inflammation that is the underlying cause of dry eye.

4. Systemic cholinergic agonists act to increase tear production, but some
patients experience side effects.

5. Punctal occlusion is a useful and practical means of conserving tears,
especially for patients who respond poorly to other therapies.

6. Treatment of dry eye patients with ophthalmic cyclosporin A
(Restasis™) resulted in clinical improvement in several large clinical
trials, accompanied by decreased inflammatory cytokines and de-
creased markers of immune activation and apoptosis in conjunctival
epithelial cells. The efficacy and safety profile of CsA make it a good
initial choice for treatment, or for prolonged therapy.

7. Topical corticosteroids have effectively treated dry eye, but they
should be used in short pulses and patients should be monitored for
possible adverse effects.
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Surgical Therapy for Ocular
Surface Disorders
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Patients with dry eyes and ocular surface disorders often complain of ocular
irritation. Although treatment of underlying inflammation or supplementation
of tear components often improves symptoms of irritation, surgery may be
necessary in patients with severe symptoms, eyelid malpositions, secondary
deformities of the ocular surface, or intolerance to the medical therapy [1–3].
Seemingly minor eyelid or ocular surface abnormalities can result in significant
ocular irritation symptoms. Therefore, all patients undergoing an evaluation for
dry eyes or ocular surface disorders should be carefully examined for conditions
that may benefit from surgical attention.

Surgery for dry eyes and ocular surface disorders can be classified
under two main categories. Some procedures are designed to correct underlying
abnormalities such as eyelid malpositions. Other adjunctive therapies, such as
punctal occlusion or botulinum toxin injections, are effective in alleviating the
symptoms of irritation, especially in conjunction with medical therapy. In this
chapter, several surgical procedures commonly performed in patients with dry
eyes or ocular surface disorders will be reviewed.

I. PUNCTAL OCCLUSION

Occlusion of the lacrimal drainage system attempts to conserve naturally
produced tears and also prolong the contact time of artificial tears [4]. Punctal
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occlusion is a straightforward, easily reversible procedure associated with
minimal complications. The procedure has been shown to decrease elevated tear
osmolarity and rose bengal staining of the ocular surface, consistent with
increased tear volume from retention of aqueous tears [5]. Although some
patients may experience more irritation symptoms from accumulation of inflam-
matory cytokines, most patients with dry eyes or ocular surface disorders have
significant improvements of their symptoms after punctal occlusion [6].

Temporary occlusion can be achieved by placement of a foreign body into
the lacrimal drainage system. Collagen plugs can be placed into the canalicular
system, but the effects are short-lived, since the collagen dissolves after a few
days. Intracanalicular silicone plugs are associated with a high rate of complica-
tion [7]. Silicone punctal plugs are commonly used for temporary lacrimal
drainage occlusion [8]. Punctal plugs are available from several manufacturers,
often preloaded on an introducer. After administration of topical or local infiltra-
tive anesthesia, the punctum is dilated, and the introducer is used to insert the
silicone plug into the punctum until it is securely seated. A small portion of the
plug protrudes above the eyelid margin so that it may be removed in the future if
reversal of the occlusion is desired (Fig. 1). The main disadvantages of the plug

326 Yen

Figure 1 A silicone punctal plug in the right lower punctum protrudes slightly above
the eyelid margin. Although punctal plugs increase aqueous tear retention, the protruding
collar of the plug (arrow) can cause additional ocular irritation by rubbing against the
ocular surface.
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are that it can fall out prematurely, cause irritation and foreign body sensation by
rubbing against the ocular surface, migrate down the canalicular system and
result in infection, or cause an atopic inflammatory reaction in the eyelid of some
patients.

Patients with severe dry eyes or who have symptomatic improvement
with temporary punctal occlusion should be considered for permanent punctal
occlusion. This can be achieved with a variety of techniques, including the use of
thermal cautery, electrocautery, laser ablation, radiosurgery, or direct surgical
closure. While all can be effective, radiosurgery is preferred by many surgeons
because of its high precision and low failure rate [9]. The radiofrequency energy
applied to the puncta is associated with minimal collateral tissue damage to the
surrounding eyelid. The procedure is very well tolerated and can be performed in
the office with local infiltrative anesthesia. The radiofrequency electrode is
placed directly into the puncta, occluding it in a matter of seconds (Fig. 2).

“Permanent occlusion” describes occlusion of the punctum without the use
of foreign material; however, it is reversible with a minor punctoplasty. The ad-
vantage of permanent punctal occlusion is that there is no foreign body to cause
irritation or other complications associated with temporary punctal occlusion.
The disadvantage is that reversal requires a minor surgical punctoplasty.
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Figure 2 A needle-tip electrode attached to the radio frequency device is placed into the
puncta to permanently occlude the puncta.
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II. BOTULINUM TOXIN INJECTIONS

Botulinum toxin is a neurotoxin derived from Clostridium botulinum that induces
temporary muscular paralysis by inhibiting the release of acetylcholine into the
neuromuscular junction. Seven different serotypes (A through G) of botulinum
toxin have been identified, but only botulinum toxin types A and B have been
approved by the U.S. Food and Drug Administration (FDA) for therapeutic use
in the United States. Type A (Botox, Allergan, Inc.) is FDA-approved for the
treatment of blepharospasm, hemifacial spasm, strabismus, and cervical dystonia.
Type B (Myobloc, Élan Pharmaceuticals) is FDA-approved for the treatment
of cervical dystonia. The induced paralysis typically lasts for 3–6 months.
Cholinergic stimulation is crucial to tear production, and botulinum toxin
injections to the lacrimal gland can result in a significant decrease in aqueous
tear production [10]. However, in certain circumstances, botulinum toxin
injections can be a useful adjunct therapy for patients with ocular surface
disorders.

Some patients with lagophthalmos, eyelid retraction, exposure keratopathy,
or neurotrophic keratopathy may require improved ocular surface protection to
allow their ocular surface condition to improve. Traditional surgical therapy was
a lateral tarsorrhaphy (see following section) to reduce the amount of ocular
surface exposure. For patients who are unwilling or medically unable to undergo
a surgical procedure, botulinum toxin-induced ptosis may be considered [11].
A small dose of botulinum toxin (5–10 units of type A) administered into the
central portion of the upper eyelid can induce a nearly complete ptosis for
approximately 3 months. In conjunction with aggressive medical therapy with
artificial tears and lubricating ointments, botulinum toxin-induced ptosis is just as
effective as a lateral tarsorrhaphy in providing improved corneal and ocular
surface protection. The disadvantage of this procedure is occlusion of visual axis
by the ptotic eyelid, the obvious asymmetry caused by a unilateral ptosis, and the
need to repeat the injections when the effects of the toxin wear off.

Botulinum toxin injections can also be considered when patients become
trapped in a vicious cycle of blepharospasm associated with their ocular
surface disorder. Ocular irritation can often result in secondary blepharospasm,
presenting as frequent blinking or overt eyelid spasms. Persistent blepharospasm
then leads to additional ocular surface irritation, resulting in more forceful eyelid
spasms. Botulinum toxin injections to the orbicularis muscle of the upper and
lower eyelids can break this debilitating cycle. By relieving the blepharospasm,
additional ocular surface irritation is removed, and the underlying ocular surface
disorder can be more effectively treated with medical therapy [12].

Caution should be exercised when using botulinum toxin injections to the
eyelids because excessive weakening of the orbicularis oculi muscle can result in
lagophthalmos and worsening ocular surface exposure.
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III. TARSORRHAPHY

A tarsorrhaphy involves creating intermarginal adhesions between the lower
eyelid and upper eyelid to narrow the palpebral width and reduce the surface area
of ocular surface that is exposed [13]. For patients who require improved ocular
surface protection for an extended period of time or permanently, tarsorrhaphy
is the most effective procedure. It can be performed with local infiltrative
anesthesia either in the operating room or in the clinic. Typically, the lateral
portions of the eyelids are closed, since a significant reduction in ocular surface
exposure can be achieved laterally before the visual axis is occluded (Fig. 3).
However, if additional ocular surface protection is required, a medial tarsorrha-
phy can also be performed to further reduce the exposure while still allowing
vision when the patient is looking forward.

After determining the amount of tarsorrhaphy to be performed, the upper
and lower eyelids are infiltrated with local anesthetic. The eyelids are then split
into their anterior and posterior lamellae with a Bard-Parker #11 blade. The mu-
cocutaneous junction is removed from the posterior lamellae, and several inter-
rupted 4–0 polyglactin 910 sutures are placed in a lamellar fashion through the
tarsus to secure the posterior lamella of the upper and lower eyelids together. The
anterior lamellae are then secured together with several interrupted 6–0 chromic
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Figure 3 A significant reduction in the amount of ocular surface exposure can be
achieved with a lateral tarsorrhaphy.
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gut sutures. This technique for performing the tarsorrhaphy maintains the normal
architecture of the eyelid so that if reversal of the tarsorrhaphy is desired in the
future, normal eyelid appearance can be easily obtained.

IV. TRICHIASIS REPAIR

Trichiatic eyelashes are misdirected lashes that can irritate and abrade the ocular
surface. The most common cause for trichiasis is chronic inflammation of the
ocular surface and eyelid [14]. Although the exact mechanism leading to trichia-
sis is not known, it is believed that chronic inflammation results in subtle scarring
that alters the configuration of the hair shafts, leading to misdirection of the
eyelashes. Ocular surface inflammation can also cause posterior lamellar scarring
(contracture of the conjunctiva) and cicatricial entropion of the eyelid, resulting
in a large number of eyelashes rubbing against the cornea. A single trichiatic lash
not only can cause extreme discomfort for patients, but also can lead to signifi-
cant ocular complications including corneal ulceration and perforation. All
patients with ocular irritation or ocular surface disorders should be carefully
examined and treated for trichiatic lashes.

Simply epilating the trichiatic lashes can result in temporary relief of
ocular irritation. Although many patients are able to perform eyelash epilation on
their own, without the benefit of magnification, accidental abrasion of the ocular
surface is more likely. Furthermore, recurrence is almost universal after simple
eyelash epilation, since the lash follicle remains intact. With more permanent
treatments readily available, epilation is generally not considered a good
long-term treatment option. Permanent treatments are usually directed toward
either destroying or excising the eyelash follicle.

Traditionally, cryoepilation has been the most successful technique for the
treatment of aberrant eyelashes. After the area of the trichiatic lashes has been in-
filtrated with local anesthetic, a cryoprobe is used with nitrous oxide to freeze that
section of the eyelid. A double freeze–thaw technique, achieving temperatures of
–20°C during the freeze cycle, has been reported to yield a success rate of 84%
[15]. Dermal melanocytes are destroyed at –15°C, however, and a high incidence
of eyelid depigmentation can occur after cryoepilation. Cryotherapy also creates
a significant amount of eyelid inflammation, which can worsen inflammatory oc-
ular surface disorders such as ocular cicatricial pemphigoid. Postoperative eyelid
scarring can also occur with aggressive cryoepilation.

Radiosurgical ablation of the eyelash follicle is the preferred technique of
many surgeons treating trichiasis. Using the same device described for punctal
occlusion (Fig. 4), radiowaves with a frequency of 3.8 MHz are used to create a
localized area of cauterization with minimal collateral damage to adjacent tissues
[16]. After the area of the trichiatic lashes has been infiltrated with local anes-
thetic, an insulated wire is advanced down the eyelash shaft into the follicle
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(Fig. 5). The follicle is then cauterized using the minimal amount of energy
required to achieve whitening of the eyelid follicle. Each trichiatic lash should
be treated individually, and although tedious, this technique results in minimal
eyelid scarring and inflammation while still yielding a very high success rate.

Other techniques for treating trichiasis include electrolysis, argon laser
ablation, and direct excision of the eyelash follicles [17,18]. Electrolysis has a low
success rate and a high rate of complications, including eyelid scarring, destruc-
tion of adjacent eyelid structures, and pigmentary changes. Argon laser ablation
of eyelash follicles can be effective in thicker, deeply pigmented lashes. For fine
or lightly pigmented eyelashes, the laser is relatively ineffective, and overall
the success rate is less that that achieved with radiosurgery. Direct excision of
the eyelash follicle can be considered when there is a large area of trichiatic
eyelashes. However, if marginal or cicatricial entropion is present, correction of
the underlying eyelid malposition (see following section) is preferred.

V. EYELID MALPOSITIONS

Eyelid malpositions can result from aging changes to the eyelids and face,
from eyelid scarring due to primary ocular surface disorders or eyelid tumors,
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Figure 4 The same radiosurgical device can be used for punctal occlusion and treatment
of trichiasis. The needle-tip electrode is well suited for punctal occlusion (A), whereas the
insulated wire electrode can be used for treatment of trichiasis (B).
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or from congenital malformations of the eyelids. The most common eye-
lid malpositions encountered in patients with dry eyes or ocular surface
disorders are entropion, ectropion, and eyelid retraction. With entropion, a
large number of eyelashes rotated toward the ocular surface can lead to
persistent epithelial defects and corneal ulceration (Fig. 6). Ectropion
and eyelid retraction can result in lagophthalmos and exposure keratopathy
(Fig. 7).

A variety of techniques are available for correcting eyelid malpositions,
depending on the underlying cause. A cicatricial entropion caused by conjuncti-
val scarring and symblepharon formation should be addressed by releasing
the cicatrix and, if necessary, reconstructing the posterior lamella with amni-
otic membrane or a buccal mucous membrane graft [19]. Anterior lamellar
resection may also be required if posterior lamellar reconstruction does not
correct the entropion adequately. Caution is required when resecting the
anterior lamella, however, since this may induce or worsen eyelid retraction.
Senile entropion and ectropion are corrected by horizontal tightening of the
eyelid. Lower eyelid retractor reinsertion and medial spindle conjunctivoplasty
are adjunctive procedures that can also help correct entropic or ectropic eyelids,
respectively [20,21].

An effective technique for horizontal eyelid tightening is the lateral tarsal
strip procedure [22]. This versatile procedure can be used to help correct
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Figure 5 The insulated wire electrode is advanced down the eyelash shaft, where
precise delivery of energy destroys the eyelash follicle.
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Figure 6 A corneal ulcer has developed in this patient with entropion of the right lower
eyelid. The eyelashes along the entire eyelid margin are rotated toward the globe and
abrading the ocular surface.

Figure 7 A severe thermal burn to the face has resulted in cicatricial ectropion of the
eyelids.
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entropion, ectropion, and eyelid retraction. After infiltrating the tissues of the
lateral canthus with local anesthetic (2% lidocaine with 1:100,000 epinephrine),
a small lateral canthotomy incision is created with scissors. The tarsal strip is
fashioned from the lateral eyelid by separating the anterior and posterior lamella,
and removing the mucocutaneous junction from the posterior lamella. The palpe-
bral conjunctiva is scraped with a blade to reduce the risk of epithelial inclusion
cyst formation. Two interrupted 4–0 polyglactin 910 sutures are used to fixate the
tarsal strip to the periosteum of the lateral orbital rim. The canthotomy incision is
then closed with several 6–0 plain gut sutures.

Eyelid retraction can be a challenging condition to evaluate and manage
because its development occurs slowly over a long period of time. Both upper
and lower eyelid retraction can worsen dry eye and ocular irritation symptoms
by increasing the interpalpebral distance and causing excessive exposure of
the ocular surface. Eyelid retraction can occur in association with conditions
such as eyelid scarring, thyroid-related ophthalmopathy, mycosis fungoides,
or eyelid skin cancers [23]. Horizontal eyelid tightening with the lateral
tarsal strip procedure along with retractor disinsertion (levator recession on
the upper eyelid) can reduce the amount of retraction, but more aggressive
surgery is often required to fully correct the eyelid retraction [24]. Traditionally,
spacer grafts (hard palate, acellular dermis, tarsal graft, donor sclera, or
alloplastic implants) and full-thickness skin grafts have been used when horizon-
tal eyelid tightening alone has been inadequate to correct the retracted
eyelid [25–31].

For lower eyelids, improved understanding of the anatomic relationship
between the midface and the eyelid has led to the use of midface elevation
to help correct lower eyelid retraction (Fig. 8). The midface lift has been re-
ported to be a useful procedure to eliminate the inferior tractional forces ex-
acerbating lower eyelid retraction [32]. Through a transconjunctival incision
in the inferior fornix of the lower eyelid, the suborbicularis oculi fat pad
and the malar fat pad are undermined and elevated off of the maxilla with a
flat elevator (Fig. 9). Sharp dissection is minimized to reduce the risk of sever-
ing the zygomatico-facial and infraorbital neurovascular structures. Several 4–0
polyglactin 910 sutures on a small semicircle needle are passed through the
malar fat pad, engaging the superficial musculoaponeurotic system (SMAS),
and elevated supero-temporally. If the sutures are placed too superficially,
unacceptable dimpling of the cheeks will result, or if they do not engage the
SMAS, inadequate midface elevation will result. The sutures are secured to
the periosteum along or inside the orbital rim. The midface lift performed in
conjunction with the lateral tarsal strip procedure is capable of correcting lower
eyelid retraction for the majority of patients without the need for eyelid
spacer grafts or skin grafts.
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VI. OCULAR SURFACE AND FORNIX RECONSTRUCTION

For patients with ocular surface disorders such as Stevens-Johnson syndrome,
ocular cicatricial pemphigoid, and chemical or thermal burns to the ocular
surface, the most difficult management issue is not with the acute injury or
disease process, but with the long-term effects of subconjunctival fibrosis and
ocular surface stem cell loss [3]. Even after multiple attempts at surgical recon-
struction, long-term success for the treatment of cicatricial keratoconjunctivitis is
difficult to achieve. Over the past several years, ocular surface reconstruction has
evolved considerably with the use of amniotic membrane grafting [33–39].
This area of research is advancing rapidly, and it is likely that successful
reconstruction of the ocular surface can be achieved in the near future.

Human amniotic membrane is the innermost layer of the placenta, consist-
ing of an acellular basement membrane and an avascular stromal matrix [40].
When grafted to the ocular surface, it provides a matrix that facilitates epithelial-
ization of damaged mucosal surfaces. It has been used to successfully reconstruct
corneal and conjunctival surfaces damaged from a broad range of ocular surface
disorders. Several studies have shown that the amniotic membrane not only
facilitates epithelialization, but also inhibits inflammation, vascularization, and
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Figure 8 Midface descent can contribute and exacerbate lower eyelid malpositions. In
this patient with severe midfacial descent, lower eyelid ectropion, retraction, and lagoph-
thalmos results in severe ocular surface irritation.
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scarring [33–37]. Human amniotic membrane is now available in a dehydrated
form (AmbioDry, OKTO Ophtho, Costa Mesa, CA), which facilitates storage and
handling of the graft (Fig. 10).

When using the amniotic membrane for ocular surface reconstruction,
proper orientation of the graft is felt to be important by many surgeons. For most
applications, the stromal side of the membrane is placed facing down, in contact
with the host surgical site. The basement membrane side of the graft should face
up, away from the host surgical site. This orientation allows new epithelial cells
to grow onto the basement membrane side of the amniotic membrane graft. After
achieving the proper orientation, the graft is cut with sharp scissors to the desired
size and shape. The graft is then rehydrated with sterile saline solution and
secured to the ocular surface with sutures.

The presence of limbal and conjunctival stem cells is vital to the success
of ocular surface reconstruction [3]. For example, when severe loss of the limbal
stem cells occurs, corneal vascularization and persistent epithelial defects are
frequent complications even when an amniotic membrane graft is used. Early
results using amniotic membrane with limbal stem cell transplantation have been
encouraging, but long-lasting reconstruction has been achieved in less than 50%
of patients [41]. In the future, in-vitro cultivation of corneal epithelium from
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Figure 9 During a midface lift, the suborbicularis oculi fat pad and the malar fat pad are
undermined and elevated off of the maxilla so that the midface can be advanced superiorly
to support the lower eyelid.
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autografts and allografts onto an amniotic membrane may prove to be more
successful, as the corneal epithelium will already be expanded on the graft at the
time of transplantation. Preliminary reports of these studies have been very
encouraging [3].

