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Rationale for Immune Response 
and the Eye

Jerry Y. Niederkorna, Henry J. Kaplanb

aDepartment of Ophthalmology, University of Texas Southwestern Medical Center,

Dallas, Tex., bDepartment of Ophthalmology and Visual Science, University of Louisville,

Louisville, Ky., USA

The second edition of Immune Response and the Eye was originally con-

ceived to be an update to the first edition, which was published in 1999 and was

edited by the late J. Wayne Streilein. At the time of his death, Wayne had set into

motion plans to update the first edition and to introduce exciting new develop-

ments in the field of ocular immunology to the readers of this book. He recog-

nized the enormous number of advances that had occurred since the publication

of the previous edition and it was with great enthusiasm that he enlisted the

authors of this edition to prepare their respective chapters. His untimely death

in 2004 not only put this project on hold but robbed the world of a remarkable

mentor, scientist, and role model. It has been a bittersweet experience for us to

resume what Wayne started and to try to mold this edition of Immune Response

and the Eye into a fitting tribute to his vision. We have attempted to retain the

original roster of authors. It is noteworthy that, with only a few exceptions, each

of the authors is a former trainee of J. Wayne Streilein, and thus his influence is

felt throughout this edition of Immune Response and the Eye.

The purpose of this volume, like its predecessor, is to illuminate the

remarkable nature of immune responses in the eye. Unlike many organs, the eye

makes unique demands on the immune system and cannot tolerate the full array

of immune responses that are available to the rest of the body. In the final analy-

sis, the eye has only one known function – the unfettered transmission of light

from the external environment to the photoreceptors of the retina and, from

there, onto the visual cortex. Although the eye is only a few centimeters in

diameter, it is composed of almost every type of tissue found in the rest of the

body, as well as additional cellular and noncellular elements found nowhere

else. This remarkable organ is an extension of the brain and, like the brain,

Introduction
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conducts enormously complex neurological functions. The million ganglion

cells of the retina transmit 500 electrical signals along the optic nerve each sec-

ond, which in computer terms is roughly equivalent to 1.5 � 109 bits of infor-

mation per second. This remarkable neurological system is paralyzed if the

single cell layer that forms the corneal endothelium is damaged by inflamma-

tion or if immune-mediated injury is inflicted upon any of the cellular elements

of the retina. Yet, a robust immune response and inflammation are necessary to

control life-threatening infections. Wayne Streilein recognized this almost

30 years ago and characterized the immune response in the eye as a ‘dangerous

compromise’ in which certain immune functions were downregulated to protect

tissues of the eye from immune-mediated injury, while preserving a unique

spectrum of immune responses that inflicted minimal damage to innocent

bystander cells, yet simultaneously provided a degree of protection against

pathogens that confronted the eye. This, accordingly to Wayne, was ‘the way of

immune privilege’. This concept has been widely adopted by vision and oph-

thalmology researchers and has found its way into mainstream immunology cir-

cles that have ignored the eye in the past, but now recognize that there are many

immunological lessons to be learned from this remarkable organ.

This volume is not just about immune privilege in the eye, but also

embraces the broad spectrum of immune functions that are uniquely expressed

in the eye. The eye is continuously exposed to the external environment and as

a result, it must adopt a specialized pattern of immune responses to protect

against an array of pathogens that assault the ocular surface, as well as the inte-

rior of the eye. The immunological provisions that are made for such infectious

diseases are discussed in this volume of Immune Response and the Eye. Other

chapters highlight the occasional failures of immune regulation in the eye and

the types of blinding, immune-mediated diseases that can ensue. The field of

ocular immunology has made enormous advances, some of which offer glim-

mers of hope and potential therapeutic application ranging from corneal and

retinal transplantation to the management of immune-mediated inflammation

by re-imposing immune privilege onto an inflamed eye.

Many of the contributors to this volume of Immune Response and the Eye

were profoundly influenced by J. Wayne Streilein, either as a trainee or collabo-

rator. Wayne began his career as a research fellow with the eminent transplanta-

tion immunologist, Rupert Billingham. On the occasion of Billingham’s death,

Wayne sent his current and former fellows the following note to express his phi-

losophy of science and mentoring: ‘Throughout our lives, we experience losses

through the deaths of individuals whom we know well and love. In my advanc-

ing maturity, I have come to realize that these are not merely irreplaceable

losses. They can also be bittersweet opportunities to ponder the connectivities

among individual lives, and the growth and evolution of shared ideas. I am
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cognizant of the flow of ideas that have passed to and through me, and I am for-

tunate to have found trainees willing to receive these ideas and able to fashion

them into discoveries that bring truth closer and closer….’

This volume of Immune Response and the Eye is a manifestation of this

philosophy that is now transmitted through each of the authors who must now

carry on this tradition as scientist, mentor, and role model for the next genera-

tion of scientists.

Dr. Jerry Y. Niederkorn

Department of Ophthalmology, University of Texas Southwestern Medical Center

5323 Harry Hines Blvd.

Dallas, TX 75390–9057 (USA)

Tel. �1 214 648 3829, Fax �1 214 648 9061, E-Mail jerry.niederkorn@utsouthwestern.edu
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Abstract
This text is not a generic book on the immunology of the eye, but instead is based on

the theme of ocular immune privilege. In subsequent chapters it is apparent that the immuno-

logic privilege within the eye is dependent upon novel anatomic and physiologic properties

of the organ. The focus of this chapter is to provide a concise description of both the function

and anatomy of the normal eye.

Copyright © 2007 S. Karger AG, Basel

Vision

The greatest fear expressed by all patients is the loss of vision and the fear

of blindness. The majority of patients have less of a concern about death from

cancer, stroke or heart attack. The clarity of vision is recorded as visual acuity,

which is a measurement of the smallest object a person can identify at a given

distance. A patient with normal vision will have visual acuity of 20/20 – i.e. at

20 feet the patient can see a letter that subtends an angle of 20�. One definition

of legal blindness is a visual acuity �20/400 – i.e. the smallest object the

patient can identify at 20 feet is a letter that subtends an angle of 400� [1].