In cases where there is scarring and destruction of the conjunctival fornices
with symblepharon or ankyloblepharon formation, reconstruction with the
amniotic membrane often fails (Fig. 11). This is probably due to the loss of
conjunctival progenitor cells and the fact that conjunctival epithelial proliferation
is relatively slow. While in-vitro cultivation of conjunctival epithelium onto an
amniotic membrane may prove to be more successful in the future, the current
“gold standard” for reconstruction of the conjunctival fornix is to use a mucous
membrane graft [42]. Its success is due mainly to the fact that it already has its
own epithelium and does not require the presence of conjunctival stem cells
to expand the epithelium onto the graft [43]. The buccal mucous membrane from
inside the mouth is a good donor site, since a large graft can be obtained and
accessory salivary glands in the graft can provide supplemental ocular surface
lubrication.

After all the scarring in the fornix has been released, local anesthetic with
epinephrine is infiltrated into the cheek from inside the mouth. The mucosa is
then incised with a Bard-Parker #11 blade and the graft is excised as thinly as
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Figure 10 Dehydrated amniotic membrane can be used for ocular surface reconstruc-
tion of the cornea and conjunctiva.
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possible with scissors. When harvesting the graft, it is important to identify and
avoid Stensen’s duct from the parotid gland (Fig. 12). The donor site is then
closed with a running 4–0 chromic gut suture. Removing the submucosal tissues
with scissors further thins the mucous membrane graft. The graft is then placed
into the eyelid and secured to the surrounding ocular surface with absorbable
sutures. A vaulted acrylic conformer is placed behind the eyelids to ensure
that the mucous membrane graft is well apposed to and not displaced from the
underlying donor site.

VII. SUMMARY

1. Decreased ocular surface lubrication, eyelash and eyelid malpositions,
stem cell dysfunction, and cicatricial changes can all contribute to the
destruction of the ocular surface.

2. Conservation of natural tears by punctal occlusion can be accom-
plished temporarily by placement of punctal plugs, or permanently by
radiosurgery.
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Figure 11 After a severe chemical injury, corneal vascularization, obliteration of the
upper and lower fornices, symblepharon, and ankyloblepharon have developed. This pa-
tient had undergone unsuccessful attempts at ocular surface reconstruction with amniotic
membrane alone.
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3. Tarsorrhaphy can narrow the palpebral width and reduce the amount of
ocular surface exposed. Botulinum toxin provides a nonsurgical alter-
native to lateral tarsorrhaphy. It can also treat blepharospasm.

4. Repair of trichiatic eyelashes by cryoepilation is effective, but some in-
flammation and scarring may result. These side effects are avoided in
radiosurgical ablation of the eyelash follicles.

5. A variety of surgical techniques exist to correct eyelid malpositions,
depending on the underlying cause.

6. Ocular surface reconstruction has evolved considerably in recent years
with the use of amniotic membrane grafting.
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Therapy of Ocular Cicatricial
Pemphigoid
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Paris, France

Ocular cicatricial pemphigoid (OCP), an autoimmune disease which can also
involve the skin and other mucosae, is one of the most severe sight-threatening
diseases of the ocular surface. Complications of OCP are chiefly due to dry eye
syndrome. Its differential diagnosis can be difficult in the absence of immuno-
logical and immunopathological studies. Because erroneous diagnosis of OCP
can result in inappropriate therapy and treatment failure, with a risk of potentially
severe adverse effects, diagnosis is addressed in depth in this chapter. OCP is
due to systemic immune dysregulation, therefore tear substitutes and local
anti-inflammatory treatment cannot halt disease progression. Optimal treatment
requires an excellent knowledge of immunosuppressive therapy, and collabora-
tion with specialists in internal medicine, hematology, and, in case of extraocular
lesions, specialists in dermatology, ear, nose, and throat, and stomatology [1,2].

I. OCP IS SIGHT-THREATENING DUE TO OCULAR DRYNESS

Ocular cicatricial pemphigoid is characterized by progressive subepithelial
fibrosis leading to fornix foreshortening, symblepharon formation, and eyelid
margin deformations associated with ectopic eyelash growth. Obstruction of the
lacrimal and meibomian duct orifices, and destruction of goblet cells by the
fibrotic process, result in both defective production and excessive evaporation of
tears. The consequence is severe dry eye syndrome [2,3]. This, together
with toxic inflammatory mediators in tears and lid abnormalities, contributes
to development of recurrent and persistent corneal ulcerations, scars, and
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Figure 1 Ocular surface conditions associated with ocular cicatricial pemphigoid.
(A) Inflammation. (B) Conjunctival fibrosis. (C) Conjunctival fibrosis.
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neovascularization (Fig. 1). Because intraocular pressure measurement and
fundus examination can be hindered by keratopathy, glaucoma is often
underdiagnosed in these patients [4]. The end stage of the disease involves
ankyloblepharon, corneal xerosis, and blindness.

II. DIAGNOSIS OF OCP

According to recent consensus nomenclature, OCP belongs to the newly defined
heterogeneous group named mucous membrane pemphigoid, which includes pre-
sumed autoimmune, chronic inflammatory, subepithelial blistering diseases that
predominantly affect mucous membranes and are characterized immunopatho-
logically by linear deposition of immunoglobulins and complement fragments in
the epithelial basement membrane zone [5]. Mucous membrane pemphigoid can
be associated with skin involvement, although the latter should not predominate.
Unlike mucous membrane pemphigoid, which involves extraocular mucosae,
vesicles are very rare in OCP, whereas scarring is a consistent feature.

Diagnosis is fairly easy when OCP is associated with lesions of other sites
(mouth, nasopharynx, anogenital region, skin, larynx, and esophagus, in decreas-
ing order of frequency). Often, immunopathological proof of mucous membrane
pemphigoid has already been obtained by biopsy of these sites, and conjunctival
biopsy is therefore unnecessary. However, some forms of mucous membrane
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pemphigoid can share not only clinical but also immunopathological features
of OCP. Fortunately, most of them require the same therapy as OCP [6].
When the disease is restricted to the conjunctiva, the most clinically challenging
non-autoimmune differential diagnoses are ocular rosacea, atopic keratoconjunc-
tivitis, and iatrogenic conjunctivitis (drug-induced pseudopemphigoid) [7].
Table 1 lists the main differential diagnoses of OCP. Treatment failure of
suspected OCP should challenge the diagnosis.

Definite diagnosis of OCP relies on the demonstration of linear immune
deposition along the basement membrane zone of the conjunctiva, other mucosae,
or skin. A direct causal relationship between these deposits and progressive
subepithelial scarring is possible but not proven. Many basement membrane zone
components have been recognized as mucous membrane pemphigoid candidate
epitopes [5]. In OCP, the β4 component of integrin α6β4 was identified as a
conjunctival target autoantigen [8–10]. The diagnosis of OCP can still be
difficult, however, especially when the eye is the only site of involvement.
Indeed, autoantibodies directed against the basement membrane zone are
very rarely detected [3], conjunctival biopsy specimens are more difficult to
obtain and process than those harvested from the oral mucosa or skin, and
immunopathological techniques used to detect basement membrane zone
deposits are not perfectly sensitive, even in typical cases. When biopsy is
noncontributory, the decision to treat the disease as OCP is thus based on the
clinical impression alone.

346 Hoang-Xuan

Table 1 Differential Diagnoses of OCP

Nonautoimmune fibrosing conjunctivitis
Bacterial conjunctivitis: Chlamydia trachomatis, Corynebacterium diphtheriae,

Streptococcus
Viral conjunctivitis: adenoviral keratoconjunctivitis
Systemic diseases: sarcoidosis, progressive systemic sclerosis, Sjögren’s syndrome
Bullous mucocutaneous diseases: Stevens-Johnson syndrome, toxic epidermal

necrolysis
Miscellaneous: ocular rosacea, atopic keratoconjunctivitis, iatrogenic conjunctivitis,

conjunctival trauma, chemical burns, irradiation, porphyria cutanea tarda,
erythroderma ichthyosiform congenita, self-induced cicatricial conjunctivitis

Autoimmune mucocutaneous diseases
Paraneoplastic pemphigus
Epidermolysis bullosa acquisita
Bullous pemphigoid
Linear IgA disease
Dermatitis herpetiformis
Lichen planus pemphigoides
(Paraneoplastic) lichen planus
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The polymorphism of the disease, and poor access to reference immunopathol-
ogy laboratories for some ophthalmologists, may explain why OCP is often diag-
nosed late, when conjunctival fibrosis is already at an advanced stage (stage III) [11].

III. OCP: A THERAPEUTIC CHALLENGE

Treatment challenges in OCP include not only the choice of drug(s), but also
the timing of treatment initiation, its duration, and the route of administration.
Well-designed randomized controlled studies are scarce, because OCP is a rare,
chronic, and sometimes asymmetric disease with numerous clinical variants.
Published trials have involved a variety of drugs, used as monotherapy, in com-
bination, or sequentially [5].

The choice and monitoring of potentially toxic systemic drugs to control
inflammation is also a challenge, especially in elderly patients. Moreover, follow-
up must be long enough to draw definite conclusions, because OCP is a chronic
disease and prolonged spontaneous remissions have been reported [3,12]. In the
case of presumed (non-biopsy-proven) OCP inexorably progressing to blindness,
the practitioner is faced with the decision to use potentially life-threatening
immunosuppressive drugs; this underlines the need for exhaustive clinical and
laboratory investigations in order to rule out all differential diagnoses.

As in other ocular inflammatory diseases, the activity and progressive nature
of OCP must first be established, in order to select the most effective and least toxic
drugs. Disease progression should be assessed using one of the three recommended
grading systems (Table 2; Figs. 2A–2C). In our opinion, Foster’s modified grading
system [13] is the most precise tool to assess progression of fibrosis
(Fig. 3). However, the other two grading systems are simpler and therefore more
appropriate for multicenter trials involving several observers [2,3].

IV. SYSTEMIC CORTICOSTEROIDS AND LOCAL THERAPIES:
LESSONS FROM EARLIER STUDIES

It has been unanimously accepted since the publication of Franke [14] in the early
1900s that untreated OCP almost inexorably leads to severe corneal morbidity and
often to bilateral blindness. In the mid 1970s [15–20], the demonstration of circu-
lating antibodies and immune deposits in the epithelial basement membrane zone
proved that OCP was a systemic autoimmune disease. It is then not surprising that
the efficacy of topically or subconjunctivally administered drugs such as steroids,
cyclosporin, and retinoids has not been proven in well-designed studies [3,11]. One
trial supported the use of subconjunctival mitomycin [21], but the results were 
not confirmed in other studies [22]. Dermatologists were the first to treat mucous
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membrane pemphigoid with systemic corticosteroids, but it rapidly emerged that the
chronic high doses required to control OCP (the equivalent of 40 mg prednisone)
had unacceptable side effects [19,23,24]. In Hardy’s series of 33 patients treated
with systemic steroids, three patients had to discontinue therapy because of life-
threatening adverse effects, and one patient died from pneumonia [23]. Miserocchi
et al. confirmed the high incidence of adverse effects with systemic steroids, despite
preventive measures including the use of steroid-sparing drugs: in their retrospec-
tive series, 25% of patients treated with high-dose systemic corticosteroids lost their
sight [11].

V. INDICATIONS OF SYSTEMIC CORTICOSTEROID THERAPY

The use of systemic corticosteroids to treat OCP is essentially restricted to initial
control of severe inflammation. Other immunosuppressive drugs take 4–8 weeks
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Table 2 Grading Systems of Conjunctival Scarring

Foster’s grading system [1]
I Subconjunctival scarring and fibrosis
II Fornix foreshortening of any degree
III Presence of symblepharon, any degree
IV Ankyloblepharon, frozen globe

Mondino’s grading system [2]
I 0–25% loss of inferior fornix depth
II 25–50% loss of inferior fornix depth
III 50–75% loss of inferior fornix depth
IV 75–100% loss of inferior fornix depth

Tauber’s grading system [13]
I Subconjunctival fibrosis
II (Lower) Fornix foreshortening

A: 0–25%
B: 25–50%
C: 50–75%
D: 75–100%

III Symblephara (% length of lower lid affected)
A: 0–25%
B: 25–50%
C: 50–75%
D: 75–100%

The number of symblephara observed at the lower fornix (by pulling the lower lid
downward, with the eye looking upward) is added in Arabic numerals.
IV Ankyloblepharon
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Figure 2 The three stages of conjunctival fibrosis. (A) Stage I. Whitish subconjunctival
striae. (B) Stage 2. Fornix foreshortening. (C) Stage 3. Symblephara. (Reprinted with 
permission from Hoang-Xuan T: Inflammatory Diseases of the Conjunctiva. New York:
Thieme, 2001, p. 74.)
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to act, whereas systemic steroids act immediately and are undoubtedly the most
effective option [25]. Intravenous methylprednisolone pulse therapy is unneces-
sary, even for acute inflammatory exacerbations. Prednisone is the most widely
used oral steroid, at an initial daily dosage of 1 mg/kg. The dose is then tapered,
either to withdrawal or to a daily long-term maintenance dose which should not
exceed 10 mg. Indeed, severe complications can occur even with this low dose of
prednisone, especially in elderly patients [26]. Ocular inflammation often relapses
during steroid tapering [27], and steroid-sparing strategies are therefore useful. At
all events, high-dose oral corticosteroids should not be used for more than 1
month, because of their potentially severe adverse effects. Ophthalmologists are
sometimes faced with new patients who are already on chronic moderate- to high-
dose oral prednisone. In such cases the steroid dose should be tapered over a
period of weeks to months, depending on the therapeutic response and the
duration of hypothalamic–pituitary–adrenal axis steroid-induced impairment [28].

The list of steroid-related adverse effects is impressive, including cushin-
goid facial changes, weight gain, elevated blood pressure, fluid retention,
diabetes mellitus (sometimes insulin-dependent), hyperlipidemia, atherosclero-
sis, osteoporosis, aseptic necrosis of the femoral head, myopathy, infections
pancreatitis, mood changes, psychosis, easy bruising, impaired wound healing,
cataract, glaucoma, and delayed pubertal growth. Monitoring should include
blood pressure and blood glucose measurements every 3 months, and blood lipid
assay and bone mineral density measurement annually. Daily intake of 1500 mg
of calcium and 800 IU of vitamin D are recommended for patients on chronic oral
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corticosteroid therapy who have osteoporosis, possibly combined with sex-
hormone replacement therapy, weight-bearing exercises, and antiresorptive
agents [29,30]. The risk of gastrointestinal ulceration is increased when oral
nonsteroidal anti-inflammatory agents are prescribed concomitantly with oral
steroids. Unfortunately, despite the use of diverse combinations of steroid-spar-
ing agents in order to increase therapeutic effectiveness and limit the side effects
of each individual drug, oral steroids sometimes cannot be stopped, and yet the
disease still progresses [11].

VI. ALTERNATIVES TO STEROIDS AND STEROID-SPARING
AGENTS

The adverse effects of long-term systemic steroids are especially troublesome
in OCP, as most patients are elderly. Steroid-sparing immunosuppressive agents
induce more readily preventable and reversible complications than systemic
corticosteroids if they are properly prescribed and monitored [31]. However,
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Figure 3 Example of a scoring system for fibrosis [13]. Stage IIC-IIIB2 (right eye) =
lower fornix foreshortening (50–75%) associated with two symblephara occupying
25–50% of the length of the lower lid. The redness score is 2 in the temporal and lower
quadrants. (Reprinted with permission from Hoang-Xuan T: Inflammatory Diseases of the
Conjunctiva. New York: Thieme, 2001, p. 75.)
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immunosuppressive therapy requires the ophthalmologist to collaborate closely
with an internist, oncologist, or experienced general practitioner. Many anti-
inflammatory drugs have been used, alone or in combination, for the treatment
of OCP. A panel of experts recently reviewed the peer-reviewed literature on
immunosuppressive therapy for ocular inflammatory diseases [28]. Only one
well-designed randomized, double-blind, controlled study was retained, leading
the experts to recommend the use of the cyclophophamide prednisone combina-
tion rather than prednisone alone for the treatment of severe OCP [3]. This
paucity of data means that treatment of OCP will essentially be based on personal
experience, nonrandomized and uncontrolled clinical trials, cohort-controlled
analytic reports, and case reports.

VII. SYSTEMIC DRUGS FOR TREATMENT OF OCP

Available systemic drugs for the treatment of OCP include, in addition to
steroids, cytotoxic immunosuppressants and other agents with anti-inflammatory
activity. A list of available drugs, their doses, and their monitoring is given in
Table 3.

A. Dapsone

Dapsone (diaminodiphenylsulfone) is the most widely used oral medication for
OCP which does not belong to the cytotoxic immunosuppressant drug category.
The anti-inflammatory effects of this sulfone derivative, which is used primarily
to treat leprosy, were first demonstrated in bullous pemphigoid, dermatitis her-
petiformis, and relapsing polychondritis. Its mechanism of action seems to in-
volve inhibition of polymorphonuclear cell lysosomal activity [32,33].

Although dapsone is a first-choice therapy for nonsevere OCP and for OCP
in old and fragile patients [34], it is in no way risk-free. Its long-term use almost
always induces dose-dependent hemolytic anemia associated with methemoglo-
binemia, even in glucose-6-phosphate dehydrogenase-nondeficient patients
[3,35–37]. Dapsone-induced neutropenia with bone marrow suppression has been
reported in two patients with ocular cicatricial pemphigoid [38]. Gastrointestinal
disorders were noted in 12% of patients in one study [34]. Neurological, allergic,
renal, and hepatic complications are rare. In a retrospective analysis of 51
OCP patients who received dapsone, 43 (84%) experienced adverse effects;
this was the highest complication rate associated with the different drugs used in
this study [11].
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B. Sulfasalazine

Sulfasalazine, an oral precursor of sulfapyridine, is used mainly to treat rheuma-
toid arthritis and ulcerative colitis, but also can control the inflammation in OCP
[39,40]. Its mechanism of action is not clear, but may involve inhibition of
lymphocyte functions and the peroxidase system [41,42].

The main adverse effects of sulfasalazine are gastrointestinal disorders,
headache, and dizziness [40]. Hematological disorders including hemolytic
anemia, agranulocytosis, neutropenia, leucopenia, pancytopenia, and thrombocy-
topenia are rare. Like other sulfonamides, sulfasalazine should be avoided in case
of previous allergy to this drug class or to salicylates.

C. Methotrexate

Methotrexate, a folic acid analog and dihydrofolate reductase inhibitor, is an an-
timetabolite which produces its anti-inflammatory effects by inhibiting leukocyte
functions [43]. Folate (1 mg/day) must be prescribed concomitantly to prevent
nausea. Methotrexate has low toxicity, but carries a risk of hepatotoxicity,
cytopenia, and interstitial pneumonia. The most frequent adverse effects are
gastrointestinal disturbances, nausea, appetite loss, and stomatitis. Methotrexate
is contraindicated during pregnancy because of its teratogenecity.

D. Azathioprine

Azathioprine is an antimetabolite which interferes with DNA replication and
RNA transcription. It decreases the activity of both T and B lymphocytes [44].
Reversible bone marrow suppression is the most serious side effect of azathio-
prine. The serum level of thiopurine methyltransferase activity is a good predic-
tor of myelotoxicity [45]. The most common adverse effects are gastrointestinal
disturbances such as nausea and vomiting, which may lead to drug discontinua-
tion. Rare cases of hepatotoxicity have been reported. Induction of non-Hodgkin
lymphoma also has been reported in renal transplant patients.

E. Cyclophosphamide

Cyclophosphamide is a nitrogen-mustard alkylating agent that alters DNA and
RNA [46], and induces lymphotoxicity [47].