Light rays entering the eye are focused on the neurosensory retina, specif-

ically the fovea, by the two major refractive surfaces of the eye – the cornea and

the lens (fig. 1). Approximately two thirds of the refractive power of the eye are

provided by the cornea with the remaining one third provided by the lens. If the

axial lens of the eye is too short, the light rays entering the eye will be focused

at a point (focal point) behind the fovea – i.e. far sighted or hyperopia. In

contrast, if the axial lens of the eye is too long, the focal point or the incident

light rays will be focused in front of the fovea – i.e. near sighted or myopia.
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Spectacles, contact lenses, and refractive surgery can correct these optical

errors and achieve normal distance vision. 

Light rays from an object at a distance (i.e. �20 feet) are considered paral-

lel to the visual axis of the eye. An object that is closer than 20 feet requires

increased refractive power from the eye to maintain the focal point on the fovea

of the retina. This increase in refractive power for the eye is accomplished by

the ability of the ciliary muscle to contract and the lens to become more convex,

a process called accommodation. The lens of every eye undergoes progressive

hardening with age with the loss of the ability to change its shape. This loss of

Fig. 1. A schematic cross-section of the eye demonstrating its major anatomical fea-

tures (reproduced with permission of the American Academy of Ophthalmology [1]).
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accommodation is experienced as a decreased ability to focus on near objects –

i.e. difficulty reading – and is termed presbyopia. It can be corrected by either

glasses used exclusively for reading (i.e. reading glasses) or the lower segment

of glasses used for distance vision that contain increased power (i.e. the bifocal

segment). 

Development of the Eye

The eye starts to develop in the fetus on day 22 following fertilization with

the appearance of the optic primordium in the neural folds. It continues

throughout fetal development and is completed in the 9th month with the devel-

opment of the peripheral retinal vessels, myelinization of the fibers of the optic

nerve and disappearance of the pupillary membrane [2, 3]. The embryonic tis-

sues of the eye are derived from ectoderm and mesoderm. The ectoderm gives

rise to the neuroectoderm (e.g. neurosensory retina and retinal pigment epithe-

lium), the neural crest cells (e.g. corneal stroma and endothelium, as well as

choroid) and the surface ectoderm (e.g. conjunctival epithelium, corneal epithe-

lium, and lens). 

The embryonic and fetal development of the human eye involves a series of

sequential steps, including inductive interactions and the migration of cells from

distinct regions of the embryo. Three elements have been identified as important

in this process: growth factors, homeobox genes, and neural crest cells. 

Growth factors are soluble molecules that provide the chemical signals in the

earliest stages of embryonic development. There are certain substances that par-

ticipate and control the normal development of the eye influencing the migration,

proliferation, and differentiation of cells. Fibroblast growth factor, transforming

growth factor-� and insulin-like growth factor-I are essential for the normal

development of the eye [4]. They not only provide signals for the differentiation

of cells in the region of the eye, but they also regulate the level of expression of

homeobox genes. These latter genes function as the mechanism for controlling

the overall arrangement of the eye as an organ. Visual acuity is dependent upon

the precise spatial arrangement of the cells of the eye. Therefore, the expression

of homeobox genes at the appropriate level and time are critical. 

Homeobox genes contain a distinctive segment of DNA, 180 base pairs in

length, that encodes an almost identical sequence of 60 amino acids. Since

these genes control the activity of other subordinate genes, homeobox genes are

considered ‘master’ genes. These genes act as transcription factors and bond to

specific DNA sequences of subordinate genes, resulting in activation or repres-

sion of their expression. Thus, the spatial and temporal expression of homeobox

genes is critical to the normal embryonic development of the eye [5, 6]. 
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The neuroectoderm located at the crest of the neural folds gives rise to the

neural crest cells. They migrate to different regions of the embryo where differ-

entiation occurs; therefore, they are a transient population of cells. The signals

these cells encounter during migration guide the cells along the correct pathway

to their appropriate destination. The secretion of extracellular matrix molecules

such as collagen, fibronectin, and proteoglycans is influenced by growth fac-

tors, which, thus, also have a role in regulating the migration of neural crest

cells. Early in development the neural crest cells are multipotent, but their final

differentiation is considerably influenced by local factors. 

The Anatomy of the Eye

Immune privilege of the eye involves the globe and its contents. Thus, only a

passing reference will be made to the orbit and eyelids. The orbit is the bony, con-

cave cavity in the skull that houses the globe, extraocular muscles, blood vessels

and nerves of the eye. There is a very thin orbital floor (consisting of the maxillary,

palatine, and zygomatic bones), a medial wall (consisting of the frontal process of

the maxilla, lacrimal bone, orbital plate of the frontal bone, and lesser wing of the

sphenoid), an orbital roof (consisting of the frontal bone), and a lateral wall (con-

sisting of the zygomatic and greater wing of the sphenoid) (fig. 2) [8]. 

The globe is protected by the eyelids and lubrication of the ocular surface.

The upper and lower eyelids are comprised of skin, subcutaneous connective

tissue, and muscle. In addition, the tarsal plates in each lid consist of dense con-

nective tissue and cartilage. They contain the meibomian glands – modified

holocrine sebaceous glands – that are oriented vertically in two parallel rows

through the tarsus. Movement of the eyelids assists lubrication of the surface of

the globe, as well as protection from inadvertent trauma [9]. 

The surface of the cornea is protected by the tear film. It is a trilaminar layer

consisting of an anterior lipid layer, a middle aqueous phase, and a posterior

mucin layer [10]. The anterior layer of the tear film contains polar and 

non-polar lipids secreted primarily by the meibomian (tarsal) glands. The seba-

ceous glands in the lid margin are in close relation to the eyelashes and also

secret lipids (fig. 3). The middle aqueous layer is secreted by the main and acces-

sory lacrimal glands. The main lacrimal gland is located in a shallow depression

within the orbital plate of the frontal bone. The accessory lacrimal glands of

Krause and Wolfring are located in the conjunctival fornices. The mucin layer of

the tear film coats the superficial corneal epithelial cells and conjunctival sur-

face. Tear mucins are secreted normally by the conjunctival goblet cells. 

The thick outer coat of the eye, the sclera, is white and opaque. The trans-

parent front window of the eye, which serves as the major refractive surface, is
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Fig. 2. Frontal view of the bony right orbit (reproduced with permission of Lippincott

Williams & Wilkins [7]). 
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Anatomy and Function of the Eye 9

the cornea (fig. 1). Light rays pass through the cornea into the anterior chamber

which is filled with aqueous humor. The rays then continue as they pass through

the lens, the major internal refractive structure of the eye. The rays then enter

the clear vitreous cavity and impinge upon the neurosensory (neural) retina.