The most common adverse effect induced by cyclophosphamide is dose-
dependent reversible bone marrow suppression, which is more frequent in older
patients. Some investigators advocate oral cyclophosphamide dosage adjustment
until the white blood cell count is lowered to 3000–4000 leukocytes and 2500
neutrophils per microliter to obtain adequate immunosuppression [3]. However,
close blood cell count monitoring is mandatory because the risk of infections
increases if the neutrophil count falls below 1000/µL.
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Hemorrhagic cystitis is the second most serious complication. It is induced
mainly by the metabolite acrolein [48]. It usually provokes microscopic
hematuria, and it is preventable if patients take their tablets in the morning and
drink at least 2 L of fluids daily. Onset of bladder toxicity requires cyclophos-
phamide discontinuation. Once this toxicity has resolved, the oral tablets can
be replaced by intravenous cyclophosphamide pulses, possibly combined with
2-mercaptoethane sulfonate [49].

Other unwanted effects of cyclophosphamide are reversible hair loss,
nausea, vomiting, teratogenicity, and sterility.

F. Intravenous Immunoglobulin Therapy

Intravenous immunoglobulin therapy recently proved effective on refractory
OCP [22]. The rationale was the low toxicity and efficacy of intravenous
immunoglobulin therapy seen in patients with other autoimmune diseases such as
idiopathic thrombocytopenic purpura, systemic lupus erythematosus, and
rheumatoid arthritis. The mechanisms of action are poorly understood, but
include complex immunomodulatory effects on T- and B-cell functions, such as
autoantibody neutralization [50].

G. Other Immunosuppressants

Cyclosporine and tacrolimus, which selectively target T cells, were disappointing
in uncontrolled case series [3,11,22]. Subcutaneous cytosine arbinoside (ara-C)
(0.3 mg/kg/day) has been used as an alternative in severe forms, although it is
highly toxic for bone marrow [11,22]. Mycophenolate mofetil (1–3 g/day), a
relatively new immunosuppressive antimetobolite that acts on both T and B
lymphocytes and has been used successfully to prevent kidney allograft rejection,
showed some efficacy in bullous pemphigoid, pemphigus vulgaris, and
OCP [51].

H. Adjuvant Therapy

Symptomatic therapy of dry eye syndrome includes frequent instillation of vari-
ous preservative-free lubricants of different viscosities, and possibly autologous
serum [52], punctal plugs, and oral tetracycline or derivatives, plus lid hygiene in
patients with meibomitis.

I. New Pharmaceutical Approaches

As our understanding of the immune mechanisms underlying OCP improves,
new pharmaceutical approaches should emerge. Some molecules currently being
tested in other inflammatory ocular diseases may also be good candidates for the
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treatment of OCP. They include daclizumab (Zenapax®), a monoclonal antibody
directed against the interleukin-2 receptor [53], infliximab (Remicade®) and
etanercept (Enbrel®), two anti-TNF-α agents [54], and leflunomide (Arava®),
a novel immunomodulatory drug, the primary action of which is inhibition
of de-novo pyrimidine synthesis [55].

VIII. INDICATIONS FOR OCP

Because OCP is a rare disease with many clinical variants, there have been very
few clinical trials involving large series of patients [3,11,12] on which therapeu-
tic recommendations can be based [5,28,34]. These strategies depend on various
factors, including disease stage and progression, overall health status and other
patient characteristics, and practitioners’ personal experience (Table 4). The final
treatment goal is disease control, i.e., complete resolution of inflammation and
halting the conjunctival fibrotic process, without inducing deleterious side effects.
As previously mentioned, because OCP is a chronic disease often requiring
chronic systemic anti-inflammatory therapy, long-term systemic corticosteroid
therapy should be avoided whenever possible; if this cannot be done, the lowest
possible maintenance dose should be used. Ophthalmologists have benefited
greatly from advances made by dermatologists who treat autoimmune blistering
diseases such as pemphigus vulgaris [24,56] and bullous pemphigoid [35].
However, drugs effective in these conditions are not always as effective in OCP.

The optimal duration of immunosuppressive therapy is not clearly defined.
It is usually recommended to stop this treatment when OCP has been fully
controlled for 1 year [27]. In a series of 104 consecutive patients by Neumann
et al., one-third of patients were able to remain free of therapy, but 22% experi-
enced a generally insidious inflammatory reactivation after treatment withdrawal.
Fortunately, the relapses responded well to the same treatment given at a lower
dose. The same group reported that an additional one-third of patients needed
chronic therapy to remain free of inflammation or recurrent relapses, while the
last third had either partial or absent responses [27]. In our unpublished series of
63 OCP patients, we found that 13 (20%) patients were off systemic treatment
after more than 1 year.

IX. TREATMENT OF MILD TO MODERATE OCP

Dapsone is a first-line therapy for mild to moderate OCP, provided that the
patient is not glucose-6-phosphate dehydrogenase-deficient. Despite the high risk
of hemolysis, dapsone is also a drug of choice for elderly and/or fragile patients
with active disease in whom cytotoxic immunosuppressants are contraindicated.
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In 1982, Rogers et al. were the first to use dapsone successfully in patients with
OCP [37]. However, dapsone as monotherapy is less effective than cyclophos-
phamide in progressive forms of OCP associated with symblepharon formation
[3]. If hemolytic anemia and methemoglobinemia occur, simple dapsone dose
tapering and possible combination with another anti-inflammatory drug may be
sufficient, as both complications are dose-dependent.

Sulfasalazine is another nonimmunosuppressive drug that can be pre-
scribed as initial therapy for moderate or less severe forms of OCP. We have
shown that it can replace dapsone in patients who are intolerant of or unrespon-
sive to this drug [40].

In patients whose disease is not highly active or who cannot sustain
aggressive therapy, second-line drugs include the cytotoxic agents methotrexate
and azathioprine. Systemic methotrexate was administered successfully to
selective patients who were intolerant of dapsone or cyclophosphomide, or who
did not respond to dapsone. Methotrexate has the advantage of low toxicity
[3,11]. Methotrexate monotherapy was used by dermatologists to treat bullous
pemphigoid, but its efficacy in OCP remains to be demonstrated, and use of this
drug is not very widespread.

More data on azathioprine in OCP have been available since 1974, when
Dave and Vickers first reported its efficacy in patients with cicatricial pem-
phigoid who were steroid-dependent and/or had steroid-induced side effects [57].
According to an expert consensus, azathioprine is a good treatment for mild
to moderate OCP [5]. Although it has been used successfully to replace
cyclophosphamide in OCP [12,34], azathioprine monotherapy is less effective
than cyclophosphamide monotherapy in severe OCP [3,5,28]. Hence, azathio-
prine often needs to be combined with other drugs, particularly dapsone. The
combined drugs act as mutual sparing agents [3]. Preliminary results also indicate
that mycophenolate mofetil is an effective steroid-sparing agent, but there are too
few data on its use as monotherapy [51].

X. TREATMENT OF SEVERE OCP

Cyclophosphamide has become the immunosuppressive drug of choice to
treat severe OCP, since the pioneering work of Brody and Pirozzi [58], who
successfully treated a patient with severe steroid and azathioprine-resistant
cicatricial pemphigoid involving both eyes, the mouth, and the esophagus.
Subsequent uncontrolled case series confirmed the beneficial impact of
cyclophosphamide in severe OCP [1,12]. In 1986, in the only well-designed,
randomized, double-masked clinical study in OCP, Foster demonstrated the
superiority of cyclophosphamide combined with prednisone over prednisone
alone [3,28]. In another randomized double-masked comparative study,
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Figure 4 Active OCP (despite systemic corticosteroid therapy and dapsone) in a
78-year-old man. (Reprinted with permission from Hoang-Xuan T: Inflammatory Diseases
of the Conjunctiva. New York: Thieme, 2001, p. 85.)
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Foster also showed that cyclophosphamide was more effective than dapsone in
severe OCP [3]. The preferred route of cyclophosphamide administration is daily
oral intake, although monthly intravenous pulse therapy has been tested [59,60].
No comparative studies of the cyclophosphamide route of administration in OCP
are available; however, daily oral treatment seems most effective in other dis-
eases such as uveitis [61] and Wegener’s granulomatosis [62]. Therefore, intra-
venous pulse therapy is usually reserved for patients with drug-induced bone
marrow toxicity or in whom the oral route is contraindicated.

Two clinical situations are encountered in severe OCP. When the patient
has already been receiving systemic anti-inflammatory medications, oral
cyclophosphamide can be added to the preexisting therapy, which can be tapered
if poorly tolerated (Fig. 4). The different anti-inflammatory drugs can act as
reciprocal sparing agents, thereby decreasing their respective toxicity. Disease
control required more than one systemic anti-inflammatory drug in 78% and 71%
of patients in the series of 61 patients by Foster’s group [11] and in our unpub-
lished series of 63 patients, respectively. Unfortunately, diagnosis of OCP is
often only made when fibrosis is already associated with symblepharon forma-
tion (stage III) and is becoming sight-threatening (86% of eyes in our series). The
prognosis is then worse [11,63]. Oral cyclophosphamide may be directly
indicated in such cases, sometimes in combination with oral prednisone; the
latter is gradually withdrawn after 1 month, once the therapeutic effect of
cyclophosphamide has been obtained.

When cyclophosphamide monotherapy is not effective, dapsone,
sulfasalazine, azathioprine, methotrexate, and mycophenolate mofetil, alone
or in combination, can be added. These drugs, preferably given in combi-
nation, can replace cyclophosphamide if the latter is too toxic. Subcutaneous
cytosine arbinoside (ara-C) is only partially effective and is highly toxic [11].
Preliminary results with intravenous immunoglobulin are encouraging. This
therapy was recently successful in 10 treatment-resistant OCP patients, with
no side effects [22]. The level of autoantibodies directed against β4 integrin
may be a good marker of IVIG treatment efficacy [22].

XI. SURGERY TO CORRECT OCP

Surgery should only be attempted 3–6 months after the inflammatory and fibrotic
processes have been controlled, in order to avoid inflammatory reactivation [64].
It is recommended to increase the level of immunosuppression for at least
2 weeks after surgery [65–68]. Despite the report that conjunctival scarring
increased after cryotherapy in 77% of patients in the absence of immunosuppres-
sion [69], cryoepilation or lid surgery may be required when mechanical irritation
of the ocular surface by malpositioned eyelashes or keratinized plaques at the lid
margins prevents correct assessment of disease activity.
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A. Lid Surgery

Cryotherapy is valuable only when few eyelashes are ectopic (see Chapter 15).
Results of one study showed a success rate of 40% during the first year [70]. Total
destruction of lash follicles is obtained if they are frozen to –30°C in two cycles
[71]. Inferior retractor plication, eyelash transposition, marginoplasty combined
with buccal mucosa grafting, and fornix reconstruction with buccal mucosa or
amniotic membrane are preferred when lid abnormalities are more severe and
associated with fornix foreshortening and extensive symblepharon formation.

B. Ocular Surgery

Restoration of corneal transparency is the main challenge in OCP. The visual
prognosis of patients with advanced disease is usually poor, because of severe
ocular dryness secondary to meibomian gland dysfunction, fibrosis-induced
obliteration of the ductular orifices of the lacrimal gland, and destruction of
goblet cells and limbal stem cells. Superficial keratectomy is indicated only for
localized corneal pannus. The outcome of lamellar or penetrating keratoplasty
performed for more extensive and deeper corneal scars has recently improved
with the advent of limbal stem cell and amniotic membrane transplantation.
Because conjunctival fibrosis in OCP usually is or becomes bilateral, it is not
wise to graft autologous limbal stem cells. Allograft limbal transplantation from
a living related donor is preferred, and the risks to the donor are minimal [72–74].
More recently, Tsubota et al. used corneal scleral buttons obtained from cadav-
eric donors, simultaneously grafting the central corneal button and the trimmed
annular limbal tissue in order to provide more epithelial stem cells to the recipi-
ent. They also used amniotic membranes as a replacement substrate when the
underlying stroma was damaged [73]. Other investigators find that the success
rate of keratoplasty is higher when it is performed 3 months after limbal stem cell
transplantation [75]. In all cases, even when the donor is a relative, systemic
immunosuppression, usually consisting of cyclosporine or tacrolimus and a short
course of corticosteroids, is required [73,76]. The optimal duration of this
postoperative immunosuppression is not clearly established. If the ocular
involvement is asymmetric, one could possibly transplant limbal cells taken from
the less involved eye and expanded on an amniotic membrane [77].

However, when corneal lesions are too severe (e.g., major neovasculariza-
tion and xerosis), the only surgical option is keratoprosthesis insertion. Recent
progress in the biomaterials used for keratoprostheses suggests that human trans-
plants may one day be unnecessary, but follow-up is too short to judge the results
of the latest generation of keratoprostheses [78].

Cataract surgery should be performed only in a noninflammed eye and
after the fibrosis has stabilized (Fig. 5). Phacoemulsification with clear corneal
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incision appears to be the best technique to lower the risk of inflammatory
reactivation [64].

The use of an antimetabolite such as mitomycin C or 5-fluorouracil should
probably be combined with filtering surgery in patients with glaucoma who are
not responding to medical therapy.

XII. SUMMARY

1. Ocular cicatricial pemphigoid (OCP) is an autoimmune disease
characterized by subepithelial fibrosis due to immune deposits along
the basement membrane zone of the conjunctiva and other mucosa. It
leads to fornix foreshortening, symblepharon formation, and eyelid
margin deformations associated with ectopic eyelash growth.

2. When OCP is associated with lesions at other sites, biopsy of those
sites may be sufficient for diagnosis, making conjunctival biopsy
unnecessary. Diagnosis can be difficult if only the eye is involved.

3. Because of adverse effects, systemic corticosteroid therapy should
be restricted to initial control of severe inflammation, or to the lowest
possible maintenance dose.

362 Hoang-Xuan

Figure 5 Same patient as Fig. 4, cured by adjunction of oral cyclophosphamide
(1.5 mg/kg/day). The patient underwent successful cataract surgery. (Reprinted with
permission from Hoang-Xuan T: Inflammatory Diseases of the Conjunctiva. New York:
Thieme, 2001, p. 85.)
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4. Dapsone alone, or in combination with cyclophosamide, is the first-line
therapy for mild to moderate OCP. Sulfasalazine may substitute for
dapsone.

5. For severe OCP, cyclophosamide combined with prednisone is benefi-
cial.

6. Surgery should be delayed until 3–6 months after inflammation and
fibrosis have been controlled.

7. Cryoepilation is useful for removal of a few ectopic eyelashes.
8. Restoration of corneal transparency may require keratoplasty or inser-

tion of a keratoprosthesis.
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Stratified epithelia throughout the body contain stem cells that serve as the source
for self-renewal. The stem cells for the corneal epithelium have been identified in
the limbus, a specialized region between the peripheral cornea and conjunctiva.
Ocular surface diseases or injuries with limbal stem cell deficiency, such as
Stevens-Johnson syndrome, chemical and thermal burns, radiation injury, extensive
microbial infection, and inherited disorders such as aniridia, are sight-threatening
and often cause blindness. Traditional penetrating keratoplasty for treatment of
these disorders generally produces dismal results, with immunological rejection,
opacification, and ulceration of the cornea. Over the past decade the therapeutic
potential of limbal stem cell transplantation for treatment of these conditions has
been recognized. This chapter will review the surgical techniques for limbal and
amniotic membrane transplantation and their pre- and postoperative management.

I. TREATMENT OF LIMBAL STEM CELL DEFICIENCY

The importance of limbal stem cells for maintenance of corneal clarity has been
well documented. Stem cells renew the corneal epithelium by generating
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transient amplifying cells. The transient amplifying cells proliferate to become
postmitotic cells, which mature into terminally differentiated cells. Terminally dif-
ferentiated cells migrate centripetally from the limbus and peripheral cornea to the
central cornea and then move from the basal to superficial layers. This renewing
capacity resurfaces the corneal epithelium by maintaining the balance between
loss of superficial epithelial cells and supplementation from limbal stem cells.

Corneal epithelial stem cell deficiency results from destruction of or
diseases of the corneal epithelial stem cells at the limbus (Table 1). Loss or
deficiency of limbal stem cells results in persistent epithelial defects, with healing
that takes place only by growth of the surrounding conjunctival epithelium and the
accompanying blood vessels (conjunctivalization). Persistent corneal vasculariza-
tion is one of the hallmarks of limbal stem cell deficiency, because the corneal
epithelium itself exhibits antiangiogenic activity and the limbus is a physical
barrier to conjunctival invasion. The diagnosis of limbal deficiency is best made
by impression cytology showing conjunctival goblet cells on the involved corneal
surface. Other signs include corneal haziness, leukocytic stromal infiltration, and
increased corneal permeability to fluorescein. Normally, greater permeability
more readily permits influx of inflammatory cells or fluorescein dye into the
conjunctival epithelium than into the corneal epithelium.

Specific restoration of corneal epithelial stem cell deficiency is achievable
only by transplantation of corneal stem cells to the deficient eye. The purposes of
corneal epithelial stem cell transplantation are principally (1) to restore corneal
epithelial phenotype, (2) to restore corneal epithelial barrier function, and (3) to
improve corneal smoothness and clarity. The procedures to treat limbal stem cell
deficiency can be classified by the source of the transplanted tissue; these include
conjunctival transplantation, limbal transplantation, and amniotic membrane
transplantation. Based on the source of donor tissue, conjunctival transplantation
or limbal transplantation can be subclassified as auto- or allografts. A proposed
classification scheme for these procedures is shown in Table 2.

370 Yang et al.

Table 1 Diseases Associated with Corneal Epithelial Stem Cell Deficiency

Damage destruction Disease/degeneration 
of stem cells of stem cells/stroma

Chemical or thermal burns PAX-6 mutations (Aniridia)
Stevens-Johnson syndrome Multiple endocrine deficiency
Surgical/cryotherapies Chronic limbitis or peripheral keratitis
Contact lens-induced Neurotrophic keratopathy
Severe microbial keratitis Pterygium
Antimetabolites (e.g., 5-FU) Idiopathic
Radiation
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II. CONJUNCTIVAL TRANSPLANTATION

Conjunctival transplantation can be classified into two categories according to
the source of the donor tissue: (1) conjunctival autograft and (2) conjunctival
allograft.

A. Conjunctival Autograft

Conjunctival autograft is a procedure in which a free conjunctiva patch graft
obtained from a healthy area of the same eye or the fellow eye of the patient
is sutured to the area of limbal deficiency. In 1977, Thoft described the
conjunctival transplantation procedure, which is recognized as the forerunner
of modern ocular surface transplantation [1]. Thoft reported transplanting several
pieces of bulbar conjunctival tissue from a normal fellow eye to four quadrants
of the eye with damaged ocular surface epithelium and superficial vasculariza-
tion. An epithelial front spread onto the corneal surface from the edges of
each graft during the reepithelialization process. The successful restoration of
minimally vascularized and scarred corneal surfaces in three of five eyes with
chemical injuries was reported [1]

The concept of using conjunctival epithelium to resurface the cornea was
based on the theory of “conjunctival transdifferentiation,” which postulated that
the conjunctival epithelium could transform into cornea-like epithelium [2–4].
This procedure was useful in reestablishing an intact corneal surface, but, early
uncertainty remained about whether it truly resulted in a normal corneal epithelium.
Several studies have presented evidence that conjunctival epithelium cannot
fully transdifferentiate into a corneal epithelial phenotype [5,6]. Although the
conjunctival epithelium can transform into tissue that is morphologically indistin-
guishable from corneal epithelium in some cases, morphological transformation
of conjunctival epithelium does not equate with full transdifferentiation to a
corneal phenotype [7]. Limbal stem cell-deficient cornea displays progressive
conjunctivalization and vascularization following conjunctival transplantation,
whereas a true corneal phenotype may be seen following limbal transplantation [8].
Despite its limitations, conjunctival transplantation remains a valuable procedure
for management of primary and recurrent pterygium or for treatment of partial
limbal stem cell deficiency when sources of limbal epithelial stem cells are not
available [9,10].

B. Conjunctival Allograft

A conjunctival allograft (CAL) uses donor tissue obtained from a cadaver
(c-CAL) or from a living blood relative (lr-CAL). Conjunctival allografts
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have been utilized for ocular surface conditions involving both eyes, includ-
ing Stevens-Johnson syndrome, bilateral alkali burns, ocular cicatricial pem-
phigoid, and in patients lacking healthy conjunctival epithelium in fellow
eyes due to prior trauma or surgery. The main goal of this procedure is to
achieve a stable, epithelialized corneal surface or to optimize ocular surface
conditions prior to performing a corneal graft. Kwitko and colleagues utilized
first-degree living relatives as donors for conjunctival allograft [11].
Stabilization of the corneal epithelial surface, decreased corneal vasculariza-
tion, and improved visual acuity was demonstrated in 11 (91.6%) of 12 pa-
tients with bilateral ocular surface disease during a mean follow-up period of
17.2 months [11]. Three (25%) of 12 eyes experienced rejection episodes;
among these, two patients had a 100% mismatch of HLA alleles between the
donor and recipient.

Preoperative selection of a completely or partially HLA-matched donor is
recommended prior to allogeneic conjunctival transplantation, especially if a fu-
ture corneal graft is required for visual rehabilitation. Even patients who experi-
enced acute rejection have been noted to retain a stable corneal surface
postoperatively, suggesting another unknown mechanism by which the conjunc-
tival allograft may participate in ocular surface health [11]. For example, healthy
conjunctival grafts may serve as a mechanical barrier to invasion of the recipient
cornea by inflamed conjunctival tissue [13].

The surgical technique initially involves the procurement of a thin
and Tenon-free conjunctival graft of adequate size, regardless of donor source.
After excision of donor tissue, the harvested tissue is sutured to the recipient
site. Kwitko and associates recommended placing the limbal side of the donor
graft toward the cornea of the recipient with the epithelial side up. The
use of monofilament 10-0 nylon sutures will minimize inflammation. Graft
inversion is recognized on the first postoperative day by the presence of a
white opaque graft due to exposure of the underlying Tenon’s capsule,
which stains with fluorescein. Inverted grafts will generally slough within
several days.

III. LIMBAL TRANSPLANTATION

Limbal transplantation procedures can be classified into auto- or allografts
based on the source of donor tissue. Obtaining donor tissue from the fellow
eye avoids immunological rejection, whereas allografts, obtained from either
living relatives or cadavers, run a significant risk of graft rejection. Because
corneal epithelial stem cells lie in a protected niche environment in the basal
limbus, they should be delivered in a more robust carrier tissue to avoid damage.
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Depending on the carrier tissue, limbal transplantation can be classified as
conjunctival limbal transplantation or keratolimbal transplantation. Prior
to placement of the limbal graft, the ocular surface of the recipient is prepared
as shown in Figs. 1A–1D.

A. Conjunctival Limbal Autograft (CLAU)

Conjunctival limbal autografts are indicated for patients with unilateral limbal
stem cell deficiency, which may develop after an insult such as a unilateral
chemical burn. These grafts provide a novel source of corneal epithelial stem
cells, which promote reepithelialization, decrease corneal vascularization, and
improve corneal clarity, surface smoothness, and visual acuity. Conjunctival
limbal autografts may be harvested from the healthy fellow eye with the peri-
limbal conjunctivae as the carrier for the limbal stem cells. Contraindications for
using fellow eyes as donors include long-term contact lens wear [14] or a his-
tory of prior surgeries involving the limbus or glaucoma. Results of conjuncti-
val limbal grafts taken from eyes with a history of chronic contact lens wear are
poor, perhaps due to unrecognized attrition of the corneal epithelial stem cells
[14]. Limbal stem cell viability is also decreased in eyes with a history of prior
conjunctival limbal surgical procedures, including glaucoma filtration surgery.
A potential risk of limbal autograft transplantation is development of iatrogenic
limbal stem cell deficiency in the donor eye. Previously reported animal studies
suggest that partial full-thickness excision of the limbus, in a manner performed
in a donor eye for limbal autografting, can compromise corneal epithelial heal-
ing when a large corneal epithelial defect is experimentally produced in that eye
at a later date [15]. Even partial-thickness removal of the limbus may cause a
mild form of limbal deficiency. Despite these observations in animal models, de-
velopment of clinical limbal deficiency has yet to be reported in fellow or liv-
ing-relative donor eyes. Because of these potential risks to the donor eye,
excision of no more than 4 clock hours of the limbal circumference and accom-
panying conjunctiva is recommended. This procedure is performed by making a
circumferential incision in the conjunctiva 3 mm posterior to the limbus fol-
lowed by a thin dissection of the conjunctiva to its limbal insertion (Figs.
2K–2L). A lamellar dissecting blade is then used to create a lamellar dissection
of the limbus approximately 150 µm thick and 1 mm into the peripheral cornea.
The central portion of the limbus is excised with Vannas scissors. Cadaveric al-
lotransplantation eliminates the risk of developing limbal deficiency in the fel-
low donor eye, but exposes the recipient eye to a greater risk of graft rejection
and limits the amount of viable, noninflamed conjunctiva that may be taken with
the limbus because of the limited availability of viable conjunctiva on cadaveric
donor tissue.
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Figure 1 Ocular surface preparation for limbal graft.
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Figure 2 Limbal graft procedures.
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B. Cadaveric Conjunctival Limbal Allograft (c-CLAL)

Cadaveric conjunctival limbal allograft is an alternative for reconstructing the
ocular surface of eyes with limbal stem cell deficiency. This procedure is for
patients in whom the disease affects both eyes so that no autologous tissue is
available and living-related donors are not available. In 1994, Pfister reported the
“homotransplantation of limbal stem cells,” in which conjunctiva and limbus
were removed from a cadaveric corneoscleral rim in which the central donor
cornea had been used for another patient [16].

When performing this technique, the peripheral corneoscleral rim is
thinned with scissors prior to suturing it to the recipient eye. In an alternative
procedure, the entire donor corneoscleral button (approximately 14 mm) is
sutured to the episclera of the recipient eye by interrupted silk or Vicryl™
sutures. An 8-mm, 150-µm circular partial thickness trephination in the donor
cornea is then performed with a Barron trephine. Lamellar dissection of the
limbus and adjacent sclera and conjunctiva in 360° is then performed using a
lamellar dissecting blade, yielding a thin doughnut-shaped conjunctival limbal
graft (similar to Figs. 2H–2J). After removing the diseased corneal epithelium,
limbus, and perilimbal conjunctiva from the recipient, the lamellar ring conjunc-
tival limbal allograft is sutured in place with interrupted 10-0 nylon sutures on the
corneal side and interrupted Vicryl on the conjunctival side.

It is not unusual for these allografts to show marked conjunctival/limbal
injection, hemorrhage, and significant chemosis. Postoperative topical steroids
and systemic immunosuppression can reduce the risks of conjunctival swelling
and graft rejection with its related complications. With proper immunosuppres-
sion, recipients of conjunctival limbal allografts can achieve a stable ocular
surface and undergo subsequent successful penetrating keratoplasty [16].

C. Living-Related Conjunctival Limbal Allograft (lr-CLAL)

The use of living-related conjunctival allografts may minimize the risks of
rejection associated with the use of unrelated cadaveric donor tissue. The indica-
tions for living-related conjunctival limbal allograft are similar to those for
cadaveric conjunctival limbal allograft (c-CLAL) or keratolimbal allograft
(KLAL). They include bilateral stem cell deficiency and asymmetrical bilateral
involvement where the fellow, or less involved eye, is deemed an unsuitable
donor. The living-related tissue has the advantage of providing some degree of
histocompatibility. In living-related conjunctival allograft, the degree of stem cell
death is theoretically minimized because of the rapid transfer of the graft from the
donor to the recipient, as opposed to the more extensive limbal epithelial cell
death that is associated with preservation and storage of cadaveric donor tissue
prior to transplantation [17]. However, the amount of tissue that can be
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transplanted from the living donor is limited to only 2 clock hours of limbal
conjunctival tissue at the 12 and 6 o’clock positions from each eye, to minimize
the risk of developing limbal deficiency in the donor [17]. Successful restoration
of the corneal epithelium and reduction of vascularization has been reported in
80% (8/10) of living-related conjunctival limbal allograft recipients, with a mean
follow-up of 26.2 months [17]. Systemic corticosteroids and cyclosporine in the
early postoperative period and immunosuppression with low maintenance doses
of oral cyclosporine for an extended postoperative period is recommended. The
postoperative management of these allografts is similar to that of autografts;
however, postoperative systemic immunosuppression is recommended to prevent
allograft rejection, depending on the degree of immune histocompatibility.
Conjunctival vascular engorgement and conjunctival hemorrhage are typically
observed in recipients and may represent early signs of rejection or reactive
hyperemia from vascular anastomosis of large vessels [17].

D. Keratolimbal Allograft (KLAL)

Keratolimbal allograft is a procedure in which allogenic limbal stem cells are
transplanted with the peripheral cornea as a carrier. Because of the amount of
corneal tissue required for the graft, only cadaveric donor tissue is suitable for
this procedure. Indications for keratolimbal allograft include bilateral limbal stem
cell deficiency without the availability of a living related donor, unilateral limbal
stem cell deficiency without a healthy fellow eye or willing living relative, and
extensive bilateral disease (e.g., aniridia).

Initially, Tsubota et al. reported improvement in visual acuity and successful
corneal epithelialization in 23 of 43 eyes (51%) after keratolimbal allograft, with
a mean follow-up period of over 3 years [18]. Complications from their series
included the development of persistent epithelial defects (60%), corneal graft
rejection (46%), and ocular hypertension (37%). Epithelial defects eventually
healed in all but two of the eyes, and ocular hypertension was controlled with
medications or surgery. Rejection episodes were treated medically with
intravenous or topical steroids. In patients who received simultaneous KLAL and
penetrating keratoplasty, graft rejection was a major complication. Within this
subset of patients, rejection episodes were seen more frequently in patients with
chemical or thermal injury (69%) than in those patients with Stevens-Johnson
syndrome or ocular pemphigoid (27%) [18].

Two retrospective, noncomparative case series demonstrated less than
30% long-term survival of keratolimbal allografts that were performed for the
treatment of severe ocular surface disorders [19,20]. In a series of 39 eyes in 31
consecutive patients with severe limbal stem cell deficiency, graft survival
decreased from 76.9% at 1 year to 23.7% at 5 years [19]. Ilari and colleagues
reported a decrease in graft survival from 54.4% at 1 year to 27.3% at 3 years in
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their series of 23 eyes [20]. Many of the patients who received limbal allografts
also required penetrating keratoplasty (PKP) for visual rehabilitation. Similar to
early reports by Tsubota et al., patients who underwent combined KLAL alone
seemed to fare better than those who underwent combined KLAL with PKP;
82.6% of patients who underwent KLAL alone achieved ambulatory vision,
while only 46.9% of those who underwent combined procedures demonstrated
this level of vision at 2 years (p = 0.100) [9]. A marked reduction in graft survival
was noted in the patients who underwent combined PKP and KLAL procedures.
Possible contributing factors to this observation include increased antigenic tis-
sue load from the central corneal graft and peripheral keratolimbal rim and in-
creased stem cell demand from the central corneal graft. A greater wound healing
response and increased postoperative inflammation may have also resulted from
the combined procedure. Primary failure of the limbal stem cell transplant may
lead to conjunctivalization and vascularization of the cornea, increasing the like-
lihood of immunological recognition and subsequent rejection of the corneal
graft. For these reasons, some investigators have recommended waiting 3–6
months after KLAL before performing PKP [19,21].

The major disadvantage of keratolimbal allograft is the high risk of
rejection. The vascularity of the limbus and the expression of Class I human
leukocyte antigen (HLA) on limbal epithelial cells makes transplanted
keratolimbal tissue susceptible to immune recognition [22]. The conjunctiva
adjacent to the limbus also contains many antigen-presenting cells, including
Langerhans cells, which express Class II major histocompatibility (MHC)
antigens, important mediators in the afferent arm of allograft rejection [23].
Intensive immunosuppression by systemic corticosteroids and systemic and
topical cyclosporine A was reported to improve the survival of limbal allografts
and is recommended when performing KLAL and PKP [24].

In 1984, Thoft described keratoepithelioplasty (KEAL), a novel surgical
procedure for the treatment of persistent epithelial defects, in which several
lenticules of corneal epithelial-stromal tissue were prepared from a cadaveric
eye were and transplanted around the limbus of the recipient eye [25]. In this
series, 3 of 4 patients experienced corneal reepithelialization and improved visual
function [25]. The limbal stem cell theory had not been delineated at that time,
although Thoft proposed that the recipient corneas were resurfaced by central
migration of donor epithelium from the lenticules. In 1990, the original KEAL
procedures were modified to include limbal tissue with the peripheral cornea,
representing the first description of the keratolimbal allograft (KLAL) [26]. An
additional modification of KLAL was proposed by Tsai and Tseng in 1994
in which a continuous, lamellar limbocorneal ring was harvested from the whole
globe [27]. Depending on the extent of limbal deficiency in the recipient eye
(i.e., total or partial limbal deficiency), a sectoral or total limbocorneal ring was
then transplanted to the recipient eye. During a mean follow-up period of 18.5
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months, visual acuity improved in 13 (81%) of 16 eyes and rapid (within 1 week)
surface healing was observed in 10 (62%) eyes [27].

Several different surgical techniques for keratolimbal allotransplantation
have been proposed. These include corneoscleral ring, corneoscleral crescent,
and homologous penetrating central limbo-keratoplasty techniques. Each of these
procedures is described.

1. Corneoscleral Ring Technique

In 1995, Tsubota et al. described the corneoscleral ring technique, which utilizes
stored corneoscleral rims for limbal stem cell transplantation [24]. The central
cornea of the corneoscleral button was initially trephined with a diameter (8–9
mm) appropriate for PK. The remaining peripheral corneoscleral rim is then
bisected, and the two segments are transplanted to the peripheral limbus of the
recipient eye. This procedure was further modified to use an intact corneoscleral
rim rather than two semicircular segments, because the gap between the two
pieces provided a conduit for vascular invasion from the conjunctiva [18].
Microscissors are then used to dissect the excess peripheral scleral tissue while
the conjunctival portion is preserved as much as possible. The posterior stroma
is then dissected and removed from the superficial stroma containing the epithe-
lium, leaving a thin, doughnut-shaped limbal graft consisting of only Bowman’s
layer, a thin layer of stroma, and corneal and limbal epithelium (Figs. 2G–2J).
Removal of most of the stromal tissue is performed, to potentially reduce the
antigenicity of the graft and to minimize the height that donor cells need to span
during their movement to the stromal bed of the recipient cornea.

A superficial keratectomy and 360° peritomy are then performed on the
recipient eye (Figs. 1A–1D). Amniotic membrane may be applied as a substrate
to the corneal surface prior to placing the limbal graft, to serve as a substrate
to promote epithelial attachment and migration, and to reduce inflammation,
vascularization, and scarring (Figs. 1E and 1F). The amniotic membrane should
be oriented with its basement membrane side up to cover as much of the ocular
surface as possible. The ring-shaped keratolimbal graft containing limbal stem
cells is then placed on top of the amniotic membrane and sutured to the recipient
with 10-0 nylon (Fig. 2J).

2. Corneoscleral Crescent Technique

Holland and Schwartz further modified the procedure of Tsubota et al. into
corneoscleral crescent technique [21]. Two stored corneoscleral rims from both
donor eyes are used to obtain multiple segments of limbal tissue that increase the
surface area and total number of transplanted stem cells. These segments are
sutured end to end to form a contiguous corneoscleral ring that provides a
mechanical barrier to prevent conjunctival invasion.
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The recipient eye is prepared with a 360° limbal peritomy and superficial
keratectomy prior to the placement of the limbal allograft. The central cornea of
the corneoscleral button is excised with a 7.5-mm trephine. The rim is then
sectioned into equal halves. Excess sclera on the donor tissue is removed, leaving
1 mm of sclera peripheral to limbus. The posterior lamella of each hemisection is
dissected away and discarded to thin the graft. Thick grafts produce a step-off
between the graft and the recipient cornea that may be difficult for the migrating
epithelial cells to bridge. A smooth corneal contour also reduces eyelid friction
that may compromise the survival of the limbal stem cells during blinking. After
preparation of the recipient limbus, the crescents are placed on the recipient’s
eye so that their corneal edges just overlay the peripheral cornea of the recipient
limbus. The anterior corners of each donor limbal crescent are then secured with
interrupted 10-0 nylon sutures. The crescents are placed end to end until the entire
circumference of recipient limbus is covered by donor tissue. During suturing, the
graft epithelium can be protected from both mechanical trauma and desiccation
by viscoelastic agents and balanced salt solution. Suturing the free edge of the
recessed host conjunctiva to the posterior edges of the graft is unnecessary.

3. Homologous Penetrating Central Limbo-Keratoplasty Technique

In 1996, Sundmacher et al. described an alternative to keratolimbal allograft—
homologous penetrating central limbokeratoplasty (HPCLK) [30,31]. This 
single-stage procedure combines penetrating keratoplasty with limbal transplan-
tation. In this procedure the donor corneal button is trephined eccentrically such
that 40% of the circumference of the transplanted button contains the limbus. The
central cornea of the recipient eye is removed by a trephine and is
replaced by the eccentrically trephined donor graft, providing an optically clear
graft and partial limbal stem cell transplantation in a single procedure. Graft
failures in this series were attributed to severe ocular surface disease or to
endothelial immune reactions. Despite the use of systemic cyclosporine,
immunological rejection was the main postoperative complication, likely because
of the greater antigenicity of the eccentrically trephined corneal button. Further
studies are needed to determine whether aggressive immunosuppression and
HLA typing may improve the success of this procedure.

E. Postoperative Management of Limbal Stem Cell Transplants

Prior to surgical reconstruction of eyes with corneal epithelial stem cell
deficiency, ocular surface conditions should be optimized. These eyes often have
damage to the neural and tear-secreting components of the lacrimal functional
unit, with decreased tear production and an unstable tear film. Punctal occlusion
should be considered for patients with aqueous tear deficiency. Autologous
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serum or plasma drops can be used to provide ocular surface supportive and
anti-inflammatory factors. Ocular surface inflammation should be controlled with
topical, and in some cases oral, immunosuppressive agents.

Lid abnormalities, such as trichiasis and entropion, should be surgically
corrected preoperatively (see Chapter 15). Conjunctival and lid margin
hyperkeratinization can be treated with topical vitamin A or mucus membrane
grafting.

A regimen of topical and systemic immunosuppression is currently used
for limbal allotransplantation. This consists of topical prednisolone acetate
or methylprednisolone and oral steroids, mycophenylate mofetil (Cellcept), and
cyclosporin or FK506. These agents are typically started 1 week prior to surgery,
and the oral steroids are used for 2 weeks postoperatively, then stopped. The oral
cyclosporin dose and Cellcept are often continued longer. Patients should
be monitored for toxicity associated with these medications, as recommended
in Chapter 18. Topical cyclosporin or a commercial emulsion (Restasis™) is
usually started after the corneal surface reepithelializes. Patients typically receive
a temporary suture tarsorrhaphy that remains in place until the epithelium resur-
faces the cornea. The eye is hydrated with preservative-free artificial tears after
the tarsorrhaphy is opened. Autologous serum or plasma drops are used
in patients with severe dry eye due to ocular cicatricial pemphigoid or Stevens-
Johnson syndrome [21].

F. Ex-Vivo Limbal Stem Cell Expansion

The use of limbal tissue from the fellow eye or from a living related donor
potentially puts the donor cornea at risk of developing subsequent limbal
deficiency. To minimize this problem, ex-vivo expansion of corneal epithelial
stem cells in limbal explants on an amniotic membrane or another carrier
(i.e., collagen shield or hydrophilic soft contact lens) has been studied. A much
smaller amount of limbal tissue is obtained from the donor eye than is required
for performing conjunctival limbal auto- or allografting. This minimizes
potential future complications to the healthy donor eye.