The pigmented epithelium of the retina (retinal pigment epithelium) provides

nourishment and support to the outer layers of the neurosensory retina – the

photoreceptors (rods and cones). Nourishment for the photoreceptors is derived

from the vessels within the choroid. The choroid extends anteriorly and with the

ciliary body and iris comprises the uveal tract of the eye. 

As light passes through the inner retina it is absorbed by the photorecep-

tors in the neuorsensory retina. Light is either absorbed by rhodopsin, which is

concentrated in the outer segment membrane of rods, or by opsin, which is

located in cones. Phototransduction is the process by which light is captured by

the photoreceptors and the small amount of energy is converted into a neural

response. Through a series of biochemical reactions in the neural retina, the

ganglion cells are depolarized and transmit a visual signal to the lateral genicu-

late nucleus of the central nervous system [11].

Anatomy of Immune Privilege

Immune privilege within the eye is dependent upon many molecular bio-

chemical interactions, as well as novel anatomic features – e.g. the alymphatic sta-

tus of the internal structures of the eye and the blood ocular barrier. The

conjunctiva is a mucous membrane consisting of non-keratinized squamous

epithelium with numerous goblet cells and a rich vascularized substantia propria.

The latter contains lymphatic vessels as well as bone-marrow-derived inflamma-

tory cells. Specialized aggregations of conjunctiva-associated lymphoid tissue

(CALT) are present and thought to be analogous to mucosa-associated lymphoid

tissue (MALT), which is present in the intestine. These aggregations are comprised

of T and B lymphocytes, as well as antigen-presenting cells and epithelium [12].

The fluid compartments of the eye (aqueous humor and vitreous) are sepa-

rated from blood by various tight junctions (zonulae occludens) between

endothelial or epithelial cells. The capillaries of the retinal vascular circulation

(i.e. endothelium), as well as the interdigitating surfaces of the retinal pigment

epithelium and non-pigmented epithelium of the ciliary processes, contain

zonulae occludens [13]. They constitute an effective barrier to soluble mole-

cules and contribute to the novel constitution of the aqueous humor and vitre-

ous. Both the alymphatic status of the inner globe and the blood ocular barrier

have been postulated to be important anatomical contributions to the existence

of immune privilege. In various diseases the blood ocular barrier is disrupted
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and associated with the loss of immune privilege within the eye. The presence

of collateral lymphatic channels within the normal eye, as well as during dis-

ease, has been postulated but remains an unresolved issue to date [14, 15].
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Abstract
The immune system is confronted with an endless array of potential pathogens and

immunogens and it must make a decision regarding the nature of the response that is

invoked. Robust immune-mediated inflammation is necessary to purge some life-threatening

infections. In other conditions, immune responses must be tempered to reduce the risk of

irreparable damage to tissues that possess a limited capacity for regeneration. The diversity

of pathogens is remarkable and includes microorganisms that range in size from the micro-

scopic picornaviruses to tapeworms that measure up to 35 feet in length. The immune system

must adjust its response to take into consideration the nature of the pathogen and the organs

that are affected. In some conditions, this amounts to a compromise in which immune-

mediated inflammation is restrained or diverted in a manner that inflicts minimal injury to

host cells. In still other cases, the immune response is all but silenced. These immunological

adjustments are the basis for regional immunity and immune-privileged sites.

Copyright © 2007 S. Karger AG, Basel

The renowned Irish writer and satirist Jonathan Swift is credited with the

quotation (roughly paraphrased) ‘… big fleas have little fleas upon their back to

bite them, and lesser fleas have even lesser fleas, and so on ad infinitum’.

Parasitologists sometimes use this quote to illustrate the universal threat that

infectious diseases pose to the existence of virtually all organisms – even para-

sites themselves have parasites! The immune system has evolved as a sophisti-

cated and highly successful adaptation for reducing the risk of infection and for

eliminating pathogenic microorganisms.

The immune system is composed of two functionally distinct components:

the innate immune system and the adaptive immune system. The innate

immune system is characterized by its nimble response to pathogens that

express pathogen-associated molecular patterns. Cellular elements of the innate
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immune system express receptors that recognize pathogen-associated molecu-

lar patterns and, thus, identify pathogens for elimination by phagocytosis or

cytolysis. Macrophages and neutrophils are rapidly activated by molecules

elaborated by microorganisms and are the first responders to infections. They

are professional phagocytes and are efficient in controlling bacterial and fungal

infections. Although cytotoxic T lymphocytes (CTLs) effectively kill virus-

infected cells, they must first engage antigen-presenting cells (APCs) express-

ing the relevant viral peptides expressed on major histocompatibility complex

(MHC) class I molecules, and then undergo clonal expansion before they can

acquire cytolytic activity. By contrast, antigen presentation and clonal expan-

sion are not needed for natural killer (NK) cells of the innate immune system to

lyse virus-infected cells.

The complement system is a complex array of serum-borne molecules

with enzyme activity that is generated in a cascade-like fashion. The comple-

ment cascade can be activated by one of three pathways. One of these, the

alternative pathway, is triggered directly by many bacteria. Once activated,

complement components serve as opsonins and facilitate phagocytosis by cells

of the innate immune apparatus. Other complement components produce

osmotic lysis through the formation of cell membrane pores. Since the com-

plement cascade can be directly activated by either bacterial products or

by antigen-antibody interactions, it straddles the innate and adaptive immune

systems.

The innate immune response plays a critical role in initiating an adaptive

immune response. Macrophages and dendritic cells present antigens to T and B

cells, which is facilitated by components of the complement system [1].

Moreover, elements of the innate immune apparatus serve to activate APCs and

enhance antigen presentation and the clonal expansion of T and B cells. Recent

evidence suggests that the third component of complement acts as a co-stimulatory

molecule for activating T-cell responses [1]. T and B cells have the capacity to

generate an endless array of receptors that facilitate the formation of antibodies

and T-cell receptors, which provide exquisitely specific recognition of potential

pathogens. Once the receptor-bearing T and B cells have matured, they are

poised to recognize and respond to pathogens. The second encounter with anti-

gens results in a swifter and more robust expansion of the antigen-specific

T and B cells. B cells undergo further maturation, culminating in the production

of copious amounts of antibody, which can opsonize pathogens, activate com-

plement, or serve as a ligand for engaging Fc-bearing effector cells such as NK

cells and macrophages. Engagement of the T-cell receptor triggers CTLs, which

are highly effective in killing virus-infected cells. Signaling through the T-cell

receptor also activates cells that mediate inflammatory responses such as

delayed-type hypersensitivity.
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Coordination of the innate and adaptive immune responses is crucial for

protecting hosts from a wide array of pathogens. However, the immune

response does not adhere to the notion that ‘one size fits all’. Some pathogens,

such as helminths, trigger the preferential production of a unique pattern of

cytokines by cells of the innate immune apparatus. In particular, the production

of interleukin (IL)-4 tilts the adaptive immune response toward a Th2 pathway,

which favors the production of antibodies, especially those of the IgE isotype.

Th2 cytokines also stimulate eosinophilia and the activation of mast cells. The

Th2 pattern of immunity involves a constellation of humoral and cellular com-

ponents that are uniquely adapted to eliminate parasitic infections. By contrast,

other pathogens, such as intracellular parasites, frequently infect macrophages

and stimulate the production of IL-12. IL-12 in turn induces the secretion of

interferon-�, which favors the development of Th1 immunity. Elements of the

Th1 immune response preferentially activate macrophages, rendering them

highly effective in eliminating intracellular pathogens such as Toxoplasma

gondii and Mycobacterium tuberculosis. Th1 immunity also culminates in the

expansion of antigen-specific CTL, which are crucial for eliminating virus-

infected cells. Thus, the adaptive immune response to antigens is shaped by the

nature of the innate immune system’s interpretation of the pathogens and anti-

genic peptides that it processes.

The Th1 and Th2 immunological dimorphism is an adaptation for prefer-

entially activating the most effective immune effector elements for eliminating

pathogens. However, the immune response is also influenced by the microenvi-

ronment in which antigens or pathogens are encountered. In some organs,

immune responses, whether innate or adaptive, can be deleterious if they inflict

nonspecific collateral injury to tissues that have limited regenerative capacities.

This immunological dilemma creates the need for immune-privileged sites and

sites which express unique regional immunity.

Mucosal Immune System

Mucosal surfaces, especially the gastrointestinal (GI) tract, are examples of

sites displaying highly specialized regional immunity. The most common portal

of entry for microorganisms is through the mucosal surfaces of the body, which,

in humans, is over 400 ft2 and far exceeds the surface area of the skin [2]. The

mucus blanket of the GI and respiratory tracts forms a protective barrier that

restricts the adherence of potential pathogens to epithelial cells of these organs.

Antigens that gain entry via mucosal surfaces, such as the GI tract, are processed

by gut-associated lymphoid tissues, which typically leads to the generation of

secretory IgA antibody and, in many cases, regulatory T (Treg) cells [3].
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The tear film that coats the ocular surface and the mucus layer of the GI

and respiratory tracts are richly endowed with secretory IgA antibodies, which

are secreted by B cells of the common mucosal immune system [4, 5]. The

importance of IgA antibody is reflected by the commitment of the immune sys-

tem to its production. IgA accounts for 70% of all the immunoglobulin secreted

by the mammalian immune system and more IgA is produced each day than all

of the other immunoglobulin isotypes combined [2, 6]. Secretory IgA antibody

seems to be ideally suited for the protection of mucosal surfaces, as it is highly

effective in blocking adhesion of pathogens to epithelial surfaces [2, 4, 7].

Moreover, IgA is a poor activator of the complement system and does not pro-

voke inflammation. This in turn reduces the risk of chronic inflammation in

organs such as the GI tract that are repeatedly exposed to foreign molecules pre-

sent in foods.

Each day our GI and respiratory tracts are exposed to a bewildering array

of foreign molecules that are present in the air we breathe and the food we

ingest. When encountering these foreign substances, the immune system must

make a decision to either attack or tolerate the alien molecules. Many of the for-

eign molecules and microorganisms are tolerated as demonstrated by the enor-

mous population of commensal intestinal bacteria that not only thrive in our GI

tracts, but are necessary for maintaining homeostasis. Indeed, the intestinal bac-

terial flora account for over 90% of the cells in the human body!

The immunological decision to tolerate antigens expressed on foodstuffs is

based in part on the unique immune regulatory mechanism termed oral toler-

ance. Oral tolerance, or more accurately, mucosal tolerance, is induced when

antigens are introduced via mucosal surfaces and are subsequently processed by

APCs within the common mucosal immune system. There are varying reports

as to whether mucosal tolerance is due to clonal anergy, clonal deletion, or

active suppression by Treg cells [3, 8–11]. The nature of oral tolerance is also

affected by the dose of antigen and the presence or absence of mucosal adju-

vants such as cholera toxin [3, 8–11]. Although it was recognized almost 100

years ago, mucosal tolerance remains an enigma, but is crucial for maintaining

the homeostasis of mucosal surfaces [10, 12].

Immune Privilege of the Brain

Multiple sites in the body express varying degrees of immune privilege

including the anterior chamber of the eye, brain, hamster cheek pouch, hair fol-

licle, and pregnant uterus. The earliest explanation for the immune privilege of

the brain suggested that the absence of conventional lymphatic vessels pre-

vented antigens from leaving the brain and reaching regional lymph nodes, and
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the tight junctions between vascular endothelial cells in the brain created a

blood-brain barrier that retarded extravasation of immune elements into the

brain. However, subsequent studies demonstrated that the movement of macro-

molecules and cells into and out of the brain was not restricted [13]. Antigens

introduced into the brain were able to leave the brain by both the venous and

lymphatic routes, although the lymphatic pathway was less efficient [14, 15].

Not only do antigens introduced into the CNS escape and accumulate in

cervical lymph nodes, once there, they also induce a form of immune deviation

termed brain-associated immune deviation in which delayed-type hypersensi-

tivity  is actively suppressed in an antigen-specific manner [14, 16, 17]. Brain-

associated immune deviation is believed to contribute to the immune privilege

of the brain and to coincidentally reduce the risk for immune-mediated inflam-

mation in the CNS.

In addition to the brain-associated immune deviation, the immune privi-

lege of the brain is enhanced by the expression of cell membrane molecules that

delete inflammatory cells. It is well recognized that ocular immune privilege

relies on the widespread expression of Fas ligand (FasL; CD95L) on cells

within the eye [18]. Multiple cells in the CNS also express FasL; these include:

astrocytes, oligodendrocytes, microglia, and the vascular endothelium [19].