Cultured corneal epithelial transplants were initially described in the mid
1980s [34–36]. These studies observed that corneal epithelial sheets grown in
tissue culture could establish a transient cell layer. However, cells derived from
the central corneal epithelium consisted primarily of terminally differentiated
cells that could not be subcultivated more than twice after senescence [40]. The
growth of limbal stem cells in vitro and their subsequent transfer to the corneal
surface of a rabbit in vitro and in vivo was later demonstrated by McCulley et al.
[37,38]. Collagen corneal shields were used as a carrier in their series. Following
the placement of the cell-covered shield on the denuded corneal stromal surface
of the recipient, the cultured cells formed hemidesmosomal cell-substrate
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adhesion structures to the underlying stroma within 24 h [38]. The transplantation
of cultured autologous limbal stem cells was later demonstrated in two different
series of patients with limbal stem cell deficiencies that were refractory to
conventional therapies [39,40]. The ocular surface diseases that were successfully
treated with this technique included recurrent pseudopterygia, extensive bulbar
and palpebral conjunctival intraepithelial neoplasia, and severe alkali burns
[39,40]. Treatment failures resulted from concomitant lid disease and trichiasis,
factors independent of epithelial graft health [39]. In both series, minimal stem
cell loss in the donor eye was achieved by harvesting only 1–3.1 mm2 of limbal
tissue from the fellow donor eye [39,40]. Tsai et al. reported a series of 6 patients
with severe unilateral corneal disease who successfully received autologous
limbal epithelial cell transplants that were cultured on amniotic membrane [41].
Complete reepithelialization of the corneal surface occurred 2–4 days postopera-
tively. At 1 month follow-up, corneal clarity was improved in all patients,
and mean visual acuity improved in 5 (83%) of 6 eyes from 20/112 to 20/45. One
patient with count fingers vision and total opacification of the cornea from
a chemical injury demonstrated 20/200 visual acuity after this procedure.

In subsequent series, Shimazaki et al. transplanted allo-limbal epithelium
cultivated on amniotic membrane with only modest benefit and more complica-
tions. Corneal epithelialization was achieved in 8 of 13 eyes (61.5%) at a
mean follow-up of 19.9 days, and in only 6 eyes (46.2%) at the time of the last
examination. Complications included recurrent epithelial defect, corneal perfora-
tion, and infectious keratitis. The modest success and greater incidence of
complications in their series were attributed to the poorer preoperative ocular
surface conditions of the eyes that received the transplants. Schwab et al. reported
successful outcomes, defined as restoration or improvement in vision and main-
tenance of corneal epithelium in the absence of recurrent ocular surface disease,
at longer follow-up (range 6–19 months, mean 13 months) in 6 of 10 eyes (60%)
that received autologous expanded cells and in 4 of 4 eyes (100%) that received
allogeneic transplants [43]. A variety of biological and immunological factors
likely contributed to the different success rates in these reported series [42].

Besides serving as a carrier for the cultivation of limbal stem cells, surgically
transplanted amniotic membrane may support the transplanted epithelium and
provide anti-inflammatory benefits. In an immunohistological and morphological
study, a composite graft of autologous limbal epithelium cultured on amniotic
membrane maintained a corneal epithelial phenotype with long-term follow-up
[44]. Five-and-a-half months after successful autologous transplant, a smooth,
avascular, nonkeratinized stratified epithelium without goblet cells was observed.
The reconstructed epithelium also expressed integrins α3β1 and α6β4 in a fashion
similar to that observed in normal limbal and corneal epithelium, suggesting the
formation of a normal epithelial basement membrane complex [44]. The state of
differentiation of the transplanted epithelial cells remains under investigation, as
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immunohistological studies that have evaluated cornea-specific keratins in success-
ful epithelial transplants have differed. The central corneal epithelium normally
expresses the keratin pair K3/K12, while these keratins are not expressed by the
limbal basal epithelium. Grueterich et al. reported K3 expression in all suprabasal
cell layers and the absence of K3 staining in the basal layer of these explants, a
pattern similar to the normal limbal epithelium [44]. The absence of connexin 43
(Cx43), a gap junction protein normally present in corneal basal epithelium but
absent in limbal basal epithelium was also consistent with limbal characteristics of
the reconstructed epithelium [44]. Other authors have reported K3-specific AE5
monoclonal antibody staining in all layers of the transplanted epithelium, a pattern
described for normal corneal epithelium [40]. Whether the phenotype of these
grafts influences the long-term success of this procedure remains to be determined.
Recent studies have suggested that removal of amniotic epithelium from the
amniotic membrane to expose its basement membrane increases Cx43 and K3
expression in actively dividing limbal stem cells cultured on amniotic membrane.
Further studies are needed to determine whether stem cells may differentiate into
transient amplifying cells (TAC) in vivo following environmental cues such as am-
niotic membrane basement membrane exposure [45].

Limbal stem cells for ex-vivo cultivation may be harvested from autologous
or allogenic donor sites [41–43]. The antigenicity of limbal tissue from allogenic
sources remains high because HLA Class I antigens are expressed on the limbal
epithelium and HLA Class II antigen-positive Langerhans cells may be present.
During the culture process, certain antigenic elements such as Langerhans
cells may be eliminated. Postoperative immunosuppression is recommended for
recipients of allogenic epithelium expanded ex vivo. The long-term success of this
procedure has yet to be determined [41–43].

IV. AMNIOTIC MEMBRANE TRANSPLANTATION

Amniotic membrane is the innermost layer of the placenta and consists of three
layers—epithelium, basement membrane, and avascular stroma. In 1940,
de Rötth reported the successful use of amniotic membrane transplant for
conjunctival reconstruction in 1 of 6 patients following chemical burn injury. The
reconstructed tissue in this patient was histologically similar to the normal bulbar
conjunctiva [46]. More recently, Kim and Tseng reported the successful
transplantation of glycerin-cryopreserved human amniotic membrane onto the
corneal surface of rabbits with total limbal stem cell deficiency [47]. Since then,
numerous studies have reported the successful use of amniotic membrane for
ocular surface reconstruction.

The mechanisms by which amniotic membrane restores ocular surface
health are not completely understood, but structural and immunological factors
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are likely involved. The amniotic basement membrane may serve as a replace-
ment for diseased conjunctival and corneal epithelial basement membrane [48].
The distribution of α2 and α5 chains of type IV collagen in the amniotic basement
membrane is similar to their distribution in the conjunctiva, but not in the cornea
[48]. Laminin 5 is a major component of the amniotic, corneal, and limbal
basement membranes and serves as a major ligand for integrins α3β1 and α6β4,
which are involved in epithelial cell adhesion and migration [48]. In stable grafts
of amniotic membranes with cultured limbal epithelial stem cells, both laminin 5
and integrins α3β1 and α6β4 were expressed in the same pattern as the normal
corneal epithelium [44]. The stability of amniotic membrane transplants likely
contributes to their success in treating persistent corneal epithelial defects with
sterile ulceration [49]. In patients with partial limbal deficiency with superficial
corneal surface disease, amniotic membrane transplantion promotes rapid
reepithelialization and reduces inflammation and vascularization. For total limbal
deficiency in which an allogenic limbal transplant is required, amniotic
membrane transplant suppresses perilimbal stromal inflammation and may
enhance the success of the procedure [50].

Besides its use as an epithelial substrate, amniotic membrane may play a
role as a patch or biological therapeutic soft contact lens. Amniotic membrane
may provide supportive coverage of the compromised corneal surface during
epithelial healing. After reepithelialization, the amniotic membrane dissolves
spontaneously. Therapeutic results of this technique are similar whether the
amniotic membrane is placed basement membrane-side or stromal-side up.

Soluble factors derived from amniotic membrane likely play a role in
its therapeutic effect. The production of TGF-β1, a cytokine responsible for
fibroblast activation in wound healing, is suppressed by amniotic membrane
matrix, which may limit scarring on the ocular surface [51]. Amniotic membrane
has also been observed to promote the nongoblet cell differentiation of cultured
rabbit conjunctival epithelial cells in vitro [52]. This differs from its effect
in vivo, in which impression cytology specimens of conjunctival surfaces recon-
structed with amniotic membrane demonstrated a goblet cell density almost
10 times that of control eyes, suggesting an involvement of other cells, such as
fibroblasts, in goblet cell differentiation [53]. Amniotic membrane has been
shown to increase epithelial cell density. Conjunctival surfaces reconstructed
from amniotic membrane showed uniformly smaller epithelial cells with twice
the cell density of normal controls [53].

Human amniotic membrane has the ability to suppress alloreactive T-cell
synthesis of TH1- (IL-2 and IFN-γ) and TH2- (IL-6 and IL-10) type cytokines
[54]. Amniotic membrane stromal matrix also suppresses lipopolysaccharide-
induced production of both IL-1α and IL-1β by the corneal epithelium [55].
Extracts from amniotic membrane also contain a variety of protease inhibitors,
including α1-antitrypsin, α2-macroglobulin, inter-α-trypsin inhibitor, α2-
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plasmin inhibitor, and α2-antichymotrypsin [56]. Decreasing infiltration of
inflammatory cells was concomitant with a decrease in the activity of these pro-
teolytic enzymes [57].

The multiple therapeutic effects—facilitating epithelialization, and reduc-
tion of inflammation, vascularization, and scarring—of amniotic membrane
transplantation make it suitable for a variety of clinical indications. Amniotic
membrane transplantation has been used for treating persistent epithelial defect
with or without stromal ulceration, partial limbal stem cell deficiency, bullous
keratopathy, band keratopathy, chemical injury, and Stevens-Johnson syndrome.
For treatment of partial limbal deficiency, amniotic membrane transplantation
alone is often sufficient to reconstruct the corneal surface. Amniotic membrane
transplant alone is advantageous over limbal allograft because no systemic
immunosuppression is required [50].

Amniotic membrane graft may be a viable therapeutic alternative for
conjunctival autografting in the treatment of other conjunctival lesions, including
pterygium or conjunctival intraepithelial neoplasia. It may potentially serve as an
alternative to mucous membrane graft in blepharoplasty, fornix reconstruction,
and orbital reconstruction. Fixation sutures and therapeutic soft contact lenses
may help to position the amniotic membrane graft and prevent tissue retraction.

V. SUMMARY

1. There are several surgical options for reconstructing the ocular surface
of eyes with corneal epithelial stem cell deficiency.

2. Conjunctival limbal autograft provides the best long-term graft sur-
vival because it eliminates the risk of rejection.

3. Long-term success of limbal allotransplantation is limited by immuno-
logical rejection. Survival may be enhanced by use of matched tissue
from living related donors and topical and systemic immunosuppres-
sive therapy.

4. Amniotic membrane is a supportive substrate for the corneal
epithelium, and it has anti-inflammatory and antiangiogenic properties.

5. Ex-vivo expansion of corneal epithelial stem cells shows promise for
future surgical therapy of corneal epithelial stem cell deficiency.
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18
Immunosuppressive Therapy for
Ocular Surface Disorders

Andrew J. W. Huang
University of Minnesota, Minneapolis, Minnesota, U.S.A.

Inflammation associated with ocular surface disorders has great potential for visual
morbidity and visual loss. For example, mucous membrane pemphigoid (previously
known as ocular cicatricial pemphigoid), if untreated, often results in severe scar-
ring of the ocular surface and blindness. Necrotizing sclerokeratitis often threatens
the structural integrity of the ocular surface and may herald the onset of a potentially
life-threatening systemic vasculitis. Therefore, effective management of ocular sur-
face inflammation is pivotal for preventing both ocular and nonocular morbidity.

Corticosteroids have been the mainstay of ocular anti-inflammatory therapy.
However, in some patients, systemic corticosteroids are insufficient to control the
disease, and additional immunosuppressive therapy is required. Many patients
need a corticosteroid sparing agent to minimize side effects from long-term use of
systemic corticosteroids. In these situations, immunosuppressive drugs play a vital
role in the management of severe or refractory ocular surface inflammation as well
as limbal stem cell transplantation. An expert panel recently published guidelines
for the use of immunosuppressive drugs in the management of ocular inflamma-
tion [1]. The goals of this chapter are to assist clinicians in selecting appropriate
immunosuppressive drugs for management of severe ocular surface disease, and
for prevention of allograft rejection from limbal stem cell transplantation.

I. GLUCOCORTICOSTEROIDS

Corticosteroids are generally used as the initial therapy for many autoimmune
diseases, such as systemic lupus erythematosus, rheumatoid arthritis, atopic
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dermatitis, and occasionally postinfectious conditions. They are the drugs of
choice for both prevention and treatment of ocular surface inflammation and
allograft rejection. Corticosteroids may be administered either topically, periocu-
larly, or systemically (primarily orally, but also intravenously or intramuscularly).
They are among the most effective and rapid ocular immunosuppressants. In
general, their potent effects are mediated via nonspecific inhibition of many as-
pects of the inflammatory response. They inhibit lipid peroxidation and synthesis
of prostaglandins by phospholipase A2. Among their multiple biological activi-
ties, corticosteroids inhibit inflammatory cytokine and chemokine production,
decrease synthesis of matrix metalloproteinases, decrease expression of cell adhe-
sion molecules (e.g., ICAM-1), and stimulate lymphocyte apoptosis. They can
also stabilize the lysosomal membranes of polymorphonuclear leukocytes and
inhibit chemotaxis and phagocytosis. Activated corticosteroid receptors in the cell
nucleus bind to DNA and interfere with transcriptional regulators (e.g., AP-1 and
NF-κB) of pro-inflammatory genes [2].

A. Topical and Periocular Steroids

Topical corticosteroids usually have good penetration into the anterior segment
of the eye. They provide effective local immunosuppression and are useful in the
management of ocular surface inflammation, anterior uveitis, episcleritis, and
mild allograft rejection. Prolonged use of topical steroids can lead to adverse
effects such as surface toxicity, delayed corneal wound healing, secondary
glaucoma, and cataracts. Preservative-free topical corticosteroid preparations
circumvent the ocular surface toxicity associated with benzylkonium chloride [3].
Many patients with severe ocular surface disease have concomitant glaucoma,
rendering them more susceptible to steroid-induced glaucoma. Topical pressure-
sparing steroids such as fluorometholone and loteprednol have been used as
alternatives for patients with steroid response.

Periocular corticosteroids are useful in the management of scleritis, severe
uveitis, and limbal allograft rejection. The periocular route typically results
in high local concentrations of corticosteroids in both the anterior and posterior
segments of the eye without serious systemic side effects. However, the potential
risk for ocular side effects remains high.

B. Systemic Steroids

Systemic steroids are frequently necessary to suppress ocular surface inflamma-
tion and for management of patients with limbal allografts. In patients with acute
rejection or episodic inflammation, a short course of oral corticosteroids may be
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useful for suppression of acute inflammation. In patients with chronic inflamma-
tion or rejection, initial treatment with a high oral dose, followed by tapering
to a lower oral dose, and long-term maintenance with a low oral dose may be
necessary to achieve adequate immunosuppression.

Prednisone is the most commonly used oral corticosteroid, but
prednisolone, the active form of prednisone, is often prescribed for patients with
liver dysfunction. The initial dose of prednisone typically is 1 mg/kg/day in
adults. Methylprednisolone (Medrol; Pharmacia and Upjohn, Peapack, NJ,
U.S.A.) dose packs are not expected to be useful in chronic ocular surface
inflammation, because of rapid corticosteroid tapering. For immediate control of
sight-threatening ocular inflammation or graft rejection, intravenous methylpred-
nisolone sodium succinate (Solu-Medrol; Pharmacia and Upjohn, Peapack, NJ,
U.S.A.) can be infused slowly over a period of more than 30 min. The recom-
mended regimen consists of 1 g/day for 3 days followed by oral corticosteroid
therapy [4]. If the condition worsens on high-dose prednisone, or if there is an
inadequate response after 2–4 weeks, additional immunosuppressive agents
should be considered. If chronic oral corticosteroid therapy is needed, some
clinicians will convert the prednisone to an alternate-day schedule. Alternate-day
dosing has been shown to be an effective strategy to reduce side effects while
maintaining clinical efficacy. However, the efficacy of alternate-day dosing for
patients with allograft rejection has not been studied.

After a satisfactory response, oral corticosteroids should be slowly tapered
and eventually discontinued if possible. Rapid tapering of oral corticosteroids
may result in a rebound of the ocular inflammation. In general, when tapering
steroids, higher doses can be tapered more rapidly, while lower doses require a
slow taper to avoid adrenal insufficiency. Patients should be forewarned not
to discontinue corticosteroids abruptly. Stress doses of steroids should be given
at the times of major surgeries. If chronic immunosuppression with more than 10
mg/day of prednisone is needed, additional immunosuppressive drugs should be
considered. It is prudent to caution the patient that the proper endocrine functions
may not return for 6–12 months after tapering off chronic oral corticosteroids.

Even when used for a short term, systemic corticosteroids can produce
many adverse effects. Patients should be monitored for infection, hypertension,
fluid retention, diabetes mellitus, hyperlipidemia, atherosclerosis, osteoporosis,
glaucoma, and cataracts. Other potential side effects include headache, anxiety,
psychosis, easy bruising, and poor wound healing. Blood pressure and serum
glucose should be monitored regularly, with annual evaluation of bone mineral
density and blood cholesterol and lipids. It is recommended that daily supple-
ments of 1500 mg of calcium and 800 IU of vitamin D should be given to patients
on chronic oral corticosteroids, particularly during the first 6 months of therapy
when the bone mineral density loss is the greatest [5]. Steroid-induced bone loss
is a dose- and duration-dependent process that is partly reversible after steroids
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are discontinued. If bone mineral density studies show osteoporosis, antiresorp-
tive agents such as calcitonin, alendronate, etidronate, or residronate should be
prescribed [6].

The incidence of peptic ulcer is not significantly increased in patients
treated with oral corticosteroids alone, and routine use of H2 blockers for patients
taking prednisone may not be necessary [7,8]. However, most nonsteroidal anti-
inflammatory drugs are associated with increased risks of gastric irritation and
ulceration. The concomitant use of oral corticosteroids and nonsteroidal anti-
inflammatory drugs can further increase the risk of gastric ulceration and should
be minimized. All patients on oral nonsteroidal anti-inflammatory drugs, and
particularly those on concomitant oral corticosteroids or those with a history of
peptic ulcer or gastroesophageal reflux, should be monitored closely for gastroin-
testinal complications. Prophylactic therapy with either an H2 blocker (e.g.,
ranitidine 150 mg q.d. to b.i.d.) or a proton pump inhibitor (e.g., omeprazole
20 mg/day) may be beneficial for these patients.

II. IMMUNOSUPPRESSIVE THERAPY

For severe ocular surface inflammation or limbal allograft rejection, initial
immunosuppressive regimens generally include high-dose oral corticosteroids.
Once inflammation is adequately controlled, the corticosteroids are either tapered
or discontinued. With judicious selection of additional immunosuppressive
drugs, many patients with severe ocular surface inflammation will benefit from
these agents, either with better control of the inflammation or with less risk
of corticosteroid-induced side effects. While corticosteroids are essential for
achieving immunosuppression after limbal allograft transplantation, most
patients cannot tolerate the high dose needed to prevent graft rejection if used as
a single agent. Therefore, more specific and less toxic immunosuppressive drugs
should be used as steroid-sparing agents, thereby allowing the patient to achieve
adequate immunosuppression with lower doses of steroids for shorter durations.