Interestingly, the microvascular endothelial cells in the CNS are believed to

reduce the risk for inflammation by expressing FasL, which limits the extrava-

sation of viable inflammatory cells [20, 21].

Immune Privilege at the Maternal/Fetal Interface

The allogeneic fetus confronts the maternal immune system with paternal

alloantigens and, thus, is a potential target for immune rejection. However, the

reproductive success of placental mammals is a testament to the efficacy of

immune privilege of the maternal/fetal unit. The villous trophoblast, which is in

direct contact with maternal blood vessels, lacks MHC class I and II molecules

[22]. The absence of conventional MHC class I molecules on the villous tro-

phoblast renders the allogeneic fetus less likely to be recognized and attacked

by allospecific CTLs. However, the immune privilege of the allogeneic fetus is

due to more than the simple absence of MHC class I and II molecules on the

villous trophoblast. Like the brain and the anterior chamber of the eye, multiple

anatomical, physiological, and immunoregulatory processes conspire to prevent

the induction and expression of immune-mediated inflammation of the allo-

geneic fetus.

The absence of MHC class Ia molecules in the eye, brain, and trophoblast

creates an immunological dilemma, as it arouses the attention of NK cells,
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which are programmed to lyse MHC class I-negative cells [23]. This is espe-

cially important for the allogeneic fetus, as NK cells account for 70% of the

lymphocytes found in the pregnant uterus [22]. To compensate for the paucity

or frank absence of MHC class Ia molecules, the trophoblast expresses nonclas-

sical MHC class Ib molecules such as HLA-G and HLA-E [24–28]. HLA-G

and HLA-E have the capacity to engage the NK-inhibitory receptor

CD94/NKG2 and shut off NK cell-mediated lysis [25, 26, 29].

Immune-mediated inflammation at the maternal/fetal interface is also

inhibited by multiple molecules and mechanisms that either buffer against the

pro-inflammatory properties of the complement cascade or induce apoptosis of

inflammatory cells [30]. These include: (a) complement-regulatory proteins;

(b) indoleamine dioxygenase, which starves T cells due to tryptophan depriva-

tion; (c) FasL, and (d) tumor necrosis factor-related apoptosis-inducing ligand,

which induces apoptosis of macrophages and neutrophils [30].

Immune deviation may also contribute to the immune privilege of the allo-

geneic fetus. Transforming growth factor (TGF)-� is the critical cytokine that

promotes the development of tolerizing APCs in the eye and it appears to play a

similar role at the maternal/fetal interface. The TGF-� content of seminal

plasma is among the highest of any biological fluids [31]. Moreover, the TGF-�

level in uterine luminal fluid rises over threefold immediately following insem-

ination [32]. Exposure to semen promotes the generation of tolerance to the

male-specific histocompatibility antigen, which can be demonstrated by pro-

longed survival of male skin grafts transplanted to pregnant female recipients

[33, 34]. Moreover, immunization with paternal cells in the presence of semen

induces tolerance to paternal MHC class I antigens [35]. Studies indicate that

the tolerance to paternal MHC antigens in pregnant mice is transient and disap-

pears shortly after parturition [36]. Anecdotal evidence suggests that a similar,

if not identical form of tolerance to paternal alloantigens may occur in humans.

Live birth rates following in vitro fertilization are significantly improved when

women are exposed to semen at the initiation of pregnancy [37]. In both mice

and humans, there is a steep increase in the numbers of CD4� CD25� Treg
cells during pregnancy [38, 39]. Depletion of CD4� CD25� T cells prevents

the development of the allogeneic offspring [38]. Thus, the immune privilege of

the allogeneic fetus is the result of multiple mechanisms that restrict the induc-

tion and expression of alloimmunity.

Ocular Immune Privilege

In 1948, Medawar [40] observed that genetically incompatible tumor cells

could often grow when transplanted into the anterior chamber of the eye or brain,
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but not when implanted subcutaneously. He interpreted this unexpected growth

potential as failure of the immune system to reject allogeneic grafts and coined

the term, ‘immune privileged’. Thus, immune-privileged sites are defined as

sites in the body where foreign tissue grafts can survive for extended periods of

time whereas similar grafts placed in conventional sites are acutely rejected by

the host. It has subsequently been recognized that destruction by the host

immune system could not only be abrogated in specific sites, but that certain tis-

sues appeared to have protection as well. Billingham and Boswell [41] provided

evidence that the cornea of the eye is an immunologically privileged tissue giv-

ing rise to this concept. However, controversy surrounded the immunologically

privileged status of the anterior chamber of the eye until inbred strains of rats

were used to definitively demonstrate its existence [42]. Skin grafts transplanted

across both major and minor histocompatibility barriers enjoyed prolonged sur-

vival within the anterior chamber. However, several factors were found to restrict

privilege exhibited by this site – the magnitude of immunogenetic disparity

between donor and recipient, graft size, type of tissue grafted, and, at least in the

case of thyroid grafts, the endocrine status of the host.

Medawar [40] initially proposed that the prolonged survival of allogeneic tis-

sue grafts was a consequence of ‘immunologic ignorance’ – namely that alloanti-

gens within the anterior chamber of the eye were sequestered from recognition by

the host immune response. In 1970, Kaplan and Streilein [43, 44] made the sur-

prising observation that allogeneic lymphoid cells injected into the anterior cham-

ber of normal rat eyes induced a deviant form of systemic immunity. Rather than

being ignored by the host immune system, the alloantigens on injected lymphoid

cells induced a robust antigen-specific antibody response. Moreover, the recipient

rats had an impaired ability to reject orthotopic skin allografts genetically identi-

cal to the injected cells. The term ‘immune deviation’ was used to describe this

phenomenon. Subsequent studies by Niederkorn et al. [45], Niederkorn [46], and

Streilein et al. [47] indicated that the immune deviation induced by the anterior

chamber inoculation of antigen was not a function of the injected lymphoid cells,

but was a characteristic of the anterior chamber. They coined the term ‘anterior

chamber-associated immune deviation (ACAID)’ to characterize this phenome-

non [48]. Subsequently, hundreds of publications have demonstrated the presence

of ACAID using a wide range of antigens including soluble proteins, particulate

antigens (e.g. viral proteins and hapten-derivatized cells), histocompatibility anti-

gens, and tumor antigens. Recent studies on the existence of immune privilege in

the eye have focused on allogeneic tumor cell implants and have demonstrated its

existence not only in the anterior chamber, but also in the vitreous cavity and sub-

retinal space [49, 50]. It is now recognized that immune privilege promotes sur-

vival of intraocular tumor growth by inhibition of both the adaptive and innate

immune effector responses.
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Biologic Importance of Ocular Immune Privilege

The host immune response has developed and evolved to protect the organ-

ism from invasion and damage by a wide range of infectious pathogens – rang-

ing from viruses to bacteria to parasites. With time, the immune system has

developed distinctive responses that are specific for pathogens as well as tis-

sues. For example, an antigen-specific immune response, coupled with signifi-

cant leukocyte inflammation, might effectively eliminate a pathogen in an

organ such as the lung or liver without irreparable damage to that organ through

the destruction of tissue by the nonspecific inflammation associated with the

leukocyte response (i.e. the bystander effect). In contrast, such tissue injury

might have a devastating effect on the function of an organ, such as the eye, or

the host, if it occurred within the brain. For example, if the fovea of the retina

(which measures �500 �m) or the respiratory center in the brain were inadver-

tently destroyed by bystander inflammation the result would be devastating.

Blindness would result from destruction of the fovea; death would result from

damage to the respiratory center.

The existence of ocular immune privilege is dependent upon multiple fac-

tors including the blood-ocular barrier, unconventional lymphatic drainage path-

ways within the eye, soluble immunomodulatory factors in the aqueous humor,

immunomodulatory ligands on the surface of ocular parenchymal cells, regula-

tion of the complement system within the eye, and tolerance-promoting APCs.

The details of the blood-ocular barrier are described in a previous section by

Kaplan [pp 4–10]. It results in the relative sequestration of the anterior chamber,

vitreous cavity and neurosensory retina from the host immune system. To date,

no patent lymphatic vessels have been demonstrated anatomically in the anterior

chamber, vitreous cavity, or neural retina in mammals – although lymphatic ves-

sels have been demonstrated in the subconjunctival space, as well as the outer

avian choroid [51, 52]. In rodents, several studies have demonstrated that both

soluble antigens and tumor cells injected into the anterior chamber can be

detected in ipsilateral lymph nodes draining the head and neck region as early as

24h after the intracameral injections suggesting the existence of lymphatic

drainage channels serving the anterior segment of the eye [53–59]. Aqueous

humor from the anterior chamber drains through the trabecular meshwork into

the canal of Schlemm which empties directly into the venous circulation. A sep-

arate venous network, the posterior ciliary vein, drains the neurosensory retina.

Establishment of Ocular Immune Privilege

Three different strategies are used by the host immune system to modify

the innate and adaptive immune responses within the eye: immunologic igno-

rance, peripheral tolerance to ocular-derived antigens and development of an

intraocular immunosuppressive microenvironment.



Regional Immunity and Immune Privilege 19

Immunologic Ignorance

Although Medawar’s original hypothesis that the absence of lymphatic

drainage within the eye contributed to the inability of the host immune system

to detect alloantigens is incorrect, recent studies have shown that specific ocu-

lar tissues have novel mechanisms that promote immunologic ignorance [60].

For example, the expression of MHC class I antigens is reduced, especially by

corneal epithelial cells, and no corneal cells expressed MHC class II antigens

[61, 62].

Alloreactive T cells of the ‘direct’ type have T-cell receptors that can rec-

ognize allogeneic MHC class I or II molecules directly. These cells are import-

ant mediators of allograft rejection. Since the normal cornea lacks MHC class

II APCs, sensitization to foreign histocompatibility antigens and corneal graft

rejection must await migration of recipient APCs into the graft bed, where they

capture alloantigen from donor cells and result in sensitization of the indirect

alloreactive effector T cells [63–66]. Since the normal cornea lacks patent lym-

phatic vessels, APCs carrying donor antigens show delayed trafficking to drain-

ing lymph nodes until lymphangiogenesis develops [67]. Thus, there is delayed

corneal allograft rejection at least in part because of the lack of MHC class II

APCs in the cornea.

A more detailed analysis of the immunologic ignorance and immune priv-

ilege of corneal tissue has been addressed in detail previously [68]. The minor

role of alloreactive CD8� cytotoxic T cells, as well as the importance of CD4�

T cells in corneal graft rejection has been reviewed elsewhere [60, 69–71]. The

immunologic privilege of corneal cells also stems from their ability to prevent

the generation of new blood and lymphatic vessels within the graft after corneal

transplantation [72]. Angiostasis is achieved by neutralization of angiogenic

factors that promote vessel formation into the graft and graft bed [67].

Peripheral Tolerance of Ocular Antigens

Despite the limited or unconventional lymphatic drainage from the inner

structures of the eye, as well as the tight junctions presented by the pigment

epithelium, antigens placed within the anterior chamber of the eye (as well as

the vitreous cavity [73] and subretinal space [74]) elicit a deviant systemic

immune response referred to as ACAID. The immunologic hallmarks of

ACAID include the generation of primed cytotoxic (CD8�) T and B cells that

produce non-complement-fixing antibodies, as well as the inhibition of

delayed-type hypersensitivity (CD4� Th1) and B cells that secrete comple-

ment-fixing antibodies [43, 44, 47, 75, 76]. An important feature in the devel-

opment of ACAID is the camero-splenic access through which antigen, APCs,

and soluble inhibitory molecules migrate directly into the bloodstream through

the ocular trabecular meshwork and traffic preferentially to the spleen. The role
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of F4/80� APCs in the induction of ACAID to soluble antigens is well estab-

lished [77]. However, particulate antigens such as trinitrophenol-labeled T cells

and HSV1 may induce a soluble ACAID-inducing signal [78–80].

The details of the cellular mechanism involved in the generation of ACAID

are discussed in a subsequent chapter  by Niederkorn [pp 27–35]. However, it

should be emphasized that the antigen-specific Treg cells that mediate ACAID

consist of two populations – an afferent Treg cell and an efferent Treg cell. The affer-

ent Treg cell is CD4� and suppresses the initial activation and differentiation of T

cells into Th1 effector cells. The efferent Treg cell population is CD8� and inhibits

the expression of Th1-mediated immunity such as delayed-type hypersensitivity.

Thus, the afferent Treg cells of ACAID are effective in secondary lymphoid organs,

whereas the efferent Treg cells of ACAID act in the periphery [81–83].