Immunosuppressive drugs can be grouped as (1) alkylating agents, (2)
antimetabolites, (3) T-cell inhibitors, and (4) biologics. The alkylating agents
include cyclophosphamide (Cytoxan; Bristol-Myers/Squibb, New York, NY,
U.S.A.) and chlorambucil (Leukeran; Glaxo Smith Kline, Middlesex, England).
The antimetabolites include azathioprine (Imuran; Faro, Bedminster, NJ, U.S.A.),
methotrexate (Rheumatrex; Lederle Laboratories, Wayne, NJ, U.S.A.),
mycophenolate mofetil (Cellcept; Roche, Basel, Switzerland), and leflunomide
(Arava; Aventis Pharma USA, Parsippany, NJ, U.S.A.). The T-cell inhibitors
include cyclosporine (Sandimmune and Neoral; Novartis, Basel, Switzerland;
and SangCya; Sangstat, Fremont, CA, U.S.A.), and tacrolimus (Prograf;
Fujisawa, Osaka, Japan). The biologics are newly developed immunomodulators.
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Since most of these immunosuppressive drugs have slower onset of clinical
efficacy (often taking weeks to have an effect), systemic corticosteroids are often
used initially because of their immediate anti-inflammatory effect.

A. Cyclophosphamide

Cyclophosphamide (Cytoxan) is a nitrogen mustard alkylating agent. Its active
metabolites alkylate purines, and lead to cross-linking of DNA and RNA and
eventual cell death [9]. Cyclophosphamide is cytotoxic to both resting and
dividing lymphocytes [10]. It suppresses primary and established cellular and
humoral immune responses, including delayed-type hypersensitivity, mixed
lymphocyte reactions, mitogen-induced and antigen-induced blastogenesis, and
production of cytokines.

Cyclophosphamide may be given intravenously or orally at dosages of
1–3 mg/kg/day. Its major side effects include alopecia, anemia, and sterile
hemorrhagic cystitis. It is well absorbed and is enzymatically converted by the
hepatic microsomal enzymes to multiple metabolites, which are excreted prima-
rily by the kidney [11,12]. One of the metabolites, acrolein, is thought to be
responsible for bladder toxicity [13]. Use of 2-mercaptoethane sulfonate can
detoxify acrolein and reduce bladder toxicity. Both allopurinol and cimetidine
can inhibit hepatic microsomal enzymes and increase the metabolites of
cyclophosphamide [11]. Doses should be reduced for patients with renal failure.

Cyclophosphamide is approved as an antineoplastic agent. It has been used
in several autoimmune diseases and ocular inflammatory conditions, including
rheumatoid arthritis, systemic lupus erythematosus, and vasculitis, especially
Wegener granulomatosis [14–23]. Intravenous pulsed cyclophosphamide appears
to be less effective than oral daily cyclophosphamide [21,22]. In a clinical trial,
cyclophosphamide and corticosteroids were more effective than corticosteroids
alone for mucous membrane pemphigoid [24].

The most frequently encountered side effect with cyclophosphamide is bone
marrow suppression, which is dose-dependent, reversible, and more common in
older patients [25]. Some clinicians prefer lowering the white blood count to a
level of 3000–4000 cells/mL to induce a therapeutic effect. Granulocytopenia with
an absolute neutrophil count below 1000 cells/mL is associated with an increased
risk of sepsis. Therefore, alkylating agents should be discontinued when the white
count reaches 2500 cells/mL or lower to avoid this complication. A second
serious complication, microscopic hematuria or hemorrhagic cystitis, is uncom-
mon and seen primarily in patients with bladder stasis or inadequate fluid intake.
Patients on cyclophosphamide therapy should be encouraged to drink sufficient
fluid to minimize toxicity. In the presence of bladder toxicity, cyclophosphamide
should be discontinued and therapy switched to an alternative agent such as
chlorambucil, because it does not cause bladder toxicity.
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Cyclophosphamide is teratogenic and is contraindicated in pregnancy.
Other toxicities include ovarian suppression, testicular atrophy, azospermia,
alopecia, nausea, and vomiting. Nausea and vomiting can be minimized by
antiemetics and, to some degree, by adequate hydration. For oral therapy, a
complete blood count and urinalysis should be monitored on a weekly basis
initially and at least once monthly when a stable dosing is reached. If hematuria
persists after 3–4 weeks of discontinuation, a urology consultation is necessary.

B. Chlorambucil

Chlorambucil (Leukeran) is a slow-acting nitrogen mustard alkylating agent
[26]. It substitutes an alkyl group for hydrogen ions in organic compounds and
interferes with DNA replication and transcription by cross-linking DNA to
protein and by intrastrand cross-linking of DNAs.

Chlorambucil may be started orally at a single dose of 0.1–0.2 mg/kg/
day (6–12 mg/day) and increased to a maximum dose of 18 mg/day. Plasma
concentrations are reached in 1 h. It is metabolized in the liver to an active
metabolite, phenylacetic acid mustard. Both chlorambucil and phenylacetic
acid mustard undergo hydrolysis to inactive compounds that are eliminated in
the urine.

Chlorambucil has been used for oncotherapy. It has been used less
frequently than cyclophosphamide in rheumatic diseases [27]. However, there is
greater published success with chlorambucil for Behcet disease [28–32]. Some
studies suggest that long-term drug-free remissions can be achieved after 6–24
months of therapy. Patients typically require concomitant oral corticosteroids
initially, and one goal of chlorambucil therapy is to taper and discontinue oral
corticosteroids over a period of 2–4 months.

The primary side effect of chlorambucil is reversible bone marrow
suppression. Opportunistic infections, particularly viral infections such as herpes
zoster, may occur. Similar to cyclophosphamide, chlorambucil is teratogenic and
is contraindicated in pregnancy. A complete blood count should be monitored
regularly. Chlorambucil is more likely to induce thrombocytopenia than is
cyclophosphamide. Irreversible azospermia also complicates its use.

Both cyclophosphamide and chlorambucil can cause secondary systemic
malignancies [18,33]. It is prudent to advise patients being treated with alkylating
agents of their carcinogenic potential.

C. Azathioprine

Azathioprine (Imuran) is a purine nucleoside analog. Its active metabolite, 6-
mercaptopurine, interferes with purine synthesis during DNA replication and
transcription [34]. Immunologically, azathioprine reduces the numbers of
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peripheral T and B cells [35], mixed lymphocyte reactivity, interleukin-2
synthesis, and IgM production [36].

Azathioprine is administered orally in divided dosages totaling 1–3
mg/kg/day. The dose should be reduced when used with allopurinol, which
interferes with the metabolism of 6-mercaptopurine by xanthine oxidase [37].
Azathioprine has been approved for rheumatoid arthritis. Its most common use
is in organ transplantation, especially in combination with other agents such
as prednisone and cyclosporine. Given its nonspecific nature in blocking DNA
synthesis, azathioprine can inhibit the proliferation of actively dividing cells.
Therefore, it is most effective if given early in the rejection process, to inhibit
proliferation of B and T cells. It is less effective for chronic graft rejection, since
most of the lymphocytes have already proliferated. It functions as a steroid- or
cyclosporine-sparing agent that reduces dosages of those medications and their
associated toxicities. It has also been used for mild cases of mucous membrane
pemphigoid. Other studies have shown its efficacy in psoriatic arthritis, Reiter
syndrome, and systemic lupus erythematosus [38,39].

The most common severe side effect of azathioprine is reversible
myelosuppression, which is uncommon when the lower dosage is used.
Leukopenia may appear rapidly with the use of this agent. Other side effects
include hepatoxicity, gastrointestinal distress, alopecia, stomatitis, and secondary
infections. An increased risk of malignancy, especially non-Hodgkin
lymphoma, has been reported with its use in renal transplant patients. However,
it remains unclear whether the risk is increased in patients with autoimmune
diseases [40]. When using azathioprine, complete blood and platelet counts
should be monitored every 4–6 weeks. In addition, liver function tests (aspartate
aminotransferase and alanine aminotransferase) should be performed every
3 months. When hepatotoxicity occurs (liver enzymes 1.5 times greater than the
upper normal limit), the dose should be decreased with reevaluation of the
liver enzymes after 2 weeks. Once liver enzymes return to normal, laboratory
evaluations can be resumed as above.

D. Methotrexate

Methotrexate (Rheumatrex) is a folic acid analog, which inhibits the conversion
of dihydrofolate to tetrahydrofolate by dihydrofolate reductase, metabolism that
is important during DNA replication [41]. Similar to azathioprine, methotrexate
inhibits rapidly dividing cells, such as leukocytes, and thus has an anti-inflam-
matory effect.

Methotrexate is typically administered at a dose ranging from 7.5 to 25 mg
(with the most common dose being 15 mg) once per week in a single dose.
Although methotrexate is usually given orally, it can be given intramuscularly or
subcutaneously to enhance efficacy and minimize side effects. When given
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orally, up to 35% may be metabolized by the intestinal flora before absorption,
and the absorption decreases as the dose increases. When given parenterally,
methotrexate is completely absorbed. Concurrent use of folate at 1 mg/day may
reduce the hepatotoxicity and minimize nausea. The full therapeutic effect takes
6–8 weeks to occur [42].

Methotrexate has been used effectively in the management of systemic
inflammatory diseases, such as rheumatoid arthritis, juvenile rheumatoid
arthritis, psoriatic arthritis, and systemic lupus erythematosus [43]. Methotrexate
also is used at higher doses an antineoplastic agent. Several studies have used
methotrexate to treat various ocular inflammatory diseases, including uveitis and
scleritis in adults and children, with general success [42–46].

Methotrexate is the most common immunosuppressive agent used in
children. There is extensive experience regarding its use and relative safety
in children with juvenile rheumatoid arthritis [47,48]. It is generally safe and well
tolerated. It is metabolized more rapidly in children, and thus, higher doses (on a
per-weight basis) are used in children. Methotrexate usually is given to children
once weekly at an oral dose of 10–25 mg/M2. Because children are smaller,
total weekly doses generally are in the same range as those given to adults
(7.5–15 mg/week). Oral absorption is variable in children, and subcutaneous
injections may be better tolerated than oral administration in children.

The most serious side effects of methotrexate are hepatoxicity, cytopenia,
and interstitial pneumonia. Other common gastrointestinal side effects include
stomach upset, nausea, stomatitis, and anorexia. Alopecia and rash occur less
commonly. Methotrexate is a teratogen and is contraindicated in pregnancy.
Before starting methotrexate, a complete blood count, serum chemistry profile,
hepatitis B surface antigen, and hepatitis C antibody should be evaluated.
Complete blood count and liver function tests are monitored every 1–2 months.
If liver enzymes are greater than twice the normal range on two separate occa-
sions, the dose should be decreased. Abnormal liver function occurs in 15% of
patients on methotrexate. Because of its potential hepatotoxicity, patients should
be advised to abstain from alcohol consumption while receiving methotrexate.

E. Mycophenolate Mofetil

Mycophenolate mofetil (Cellcept) is a selective inhibitor of inosine monophos-
phate dehydrogenase that interferes with de-novo guanosine synthesis. In most
cells, guanosine synthesis can be maintained through an alternative salvage
pathway. However, proliferating lymphocytes require both de-novo and salvage
pathways for guanosine synthesis. Thus, mycophenolate specifically inhibits
the proliferation of both T and B lymphocytes. It also suppresses antibody
synthesis, interferes with cellular adhesion to vascular endothelium, and
decreases recruitment of leukocytes to sites of inflammation.
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Mycophenolate mofetil is generally used at an oral dose of 1 g twice daily
with a maximum dose of 3 g/day. The drug has high oral bioavailability but
should be ingested on an empty stomach. It is a pro-drug that is hydrolyzed to
mycophenolic acid and excreted by kidney. Mycophenolate mofetil should be
used with caution in patients with renal impairment and in those with gastroin-
testinal disorders, which might affect absorption.

Mycophenolate mofetil has been approved for the prevention of allograft
rejection in recipients of renal and cardiac transplantation. Its addition to oral
corticosteroids and cyclosporine significantly reduces the occurrence of graft
rejection [49,50]. Experience with mycophenolate mofetil as monotherapy for
ocular inflammatory disease has been limited [51,52]. For ocular inflammatory
diseases, mycophenolate mofetil has been used successfully in combination with
other agents, such as oral corticosteroids or cyclosporine. Successful use of
mycophenolate for patients with high-risk keratoplasty has also been reported
[53]. Although the benefit of mycophenolate in limbal stem cell transplantation
has not been conclusively established, it is reasonable to use this agent as an
adjunct to corticosteroids and cyclosporine in this group of patients to prevent
and treat allograft rejection.

Gastrointestinal symptoms (pain, nausea, vomiting, and diarrhea) are
common side effects. Leukopenia, anemia, thrombocytopenia, and opportunistic
infections (the most notable being cytomegalovirus and herpes simplex
infections) can also seen as a result of the myelosuppression. These side effects
are usually mild and respond well to a dosage reduction, or temporary discontin-
uation. Mycophenolate serum levels are not routinely monitored. It should be
remembered that many patients might receive other immunosuppressive drugs in
combination with mycophenolate mofetil. During treatment, patients should be
monitored with complete blood counts on a weekly basis for 4 weeks and
monthly thereafter. After patients have been stable for more than 6 months, blood
counts may be checked every 2–3 months. Liver function tests should be
performed every 3 months.

F. Leflunomide

Leflunomide (Arava) is an antimetabolite that may have T-lymphocyte
specificity. After ingestion, leflunomide is rapidly converted to an active metabo-
lite, which binds to dihydrooratate dehydrogenase, thereby inhibiting pyrimidine
synthesis by blocking the production of uridine monophosphate [54]. It can
inhibit active T-cell proliferation and has anti-inflammatory effects [55].

The initial loading dose is 100 mg daily for 3 days, followed by the usual
dose of 20 mg daily. It is available in 10- and 20-mg pills and a 100-mg three-pill
pack for the initial loading dose. Leflunomide has been approved recently for
treatment of active rheumatoid arthritis in patients inadequately controlled by
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other immunosuppressive agents, especially those who fail methotrexate or other
combination therapies [56–58]. The long-term efficacy and safety of leflunomide
for ocular surface diseases remains to be determined.

Diarrhea is common with leflunomide. Other minor adverse effects
included headaches, abdominal pain, rash, and reversible alopecia. Women of
childbearing potential should avoid pregnancy if taking leflunomide.
Hepatotoxicities are similar to that of methotrexate. Liver function tests, specifi-
cally a serum alanine aminotransferase (ALT), should be monitored monthly for
the first 3 months and every 3 months thereafter at the physician’s discretion. If
liver function tests are minimally abnormal, the dose should be lowered to 10 mg
daily. If the liver function remains abnormal or if ALT is significantly elevated
to greater than twice the normal range, leflunomide should be discontinued.
Leflunomide may be given with nonsteroidal anti-inflammatory drugs, corticos-
teroids, warfarin, oral contraceptives, methotrexate, and cimetidine. However, it
should not be given with cholestyramine, which interferes with its absorption.
Cholestyramine, given at a dose of 8 gm t.i.d for 11 days, is recommended to
eliminate leflunomide in the event of hepatotoxicity or unplanned pregnancy.

G. Cyclosporine

Cyclosporine (Sandimmune and Neoral) is a natural product of fungi, including
Beauveria nivea and TolypocIadium inflatum gans. Cyclosporine A (CsA) is
a hydrophobic, 11-amino acid cyclic peptide. It represents a new generation of
specific immunosuppressive agents that selectively interfere with immunocom-
petent T lymphocytes that are in the G0 or G1 phase of their cell cycle, without
causing generalized cytotoxic effects. Its effect appears to be mediated by
binding to an intracellular peptide known as cyclophilin [59]. Cyclophilins are
one type of regulatory proteins known as immunophilins that control gene
expression necessary for T-cell activation. The cyclophilin–cyclosporine
complex inhibits a protein phosphatase, calcineurin, which ultimately inhibits
transcription and production of IL-2, thereby suppressing activation of T-helper
and T-suppressor cells. Cyclosporine also blocks the production of other
lymphokines such as γ-interferon (crucial for macrophage activation) and inhibits
the expression of high-affinity IL-2 receptors [60].

Cyclosporine has been approved for the prevention and treatment of graft
rejection, for the treatment of severe rheumatoid arthritis unresponsive to
methotrexate, and for the treatment of severe plaque psoriasis in adults [61].
Cyclosporine is generally preferred when corticosteroid-resistant inflammation
requires further treatment or when the patient has intolerable or life-threatening
side effects from long-term corticosteroids. In general, the use of systemic
cyclosporine is indicated in diseases in which the underlying immunopathogenic
mechanism is induced by T-helper- and cytotoxic lymphocyte-mediated immune
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events. Cyclosporine is effective for a variety of ocular inflammatory conditions
[62–65].

For ocular disease, cyclosporine usually is given at a dose of 2–5
mg/kg/day, divided equally into twice-daily doses. It can be given intravenously
or orally. Cyclosporine may be administered orally as the conventional liquid-
filled capsules or the conventional oral solution (Sandimmune™, Novartis).
Alternatively, the drug may be administered orally as a nonaqueous liquid
formulation (Neoral™) that immediately forms an emulsion in aqueous fluids;
the formulation is available as an oral solution for emulsion and as oral
liquid-filled soft gelatin capsules containing the oral solution for emulsion. When
exposed to an aqueous environment, the oral solution for emulsion forms a
homogenous transparent emulsion with a droplet size smaller than 100 nm in
diameter, which has been referred to as a microemulsion. Cyclosporine oral
solution for emulsion, both as the solution and in the liquid-filled capsules, has
increased oral bioavailability compared with the conventional oral solution and
liquid-filled capsules of the drug, and therefore the conventional and emulsion
formulations are not bioequivalent and cannot be used interchangeably without
appropriate medical monitoring [59]. Some clinicians begin cyclosporine therapy
with the microemulsion at 2 mg/kg twice daily or with the conventional oral
solution at 2.5 mg/kg twice daily and adjust the dose based on response and side
effects. Absorption of cyclosporine through the gut varies widely. The half-life of
cyclosporine in the blood is approximately 8 h. Most of the plasma cyclosporine
is bound to lipoproteins [59].

The drug is metabolized in the liver through the cytochrome P450 system
and excreted in the bile, with very little of its metabolites in the urine. A number
of medications metabolized through the cytochrome P450 system have been
shown to interfere with the clearance of cyclosporine. These drugs can increase
the cyclosporine blood levels and potentiate its toxicity. These medications
include acetazolamide, fluconazole, ketaconazole, erythromycin, clarithromycin,
diltiazem, and verapamil. One frequently overlooked interaction is with grape-
fruit juice, which can strikingly increase cyclosporine levels. Patients should be
advised of the potential risk for such interactions.

The most worrisome side effect of cyclosporine is nephrotoxicity with
increased serum creatinine and decreased creatinine clearance. Renal function
improved with a reduction in cyclosporine dosage. Another commonly encoun-
tered side effect is hypertension. Less commonly encountered side effects include
hepatotoxicity, myalgia, tremor, paresthesia, gingival hyperplasia, and hirsutism.
Patients should be forewarned about two potentially disfiguring side effects,
namely, gingival hyperplasia and hirsutism, from prolonged treatment. Although
usually reversible, gingival hyperplasia may become persistent, and good oral
hygiene may prevent this complication. Neurotoxicity is seen occasionally and
may manifest as tremors, paresthesia, headache, and, rarely, seizures.
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Blood pressure should be checked at least monthly initially and every
3 months for patients on long-term therapy. Serum creatinine should be checked
every 2 weeks initially and monthly once dosage has stabilized. Therapeutic drug
monitoring may be used to monitor systemic absorption, but does not correlate
well with therapeutic efficacy for autoimmune disorders. Periodic laboratory
evaluation (every 2–3 months) should also include liver function tests, serum
glucose and electrolytes, calcium, magnesium, fasting lipids, complete blood
count, and urinalysis. Mild elevations of the liver enzymes are not uncommon
and typically resolve once the dose is reduced. Hyperlipidemia is frequently
encountered and may warrant treatment. Glucose intolerance or diabetes is seen
less frequently with cyclosporine compared with tacrolimus, and occasionally
may require treatment [66,67]. Other laboratory abnormalities may include
hypomagnesemia, hyperkalemia, and thrombocytopenia.

1. Systemic Cyclosporine for Limbal Allograft

The use of systemic cyclosporine has had a profound impact on the success
of solid organ transplantation. Along with corticosteroids, it is currently the
most widely used immunosuppressive agent in transplant recipients. Several
studies have demonstrated its efficacy in limbal allografts [68,69]. In the absence
of any contraindications, limbal allograft recipients are given cyclosporine at
3–5 mg/kg/day in divided doses starting 3–5 days prior to surgery. Therapeutic
drug monitoring is commonly done by measuring a predose trough level approx-
imately 12 h after the last dose. For limbal allograft recipients who are
also receiving azathioprine or mycophenolate, a trough level between 100 and
150 ng/mL is recommended. Higher levels (150–200 ng/mL) may be needed in
patients taking oral cyclosporine as a single agent. After starting the therapy,
serum trough levels should be checked at least monthly until stabilized, then
every 2–3 months thereafter.

Overall, cyclosporine is invaluable in the management of the limbal
allografts. The currently recommended regimen for limbal allografts in average
otherwise healthy adults is a combination therapy with triple immunosuppressive
agents including oral prednisone 60 mg/day with slow tapering, cyclosporine
A (preferably Neoral) 100–150 mg, b.i.d. with adjustment based on the blood
levels, and mycophenolate mofetil (Cellcept) 1 g, b.i.d.. Patients are typically
maintained on cyclosporine and mycophenolate for at least 12–18 months. This
is when patients are at the highest risk for limbal allograft rejection. Given the
persistent risk of rejecting the donor limbal stem cells, some experts have
recommended that patients remain on oral immunosuppression indefinitely with
at least one agent. With diligent monitoring, the risk of irreversible systemic
toxicity at the recommended doses is relatively low. The risk of cyclosporine-
induced toxicity is potentially even lower when it is used in combination with
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corticosteroids and a “cyclosporine-sparing” agent such as mycophenolate or
leflunomide. Further studies are needed to determine the optimal regimen and
duration of therapy for limbal allografts. Even with the best efforts in immuno-
suppression and tissue matching, the long-term survival of limbal allografts
at present is disappointing, with greater than 50% failure in 5 years in several
published reports.

2. Topical Cyclosporine

Topical absorption of cyclosporine by the ocular tissues is hindered by its
hydrophobic structure, which does not readily penetrate the hydrophilic corneal
stroma or conjunctival tissues. Several delivery vehicles have been used to
facilitate its ocular absorption, including olive or corn oils [70], liposomal
encapsulation [71], cyclodextrin [69], and lipid-based emulsion [72].

Many studies have demonstrated the anti-inflammatory and immunosup-
pressive effects of topical cyclosporine [70–81]. In general, topical cyclosporine
is well tolerated. Some patients may experience discomfort and occasional
punctate keratopathy, which are vehicle-related. Systemic absorption of
cyclosporine following topical application is minimal, and no significant ocular
side effects of topical cyclosporine have been reported. It is not necessary to 
monitor blood levels or renal function when using only topical cyclosporine.

Though yet unproven, topical cyclosporine may be a viable adjunct in
managing patients with limbal stem cell transplantation. It provides effective
immunosuppression with minimal side effects and is often used as a topical
steroid-sparing agent. Nonetheless, topical cyclosporine does not eliminate the
need for systemic immunosuppression at least in the first 12–18 months. It
potentially can be used for the long-term management of limbal allografts after
discontinuing systemic immunosuppression.

H. Tacrolimus

Tacrolimus (FK-506 or Prograf) is a macrolide immunosuppressant derived
from Streptomyces tsukubaensis. Similar to cyclosporine, tacrolimus inhibits
activation of T lymphocytes. However, it acts by binding to a different
immunophilin, the FK-506 binding protein, and thereby inhibits activity of the
protein phosphatase, calcineurin, ultimately blocking transcription of several
lymphokines, most importantly, IL-2 [82].

Tacrolimus can be given intravenously or orally. An initial oral dose of
0.10–0.15 mg/kg/day is recommended for adult patients with liver transplants.
An initial dosage of 0.05 mg/kg/day may be effective for uveitis. Bioavailability
of tacrolimus is variable after oral intake, and it should be taken on an empty
stomach. Monitoring of blood concentrations may be necessary, as absorption
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from the gastrointestinal tract is both incomplete and variable. The target range
for tacrolimus trough blood levels is 5–15 ng/mL. Tacrolimus primarily is
metabolized by the cytochrome P-450 system and thus drug interactions can
occur with the same medications as mentioned above. In healthy adults, the
half-life of tacrolimus in blood is 3–4 times longer than that of cyclosporine.

Tacrolimus was first approved for organ transplantation and has been
widely used as an alternative to cyclosporine. It has been effective in prevention
and treatment of both solid organ transplant rejection and experimental autoim-
mune uveitis [83–86]. It has been suggested that tacrolimus is more effective
than cyclosporine in reversing renal graft rejection, but both appear similar in
maintaining long-term graft survival [87]. Clinical trials in liver transplant
recipients showed lower rates of rejection in patients receiving tacrolimus when
compared with cyclosporine-receiving patients [88,89]. Oral tacrolimus has been
used successfully to prevent graft rejection after limbal allograft transplantation
[90]. Its application in ophthalmology is currently limited to systemic use.

Topical tacrolimus has been shown to prevent corneal graft rejection in
animal models [91]. Similar to cyclosporine, topical delivery of tacrolimus
requires the use of a lipophilic vehicle. At present, there is no commercial prepa-
ration of topical tacrolimus and there are no clinical studies regarding its efficacy
as an ocular anti-inflammatory agent.

Major systemic side effects include renal impairment, neurological symp-
toms, gastrointestinal symptoms, and hyperglycemia, similar to those with
cyclosporine [87]. Nephrotoxicity and hypertension occur frequently with
tacrolimus, but less commonly than with cyclosporine. Neurotoxicity is more com-
mon than with cyclosporine and usually presents as headache, tremor, paresthesia,
and occasionally seizures. Another important adverse effect is hyperglycemia,
which is more common with tacrolimus than with cyclosporine. The incidence of
tacrolimus-induced diabetes may be as high as 20% (compared to 3–4% with
cyclosporine). On the other hand, hyperlipidemia occurs less frequently with
tacrolimus, with no reported gingival hyperplasia and hirsutism [87].
Lymphoproliferative disorders, including lymphoma associated with active
Epstein-Barr virus infection, have been reported in patients on tacrolimus [92].
Adverse effects generally resolve or improve when tacrolimus is reduced or
discontinued. Tacrolimus should not be given with cyclosporine because of the
compounded risks of renal toxicity. While on tacrolimus, patients at least initially
should undergo weekly laboratory assessment of the following: liver function (liver
enzymes and bilirubin); renal function (blood urea nitrogen, creatinine, electrolytes
including calcium, magnesium, and phosphate); lipid profile (cholesterol and
triglycerides); glucose; and complete blood counts. Given its narrow therapeutic
index, therapeutic drug monitoring is necessary. With stable dosing, the frequency
of laboratory assessment may be reduced to monthly. Blood pressure should also
be monitored at least monthly initially, and subsequently at least every 3 months.
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I. Sirolimus

Sirolimus (Rapamycin) is a macrolide immunosuppressant approved for
renal transplantation. Specifically, it prolongs the cell cycle by inhibiting
mammalian target of rapamycin (mTOR), which regulates the phosphorylation
of several cell cycle-dependent kinases [93]. As an antiproliferative agent, it
primarily blocks the actions of growth-promoting cytokines such as IL-2 and
IL-4. This antiproliferative action is not limited to T and B cells, as it also
inhibits other nonimmune cells such as fibroblasts and smooth muscle cells.

Sirolimus is given with a initial loading dose of 6 mg orally, followed by a
maintenance dose of 2 mg once daily for renal transplant patients. It is absorbed
rapidly after oral administration and is well tolerated. Predose 24-h trough levels
are used for therapeutic drug monitoring. The target trough range of sirolimus
is 5–15 ng/ml. Like other T-cell inhibitors, sirolimus is metabolized by the
cytochrome P450 system, and increased blood levels can be seen with concurrent
use of other medications.

Structurally similar to tacrolimus, sirolimus binds to the same im-
munophilin, FK-506 binding protein. However, its mechanism of action is
different from both cyclosporine and tacrolimus, in that it does not inhibit cal-
cineurin. Cyclosporine and sirolimus act synergistically as immunosuppressants.
However, the timing of dosing sirolimus with cyclosporine can significantly
affect the sirolimus blood levels. If taken simultaneously with cyclosporine,
sirolimus appears to have 50% higher blood levels compared to when taking
sirolimus after cyclosporine at the recommended 4-h interval [94]. Tacrolimus
and sirolimus appear to competitively inhibit each other in vitro, since they both
bind to the same immunophilin.

The most common side effects are hyperlipidemia, thrombocytopenia, and
leukopenia. These problems are usually dose-related and respond well to dosage
adjustment. Periodic monitoring of the serum lipids and the blood counts is
prudent. When starting sirolimus in patients who are also taking cyclosporine,
renal function and blood levels of both drugs should be monitored more closely.

J. Biologics

With new insight to the immune system, new pharmaceutical approaches,
sometimes known as biologics, have been developed and are used to modulate
immune functions. These newer agents include monoclonal antibodies to
cytokines (for example, tumor necrosis factor-α), cell adhesion molecules,
cytokine receptors (anti-interleukin-2 receptor), or T-cell surface markers
(anti-CD4). Soluble tumor necrosis factor receptors, such as etanercept (Enbrel;
Immunex, Seattle, WA, U.S.A.) and infliximab (Remicade; Centocor, Malvern,
PA, U.S.A.) are now in routine use for treatment of severe rheumatoid arthritis.
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Additional new approaches to immunomodulation include immunoadsorption
columns (Prosoba), and intravenous immunoglobulin (IVIG).

1. Tumor Necrosis Factor (TNF) Blockades

Tumor necrosis factor-alpha (TNF-α) is a pro-inflammatory cytokine that plays
an important role in the pathogenesis and perpetuation of the inflammatory
reactions. Released from macrophages in a monomeric form, TNF-α forms
a trimeric molecule, which attaches to cell surface receptors and initiates the
inflammatory cascade [95]. TNF-α also promotes the production and release of a
number of other pro-inflammatory cytokines, including interleukin-1 (IL-l), IL-2,
IL-6, IL-8, granulocyte-macrophage colony-stimulating factor (GM-CSF), and
prostaglandins.

TNF-α is normally present in healthy individuals, but is elevated in a
variety of disorders, including Sjögren’s syndrome and rheumatoid arthritis.
TNF-α induces the release of tissue metalloproteinases such as collagenases and
gelatinases, which results in the collagen destruction and stromal ulceration seen
in sterile corneal ulcers or melts [96–101]. It also induces angiogenesis by
upregulating the expression of endothelial cell adhesion molecules (ICAM,
VCAM), and promoting vascular endothelial cell proliferation, all of which lead
to ongoing corneal vascularization and pannus formation.

Potential routes to block TNF-α activities may include: (1) monoclonal
antibodies that lyse or neutralize TNF-α; (2) use of soluble TNF-α fusion
proteins that decoy TNF-α and prevent its attachment to surface receptors; or (3)
use of receptor antagonists that compete with TNF-α for the surface-binding sites
of the pro-inflammatory cytokines. Beneficial effects in suppressing the ocular
inflammation would be expected if TNF-α were either destroyed or prevented
from attaching to cell surface receptors.

The U.S. Food and Drug Administration (FDA) has approved two TNF-α
blockade agents, etanercept (Enbrel) and infliximab (Remicade), for the
treatment of rheumatoid arthritis; both work by inhibiting TNF-α attachment to
surface receptors. Another promising TNF-α blocking agent currently being
studied is D2E7 (Knoll). Because of cost and the possibility of infections and
malignancies associated with long-term use, these newer agents should be
reserved for patients who are refractory to conventional therapies, those with
relentless ocular surface inflammation, and patients who are steroid-intolerant, or
who have other complicating factors.

Etanercept. Etanercept (Enbrel) is a recombinant dimer of two
soluble human TNF-receptor p75 (TNF-R) molecules to the Fc portion of IgG1.
It is fully humanized and has a higher affinity for TNF-α than does the naturally
occurring monomeric receptor. Soluble TNF receptors are present naturally
in many body fluids, but etanercept acts as a decoy to TNF-α, which binds
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preferentially to the receptor dimer. Etanercept can bind soluble TNF-α from its
membrane-bound receptor and renders it biologically inactive. It thus prevents
the “pro-inflammatory” effects of TNF. The use of etanercept may render higher
TNF-α levels in patients, but the TNF-α is neutralized, and thus is unable to
attach to its cellular receptors and activate macrophages.

Etanercept has been used successfully in the treatment of rheumatoid
arthritis [102,103] and juvenile rheumatoid arthritis, and currently is being
studied for other autoimmune disorders. Combination therapy with etanercept
and methotrexate has been shown to have a synergistic and sustained effect for
rheumatoid arthritis. A study evaluating the use of etanercept in the treatment of
uveitis associated with juvenile rheumatoid arthritis is currently underway.

The routine dose of etanercept is 25 mg subcutaneously, given twice a
week [102,103]. It is generally well tolerated. Minor injection-site reactions 
were common, but they tended to resolve without serious infections and 
rarely required discontinuation of the medication. When etanercept is used as
monotherapy, no laboratory monitoring is required; it is required, however, 
when etanercept is combined with methotrexate. There are concerns regarding
the risks of infection and malignancy development, due to the inhibition of 
tumor necrosis factor. Etanercept should not be used in patients with an 
ongoing infection; clinicians should exercise judgment in prescribing this 
agent for patients with diabetes or recurrent infections. Possible associations 
with demyelinating disease, pancytopenia, and aplastic anemia have been raised
as well. In many patients, etanercept will allow clinicians to decrease doses of
corticosteroids or methotrexate and avoid the potential side effects of these
agents.

Patients with rheumatoid arthritis are known to have a 10-fold increased
frequency of developing lymphomas. The risk of malignancies and opportunistic
infections with etanercept use will need to be monitored over long-term use. In
addition, about 5% of patients on etanercept develop anti-DNA antibodies, but no
cases of systemic lupus erythematosus have been reported to date.

Although etanercept is an exciting new biologic agent for treating rheuma-
toid arthritis and its associated complications, it should be reserved for patients
who fail methotrexate or other immunosuppressive agents. Not only is cost a
major limiting factor, its safety and efficacy for ocular surface diseases also await
further confirmation.

Infliximab. Infliximab (Remicade) is another recently approved
biologic agent for the treatment of rheumatoid arthritis. Infliximab is a chimeric
(one-third mouse, two-thirds human) monoclonal antibody that irreversibly binds
to and neutralizes TNF-α, thereby preventing it from attaching to TNF receptors
on the cell surface. Infliximab can also bind to the TNF-producing cells or to
membrane-bound TNF-α. It blocks the biological activity of TNF-α and causes
death of TNF-producing cells.
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Infliximab is administered as an intravenous infusion at a dose of 3–10
mg/kg over 2 h every 1–2 months. Infusion reactions, which may include itching,
hives, or headache, are uncommon, and usually minor. Slowing the infusion rate
may reduce these reactions. Occasionally, premedication with diphenhydramine
(benadryl) or acetaminophen may be given to patients with recurrent reactions.
Adverse effects included an increase in upper respiratory infections, nausea,
rashes, diarrhea, and sinusitis. Similar to etanercept, long-term toxicities of
infliximab, including the possibility of opportunistic infections and malignancies,
need to be monitored. Non-Hodgkin lymphomas have been reported with inflix-
imab. Up to 7% of patients developed anti-dsDNA antibodies, and several cases
of reversible systemic lupus erythematosus (SLE) have been reported. If inflix-
imab binds TNF-α and causes cell death, it may expose DNA to the patient, and
result in the formation of DNA antibodies and the onset of SLE seen in these
patients.

Infliximab is generally well tolerated and should be combined with
methotrexate to prevent the formation of human antichimeric antibodies, which
are induced by the murine portion of the chimeric infliximab. It has been reported
that clinical improvements were prolonged in rheumatoid patients who received
combination therapy with methotrexate [104]. Methotrexate is thought to inhibit
the formation of human antichimeric antibodies, which may result in loss of
efficacy with prolonged infliximab administration. Monotherapy without
methotrexate should be used with caution. The combined use with methotrexate
necessitates routine methotrexate laboratory monitoring. Because of its cost and
the need to combine therapy with methotrexate, it should be reserved for patients
who are refractory to conventional immunosuppressive therapies.

D2E7. D2E7 (Knoll) is a fully humanized monoclonal antibody directed
against TNF-α. Unlike infliximab, D2E7 has no chimeric component, thereby
minimizing the possibility of human antichimeric antibody formation and pre-
sumably eliminating the need for combination therapy with methotrexate.
Clinical experience with this agent has been limited.

Interleukin-1 Receptor Antagonist. Another important cytokine in propa-
gating the inflammatory cascade is interleukin 1 (IL-1). Its actions are very sim-
ilar to those of TNF-α. IL-1 has been closely associated with the development of
ocular surface inflammation by stimulating the release of tissue metallopro-
teinases, which result in tissue destruction.

Interleukin-1 receptor antagonist (IL-1 Ra; Anakindra) was used in patients
with active and severe rheumatoid arthritis [105]. Despite the relatively modest
clinical responses compared with the TNF-α blockers, such as etanercept and
infliximab, IL-1 Ra treatment resulted in a striking reduction in the severity of
joint damage in rheumatoid arthritis. The use of IL-1 Ra, either as a monotherapy
or combined with one of the TNF-α blockades, may have synergistic effects in
the treatment of rheumatoid arthritis and related ocular inflammation. Again,
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one must be concerned not only about the cost of this agent, but also about the
potential for long-term toxicities and systemic malignancy.

Immunoadsorption Columns. Another novel approach to immunomodu-
lation is the immunoadsorption column (Prosorba), which was recently approved
for the treatment of refractory rheumatoid arthritis [106,107]. The Prosorba col-
umn consists of an inert silica matrix covalently bound to highly purified staphy-
lococcal protein A. Protein A binds immunoglobulin G (IgG) and removes it
during extracorporeal pheresis. The immunoadsorption column is a very expen-
sive therapeutic modality for severe rheumatoid arthritis. Despite its efficacy in
rheumatoid arthritis, extrapolating this result to diseases not characterized by a
similar contribution from immunoglobulin is problematic, and the disease is
likely to recur unless additional treatment is continued.

Monoclonal Antibodies. Antilymphocyte globulin and antithymocyte
globulin (polyclonal antibodies against T cells) were initially used in organ trans-
plantation to prevent graft rejection. Monoclonal antibodies directed against T-
cell antigens are now used extensively to reverse acute graft rejection in solid
organ transplantation. Antibodies to CD4 or to the interleukin-2 receptor have
been beneficial in treating acute transplant rejection.

OKT3 was the first monoclonal antibody approved for organ transplanta-
tion. It is a mouse antibody against the CD3 antigen of T cells. Because OKT3
is a nonhumanized protein, it can elicit a cytokine-release syndrome and lead to
hypotension, bronchospasm, and pulmonary edema. Two other less immunogenic
monoclonal antibodies have been recently developed to circumvent the cytokine-
release syndrome. Both daclizumab HAT (humanized anti-Tac), Zenapax;
Roche, Basel, Switzerland), and basiliximab (Simulect) are directed against
the alpha subunit (Tac/CD25) of the interleukin-2 receptor of activated T cells
[108]. They inhibit the proliferation of T cells via blocking the effect of IL-2.
When given perioperatively, both agents were shown to reduce acute rejection
episodes significantly after organ transplantation. One study found that da-
clizumab facilitated the reduction of immunosuppressive therapy for patients
with uveitis [109]. However, this anti-interleukin-2 receptor therapy for uveitis
was reported to be associated with rashes, edema, granulomatous reactions,
and viral respiratory infections [109]. It requires intravenous administration and
is well tolerated, without significant side effects.