Intraocular Immunosuppressive Microenvironment

Although systemic mechanisms exist to prevent the development of an

intraocular inflammatory response that will unnecessarily damage critical

structures within the eye, there are also local factors within the eye that inhibit

the components of the immune response to reinforce the protection provided by

immune privilege. These local factors suppress both the molecules and the cells

that mediate innate and adaptive immunity.

Although the soluble factors in aqueous humor may have multiple effects,

there appear to be distinctive properties possessed by each. For example, the

neuropeptides vasoactive intestinal peptide and somatostatin inhibit antigen-

and mitogen-driven T cell proliferation [84], whereas �-melanocyte-stimulating

hormone prevents T cells from secreting pro-inflammatory cytokines such as

interferon-� and can suppress the activation and effector function of bystander

T cells [85, 86]. Thus, effector CD4� T cells that enter the anterior chamber

can be converted into Treg cells that suppress intraocular inflammation and

avoid damage to the inner structures of the eye.

Soluble factors in the aqueous humor are also directed at the regulation of

innate immunity. For example, calcitonin gene-related peptide inhibits the pro-

duction of nitric oxide by activated macrophages [87]; macrophage migration-

inhibitory factor inhibits NK cells from lysing their targets [87, 88]; soluble

CD95L interferes with CD95-induced activation of neutrophils [89], and 

�-melanocyte-stimulating hormone inhibits neutrophil effector functions [90].

An important component of innate immunity evolved in the protection of

the eye from infectious pathogens is the complement system. At least two

soluble inhibitors of complement activation exist in the aqueous humor – one

that prevents antibody binding to C1q and another that prevents C3 conversion

to C3b [91]. However, the aqueous humor has no inhibitory effect on 

non-complement-fixing, neutralizing antibodies. A soluble complement factor
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is also important in the development of ACAID. The ligation of the complement

C3 activation product iC3b to complement receptor type 3 on APCs results in

the sequential production of TGF-�2 and IL-10, which are essential to the

induction of ACAID [92].

In addition to soluble factors in the aqueous humor that modulate the

intraocular immune response, ocular parenchymal cells express at least four

different molecules that can modify the immune effector response within the

eye. CD95L, which is expressed constitutively by cells of the eye, is at least par-

tially responsible for the acceptance of orthotopic corneal allografts by the

apoptosis of T cells that threaten corneal transplants. The membrane comple-

ment regulatory proteins (i.e. CD46, CD55, CD59 and complement receptor-

related protein, Crry) are membrane-associated inhibitors of complement and

are present on intraocular cells [93], as well as in soluble form in the aqueous

humor [94, 95]. These molecules play an important role in controlling the low

level of complement activation that is always present in the anterior chamber to

protect the eye from infection, while simultaneously preventing widespread

nonspecific inflammation which would be detrimental to the eye. The neutral-

ization of Crry in rats provoked spontaneous inflammation in the anterior seg-

ment [96]. The immune co-stimulator B7-2 (CD86) is constitutively expressed

on iris pigment epithelial cells. When this molecule binds to CTL antigen 4

(CTLA4) on T cells, these cells are inhibited from proliferation and interferon-

� production, and are converted into Treg cells [97]. Another apoptosis-inducing

molecule has been identified in the eye, tumor necrosis factor-related apoptosis-

inducing ligand [98, 99]. The molecule is a member of the tumor necrosis fac-

tor super family and has been demonstrated to induce apoptosis in several

tumors. Its mRNA and protein are constitutively expressed on the cornea and

retina, and function in vitro and in vivo to kill tumor cells. Thus, the intraocular

immune system has both soluble and insoluble molecules that can effectively

regulate both the innate and adaptive immune response.

Effect of Inflammation on Ocular Immune Privilege

A more detailed explanation of the effect of inflammation on ocular immune

privilege will appear in a subsequent chapter written by Mo et al. [pp 155–165].

Since inflammation and infection dramatically alter the blood-ocular barrier, as

well as perhaps the normally dormant lymphatic vessels within the choroid, it is

reasonable to inquire whether immune privilege and the immunosuppressive

microenvironment are still contained under such an assault. It has been demon-

strated that the aqueous humor maintains an immunosuppressive profile in eyes

that are inflamed although the factors responsible for the inhibition are signifi-

cantly altered [100–103]. With breach of the blood-ocular barrier, plasma proteins

enter the eye and degrade the neuropeptides that are normally present in aqueous
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humor. Although the immunosuppressive properties of the aqueous humor are

immediately neutralized by this occurrence, an immunosuppressive milieu is

reestablished through the presence of active TGF-�2. In normal aqueous humor,

latent TGF-�2 contributes very little to immunosuppression. However, ocular

inflammation upregulates IL-6 production within the eye and it, in turn, activates

local macrophages to convert latent TGF-�2 to its active form. These findings have

been confirmed in several different experimental models of intraocular inflamma-

tion [103].

Thus, the evolution of immune privilege as a protective mechanism for the

function of vital organs such as the eye and the brain has resulted in a complex

system with multiple regulatory safeguards for the control of both innate and

adaptive immunity. The consequences of inadvertent bystander tissue destruc-

tion by antigen-nonspecific inflammation can be so catastrophic to the organ or

host that a finely tuned and dynamic regulatory system is needed to ensure the

integrity of these tissues. With the ability of infectious pathogens to constantly

adapt to protective mechanisms, it is probably a continuous process with the

emergence of new molecular and cellular protective mechanisms in response to

pathogenic adaptations.
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Abstract
Evidence of ocular immune privilege was noted almost 130 years ago. The past 30

years have witnessed an explosion in research on ocular immune privilege. One of the pri-

mary mechanisms that contribute to ocular immune privilege is the unique form of immune

deviation that is invoked when antigens are introduced into the anterior chamber (AC) of the

eye – a phenomenon termed AC-associated immune deviation (ACAID). ACAID embodies a

constellation of cellular interactions and at least four different organ systems: eye, thymus,

spleen, and sympathetic nervous system. At least four different cell populations interact to

generate CD8� T regulatory cells that suppress both Th1- and Th2-mediated inflammation.

The interactions that occur between F4/80� antigen-presenting cells, CD4� T regulatory

cells, NK1.1� T cells, �� T cells, B cells, and CD8� T cells remain to be fully elucidated.