Rituximab (Ritucan, United States; Mabthera, Europe) is an anti-CD-20
chimeric (mouse/human) monoclonal antibody approved for B-cell lymphomas. It
selectively depletes CD-20 positive B cells. Based on the notion that rheumatoid
arthritis is driven by autoreactive B lymphocytes, it was used in patients with re-
fractory rheumatoid arthritis. Reduction of rheumatoid factor titer and number of
B cells was noted after treatment [110]. Patients were able to discontinue other
treatments, and there was minimal toxicity despite prolonged lymphocyte deple-
tion. The finding suggests that blocking the B-cell-mediated humoral response
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might be beneficial not only for rheumatoid arthritis, but also for systemic lupus
erythematosus and other B-lymphocyte-driven diseases. Currently, there is no re-
ported experience of using systemic monoclonal antibodies in management of
corneal or limbal allograft rejection. The long-term efficacy and safety of these
experimental approaches for ocular surface diseases await further investigation.

Topical application of monoclonal antibodies to manage corneal graft
rejection is generally ineffective because of poor antibody penetration across the
ocular surface. Subconjunctival injection of antibodies to IL-2 receptor was
effective in an animal study [111], and intracameral injection of monoclonal
antibodies to CD3 and CD6 were also effective in reversing acute corneal graft
rejection clinically [112]. A suitable form of local delivery needs to be developed
to facilitate the topical application of monoclonal antibodies for ocular surface
diseases and allograft rejection.

Intravenous Immunoglobulin. Intravenous immunoglobulin (IVIG) has
proven efficacy in specific immunemediated diseases, such as Guillain-Barre syn-
drome and idiopathic thrombocytopenic purpura [113]. It has been used in other
autoimmune diseases such as rheumatoid arthritis, systemic lupus erythematosus,
myasthenia gravis, vasculitis, and multiple sclerosis [114–118]. One small study
reported that approximately 50% of patients with uveitis refractory to immuno-
suppressive medication benefited from intravenous immune globulin [119].

IVIG exhibits several immunoregulatory functions mediated by the
crystallizable Fc fragment of immunoglobulin G (lgG) and by a spectrum of
variable regions contained in the immunoglobulins [120]. Although IgG is the
major component of IVIG, other minor constituents such as solubilized lympho-
cyte surface molecules can also exert regulatory effects on T and B cells. Several
mechanisms of action have been proposed to account for the immunomodulatory
effects of IVIG, including: (1) functional blockade of Fc receptors on splenic
macrophages; (2) inhibition of complement activation by binding C3b and C4b;
(3) modulation of the synthesis and release of cytokines and their antagonists; (4)
neutralization of circulating autoantibodies by reacting with idiotypes of natural
or disease-related autoantibodies; (5) selection of immune repertoires by selec-
tively suppressing autoantibody producing clones; (6) interaction with surface
molecules of T cells, nonpolymorphic determinants of major histocompatibility
complex Class 1 molecules, and adhesion molecules of T and B cells; and (7)
alteration of the general “architecture” of the immunoregulatory network as
assessed by the spontaneous fluctuations of natural antibodies in serum [121].

IVIG has been used successfully in selected cases of recalcitrant mucous
membrane pemphigoid [122]. The mechanism by which IVIG produces clinical
remission in patients with mucous membrane pemphigoid has not been well
delineated. In one representative patient, the titer of the antibody to human β4

integrin was reduced after IVIG and correlated with disease activity. This
preliminary finding suggests that IVIG has a direct impact on autoantibody
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production. The relative lack of significant side effects makes IVIG a viable
therapeutic option for recalcitrant ocular surface inflammation.

Levels of immunoglobulins should be quantified in each patient before
therapy. If normal (especially IgA), therapy generally starts at 2–3 g Ig/kg per cy-
cle of treatment divided over 3 days. Premedication orally with 650 mg
acetaminophen and 50 mg benadryl to reduce the pain and itching 30 min before
infusion is often necessary. A slow, continuous infusion lasting 4–6 h using an
infusion pump is given in an ambulatory setting. The infusion cycle is repeated
every 2–4 weeks until the ocular surface inflammation has subsided. The fre-
quency of the infusion cycle is spaced to every 4–6 weeks for at least 6 cycles
once the beneficial effect is sustained. Administration of IVIG is associated with
headaches, malaise, thrombophlebitis, sterile meningitis, and serious vaso-occlu-
sive events, such as stroke [119]. IVIG is a pooled blood product that could po-
tentially transmit blood borne infections. It is a very costly therapy.

III. NEW THERAPIES ON THE HORIZON

Our expanding knowledge of other cytokines and molecules in immunoregula-
tion suggests an array of other potential targets, such as monoclonal antibodies 
to CD4, CD7, CD5, and CD52, which are surface antigens of T cells. The result
of blockade at these various sites would be expected to interfere with cellular in-
teractions or cytokine binding of T cells. Oral tolerance has also being investi-
gated, based on the premise that the systemic immune response can be inhibited
by oral exposure to an antigen. One small clinical trial on oral feeding with retinal
S antigen demonstrated equivocal benefits in patients with uveitis [123].

Severe inflammation in various ocular surface diseases can be difficult to
control, and conventional anti-inflammatory or immunosuppressive therapies are
often ineffective. Numerous conventional treatments and newer surgical inter-
ventions are currently being employed earlier and more aggressively to manage
these relentless conditions. For refractory patients, the expanding array of novel
agents offers additional options to manage these challenging ocular surface
diseases more effectively and to circumvent the untoward side effects of the
conventional therapy. Judicious selection of combined medical and surgical
modalities should improve the clinical outcome of devastating ocular surface
inflammatory diseases.

IV. SUMMARY

1. Corticosteroids are widely used as initial therapy for many autoim-
mune diseases, ocular surface inflammation, and allograft rejection.
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Judicious use of other immunosuppressive drugs, either in combination
with corticosteroids for initial therapy, or without corticosteroids when
appropriate, can control inflammation with less risk of side effects.

2. Immunosuppressive alkylating agents, such as cyclophosphamide and
chlorambucil, cause cross-linking of DNA and RNA in lymphocytes.
Bone marrow suppression and carcinogenesis are major side effects.

3. Antimetabolite immunosuppressive agents, such as azathioprine,
methotrexate, mycophenolate mofetil, and leflunomide, block synthe-
sis of precursors necesary for DNA replication. Therefore, they tend to
target rapidly dividing cells.

4. Immunosuppressive T-cell inhibitors, including cyclosporine and
tacrolimus, inhibit T-lymphocyte activation by indirectly blocking
transcription of important lymphokines, such as IL-2, IL-4, and γ-
interferon.

5. Biological immunosuppressants include engineered receptors or mon-
oclonal antibodies directed against TNF-α, CD4, CD4, CD20, and re-
ceptors for IL-1 and IL-2. Molecules directed against other
immunological targets are under investigation. Several have proven
useful for treatment of rheumatoid arthritis and graft rejection; how-
ever, methods that improve their penetration across the ocular surface
would allow topical treatment of ocular surface inflammatory diseases
and allograft rejection.
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Bell’s palsy, and LKC, 68
Blepharitis, 255–256
Blepharospasm, botulinum toxin

therapy of, 328

Calcitonin gene-related peptide
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Eosinophils, 212–214

cytokines produced, 214
inflammatory mediators released,
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Eotaxin, 214,216
Epstein–Barr virus, 70, 115, 152
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Extracellular matrix, epithelial cell

interactions, 149–150
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FGF (fibroblast growth factor), 216
FGFβ (basic fibroblast growth factor),

47
Fibroblasts, stimulation of, 216
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G protein signaling pathways, 20–22
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198

ratio to IL-1RA in Sjögren’s
syndrome, 78, 198

IL-1β, 45,125
increased in Sjögren’s syndrome, 78,
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as immunosuppressive therapy, 319,
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ratio to IL-1 in Sjögren’s syndrome,
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Immunoadsorption columns, 409
Immunosuppressive therapy, 394–411

monoclonal antibodies, 406–410
Immunoglobulin, intravenous, 410–411
Impression cytology, 74, 195,

280–281, 295–297
Inflammation

and ocular surface, 120–122
stimulation by hyperosmolar stress,

76
and TH1 cells, 127

Infliximab, 218,407–408
Innervation

afferent, 65
aging effects, 31–32
blink reflex, 31–32
conjunctival, 15–16
corneal, 13
free nerve endings, 13, 14, 17
of goblet cells, 16, 17
of lacrimal glands, 17, 18, 20, 21, 54
of meibomian glands, 15, 17, 18,

248–249
sphenopalantine (ptergopalantine),

17, 18
trigeminal system, 17, 66–67

Insulin, 47
Integrins, 100, 123, 148, 237–238, 385
Interferon-γ, 45, 125–127, 214

Keratins, 229, 233, 239
KGF (keratocyte growth factor), 47,

199, 238

Lacrimal functional unit (LFU), 2
afferent disruption of, 66, 67
dysfunction of, 2, 191
efferent disruption of, 67
neural pathways, 12, 13
two states of, 29–30

Lacrimal glands
accessory, 19, 104
age-related degeneration of, 68
apoptosis, 27, 71, 72
botulinum toxin inhibition of, 328
dysfunction of, 73

effects of androgen or estrogen,
170–171

functional assessment of, 274–275
histamine receptors, 21
innervation of, 17–18, 20–21, 54
lymphocytic infiltration of, 71, 149
main, 18–19, 104
muscarinic M3 receptors, 20–21, 26,

150
neurotransmitter receptors, 20–21
obstructive diseases of, 68–69
occlusion by trachoma, 69
protein secretion, 24–25
sex-related differences of, 166–167
Sjögren’s syndrome impact on, 71,

147
tear secretion, 20–21
water secretion, 22–23

Lacrimal keratoconjunctivitis (LKC),
64, 75

anti-inflammatory therapy of, 196,
314–319

and apoptosis, 71, 196
associated autoimmune diseases,

156, 271
common symptoms, 270
diagnosis, 192, 270–299
diagnostic staining, 289–293
environmental stress and, 309
exacerbating medications, 271, 309
and familial dysautonomia, 66
and HIV-1, HTLV-1 , 70, 157
and hyperosmolar tears, 76, 199
increased T cells, 197
and LASIK, 5, 7
ocular morbidity, 4, 5
ocular surface inflammation,

121–122, 127, 196–199
pathogenesis, 3, 191
prevalence in women, 69, 165
pro-inflammatory cytokines, 198
quality of life impact/utility

score, 4
therapy of, 309–320

Lactoferrin, 44
decreased in LKC, 77
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Langerhans cells, 103, 117, 118, 120,
125, 216

in corneal epithelium, 118, 129
in VKC, AKC , 217

LASIK, and dry eye, 5, 7
Leflunomide, 399–400
Limbus, 114, 231, 237

transplantation of, 371, 374–384
Vogt’s palisades, 96

Lipid layer, 54, 77, 249–250, 255
evaluation of, 258, 286–289

Lipocalin, 45
Lissamine green staining, 292–294
Lysozyme, 44, 116

decreased with lacrimal dysfunction,
77

Macroglobulin, α2-, 48
Macrophages, 116, 117

in VKC, AKC, 216
Major basic protein, 213
MALT (mucosal-associated lymphoid

tissue), 20, 105–106, 113
Mast cells

cytokines released, 213
subtypes, 213

Matrix metalloproteinases (MMPs)
activation of cytokines by, 78, 199
cytokine stimulation of, 199
induction by hyperosmolar stress,

199
modification of extracellular matrix

by, 150
tetracycline inhibition of, 318
tight junction degradation by, 78,

192
MCP-1/MCP-3, 216
Meibomian gland dysfunction, 74,

251–254
blepharitis and, 255–256, 259–260
chalazia, 253, 258–259
and cholesterol esters, 255
diagnosis of, 257–259, 280
and dry eye, 254
ectodermal dysplasia (EEC

syndrome), 73–74

hyperkeratinization, 253
inflammation and, 256
isotretinoin and, 258
rosacea, effect of, 252
seborrheic dermatitis, 253
treatment of, 260–261

Meibomian glands
anatomy, 247–248
androgen, estrogen effects on, 74,

172–174, 249, 251
dysfunction, 74, 251–254
innervation, 15, 17–18, 248–249

Melanocytes, 103
Meniscometry, radial, 275–277
Methotrexate, 155, 218, 397–398
Methylprednisolone, 317–318, 382
MMP-1, 216
MMP-2 (gelatinase A), 48, 78
MMP-3 (stromelysin), 48, 78
MMP-8 (collagenase-2), 49
MMP-9, 49, 51, 76, 78

and corneal barrier function, 78, 193
Monoclonal antibodies, as

immunosuppressive therapy,
406–410

Mucins, 25, 42, 46, 52, 52, 76, 126
MUC1, 45, 311
MUC4 (sialomucin), 46
MUC5A, 46, 76, 195
MUC7, 46
in squamous metaplasia, 195–196

Muscarinic M3 receptor, autoantibodies
against, 26, 67, 72

Muscarinic receptors
M1 and M2, 16
M3, 16, 20, 21, 26, 150

Mycophenolate mofetil, 382, 398–399

Neurogenic inflammation, 15, 43
Neuropathy, ocular surface, 16
Neuropeptide Y, 15, 18
Neurotransmitters

CGRP (calcitonin gene-related
peptide), 15, 18, 20, 48, 248

neuropeptide Y, 15, 18
parasympathetic, 20
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receptors for, 20–21
sensory, 20
substance P, 15, 18, 20, 47, 248
sympathetic, 20
VIP (vasoactive intestinal peptide),

15, 18, 20, 248
NFκB, pro-inflammatory gene

expression, 76, 121, 193, 317
NGF (nerve growth factor), 311
Norepinephrine, 20

Ocular cicatricial phemphigoid (OCP),
69, 343–344

β4 integrin and, 100
decreased clusterin expression in, 96
diagnosis of, 345–346
grading, 348
immunosuppressants, 352–355
indications for, 356–360
surgical correction of, 360–362
therapy, 347–360

Ocular ferning, 281
Ocular surface reconstruction,

335–338
use of amniotic membrane, 335–336

Ocular surface staining:
fluorescein, 289–295
grading schemes, 293–295
lissamine green, 292–294
rose bengal, 292–294

P2Y2 receptors, 21, 313
Parkinson’s disease, and LKC, 68
PDGF-B, 238
Peroxidase, eosinophil, 214
Phospholipase A2, 44, 256

increased in LKC, 77
Pilocarpine, stimulation of tear

production, 313
Placido disk, 282
Plasminogen, 48, 78
Plasminogen activator, 48
Platelet derived growth factor (PGDF),

47
Progressive systemic sclerosis (PSS),

156

Prostaglandin E2, 43
Protease inhibitor, α1-, 48
Punctal occlusion, 313–314, 325–327

RANTES, 124, 216–217
Rheumatoid arthritis, 155
Riley–Day syndrome, and LKC, 66
Rituximab, 410
Rose bengal staining, 292–294

Schirmer test, 274–275, 316
Secretory leucocyte protease inhibitor

(SLPI), 48
Semilunar fold (plica semilunaris), 

92
Sirolimus, 405
Sjögren’s syndrome

androgen deficiency and, 169
apoptosis in, 148
association with Epstein-Barr, 70
autoantigens, 26–28, 72, 149,

150–151
B cells in, 115
diagnosis of, 71, 145–146
fodrin, 151
increased T cells in, 197
integrins, role of, 148
lacrimal dysfunction, 71, 144
M3 receptor autoantibodies, 26, 72
manifestations of, 154
medications for, 154–156
pathogenesis, 147–148
prevalence, 70, 145
prevalence in women, 69, 165,

167–169
SS-A, SS-B, 150–151

Squamous metaplasia, 96, 193–195
altered gene expression in, 196
impression cytology of, 74, 195,

280–281, 295–296
increased mitotic rate, 193
reduced goblet cells, 194
vitamin A deficiency and, 280, 311

SS-A, SS-B antigens, 27, 150–151
Stem cells

conjunctival, 233–236
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expansion for transplantation,
382–384

identification of, 237–239
in ocular surface reconstruction, 336
limbal, 93, 96, 227–231, 237
limbal deficiency, 239–241,

369–370
limbal growth/propagation, 237
limbal transplantation, 374–384
properties of, 225–227

Steroids, topical
LKC/dry eye therapy, 317–319
meibomian gland dysfunction, 260

Steven–Johnson syndrome
and LKC, 69
decreased clusterin expression in, 96

Substance P, 15, 18, 20, 47
Superoxide dismutase (SOD), 44
Surface regularity index, 286–288
Systemic lupus, 156

T cells, 114, 126, 127
activation of, 197
in AKC, VKC, 211–212
CD4+, 114, 126–127, 149, 197, 214,

316–317
CD8+, 114, 126, 197, 316–317
conjunctival infiltration by, 197
cytokine profiles of, 114, 211–212,

215–216
decreased apoptosis of, 148
differentiation of, 215
lacrimal infiltration by, 73

Tacrolimus (FK-506), 382 403–404
Tarsorrhaphy, 314, 329–330
Tear break-up time (TBUT), 192,

281–285
noninvasive measurement of,

282–284
Tear film

components, 50
electrolytes, 43, 53
evaporation rate, 249–251
functions, 41–42
hyperosmolarity, 75, 199
instability, 63

lipid layer, 54, 76–77, 249–250, 255
in LKC, 75–76
mucins, 25, 42, 46, 52, 126
osmolarity measurement, 277
proteins, 44–49, 77, 78
small molecules, 42, 43
stability, 281

Tear lipids, 249–250, 255
Tear meniscus, measurement of,

275–277
Tear secretion, 20–21

afferent stimulation of, 66
botulinum toxin inhibition of, 328
effect of inflammation, 26
IL-1 inhibition of, 72
measurement of, 274–276, 278–280
mechanism of, 22–24
protein, 24–25
regulation, 28, 31
secretogogue stimulation of, 313
water/electrolytes, 20, 22–23

Tear-specific pre-albumin (TSPA), 45
Tenascin, 47
Tennon’s capsule, 90, 91, 104
Tetracyclines

effect on MMP’s, 318
LKC/dry eye therapy, 318–319
meibomian gland dysfunction, 261

TGF-α, 46, 214
TGF-β, 116, 125, 198, 214, 216, 238,

311
TGF-β1, 46, 199
TGF-β2, 47
Therapies for LKC/dry eye

artificial tears, 311–312
autologous serum, 319
cevilemine, 313
cyclosporine, topical, 261, 314–317,

319
diuridine tetraphosphate (Up4U),

313
essential fatty acids, 318–319
pilocarpine, 313
punctal occlusion, 313–314, 325–327
steroids, topical, 260, 317–318, 319
tetracyclines, 261, 318–319
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Tight junctions
disruption of, 192–193

TIMP-1 (MMP-1 inhibitor), 216, 319
TNF-α, 45, 116, 124, 198–199,

213–214, 216–217, 406
immunosuppressive blockade agents,

157, 406–408
neurotransmission impairment, 26,

149
stimulation of phospholipase 2A, 77

Trachoma, and LKC, 69
Transient amplifying cells, 226–228,

231–232, 239
Transplantation, ocular surface

conjunctival, 371–373
corneal/limbal, 371, 374–384
systemic cyclosporine, 402–403
use of amniotic membrane, 384–386

Trichiasis, 330, 382
cryoepilation, 330
radiosurgical ablation, 330–331

Tryptase, 49

VEGF (vascular endothelial growth
factor), 47

Videokeratoscopy, computerized , 192,
282, 286–288

VIP (vasoactive intestinal peptide), 15,
18, 20

Vitamin A/retinol, 43
and squamous metaplasia, 280, 311

Vogt’s palisades, 96

Xeroscope, 282–284

Zeiss and Moll glands, 104
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