Ocular immune privilege was originally perceived as a simple anatomic anomaly that has

evolved to be one of the most sophisticated and intriguing forms of immune regulation.

Copyright © 2007 S. Karger AG, Basel

The immune privilege of the eye is a widely recognized, but frequently

oversimplified concept. The notion that the eye possessed unusual immunolog-

ical characteristics was recognized in the 19th century by van Dooremaal [1]

who observed prolonged survival of murine skin grafts transplanted into the

anterior chamber (AC) of the dog eye. The term ocular ‘immune privilege’ was

articulated by Medawar [2], who recognized that the extended survival of for-

eign grafts in the AC was a remarkable departure from the fate of similar grafts

transplanted to sites outside of the eye. Medawar noted the conspicuous

absence of major lymphatic drainage from the AC and proposed that the

immune privilege of the eye was a consequence of antigen sequestration from

the peripheral immune system. Thirty years would pass before the dynamic

Physiology of Immune Response and the Eye
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nature of ocular immune privilege would be recognized. The seminal studies of

Kaplan et al. [3] demonstrated that alloantigenic cells introduced into the AC in

fact did escape from the eye and induced a deviant immune response in which

serum alloantibodies were generated, while systemic cell-mediated immune

responses were suppressed in an antigen-specific manner. Subsequent studies

in mice confirmed this AC-associated immune deviation (ACAID) and demon-

strated that it is an important contributor to the immune privilege of the eye [4].

The Induction of Anterior Chamber-Associated 

Immune Deviation

As mentioned earlier, antigens introduced into the AC elicit a deviant

immune response, which is characterized by the antigen-specific suppression of

classical Th1 immune responses, such as delayed-type hypersensitivity (DTH)

and complement-fixing antibodies, while preserving the generation of non-

complement-fixing antibodies of the IgG1 isotype in the mouse [4, 5]. The sup-

pression of Th1 immune responses and the impaired rejection of skin allografts

from the same donors that were used for the alloantigenic cell injection in the

AC, led some to suspect that ACAID was simply cross-regulation of the Th1

immunity produced by a robust Th2 response. This was supported by the obser-

vation that the benchmark Th1 cytokine, interferon-�, was suppressed and the

anti-inflammatory Th2 cytokine, interleukin (IL)-10, was upregulated follow-

ing AC injection of antigens [6–8]. However, it was later noted that another Th2

cytokine, IL-4, was not required for the induction of ACAID [6] and that Th2-

mediated allergic inflammatory lung diseases could be mitigated by inducing

ACAID [9]. These observations indicate that ACAID is not simply a manifesta-

tion of a Th2-mediated cross-regulation of Th1 immune responses, but is a

complex immunoregulatory phenomenon that involves multiple organ systems

and cell populations.

Ocular Phase of Anterior Chamber-Associated 

Immune Deviation

The induction of ACAID begins with the introduction of antigen into the

AC. The eye is an integral participant in the induction of ACAID, as enucleation

within 3 days of AC injection prevents the induction of ACAID [10]. The

absence of major lymphatic channels draining the AC led many to conclude that

depositing antigens into the AC is tantamount to an intravenous injection.

Moreover, the striking similarity between ACAID and the immune deviation
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that is induced by intravenous injection of antigen lent further support to the

proposition that ACAID was simply a convoluted method for injecting antigens

intravenously. However, a large body of data refutes this simplistic hypothesis.

There is evidence that antigens introduced into the AC reach the submandibular

lymph nodes of mice in 3 days [11]. In the primate eye, up to 25% of the con-

tents of the AC can escape by the uveal/scleral pathway and reach lymphatic tis-

sues [12]. Moreover, there are numerous fundamental differences in the cells

and cytokine requirements involved in ACAID and intravenously induced

immune deviation (table 1).

It is widely believed that within the eye, antigen is captured by F4/80�

macrophages, which under the influence of aqueous humor cytokines, such as

transforming growth factor-�, are imprinted with a unique cytokine profile in

which IL-12 synthesis is downregulated while IL-10 is upregulated. Ocular

antigen presenting cells (APC) also acquire the capacity to secrete macrophage

inflammatory protein-2, which is a potent chemokine that plays a critical role in

the splenic phase of ACAID (discussed below) [13]. In addition to alterations in

the cytokine and chemokine profile of ocular APC, apoptosis appears to be a

crucial event that occurs during the processing of ocular antigens. Functional

FasL must be expressed in the eye of the host and functional Fas receptor must

be present on antigenic cells introduced into the AC [14, 15]. Fas-induced apop-

tosis of antigenic cells is required for the induction of ACAID, as hapten-derivatized

cells from Fas-defective lpr/lpr mice cannot induce ACAID unless the hapte-

nated cells are rendered apoptotic by alternative means such as �-irradiation

prior to AC injection [14]. Tumor necrosis factor-� (TNF-�) also contributes to

the induction of apoptosis and the generation of ACAID [16]. TNF-� upregu-

lates Fas receptor and promotes Fas-induced apoptosis and the subsequent

induction of ACAID [16, 17]. Allogeneic cells and hapten-derivatized cells

Table 1. ACAID and intravenously induced immune deviation are not the same

immunoregulatory phenomenon

Requirement ACAID Intravenously induced References

immune deviation

IL-4 no yes [7]

IL-10 yes no [26]

B cells yes no [31, 33, 47]

Efferent suppressor cells yes no [48]

Blood-borne APC yes no [20]

NKT cells yes no [13]

�2-Microglobulin yes no [35]
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from TNFRII (TNF receptor II) knockout (KO) mice do not upregulate Fas

receptor following exposure to TNF-� and do not induce ACAID [16, 17].

Interestingly, corneal allografts from C57BL/6 TNFRII KO mice fail to induce

ACAID and experience a dramatic increase in the incidence of rejection com-

pared to corneal grafts from C57BL/6 mice with intact TNFRII [17].

The induction of ACAID also requires ligation of the complement 3b

(C3b) receptor on the surface of F4/80� ocular APC [18]. This conclusion is

based on findings indicating that neither C3 KO mice nor normal mice depleted

of complement with cobra venom factor were able to develop ACAID [18].

Moreover, administration of OX-42 antibody, which blocks the C3 receptor on

APC, prevents the induction of ACAID in wild-type mice. In vitro studies con-

firmed that ligation of the C3 receptor on F4/80� ocular APC resulted in an

increased secretion of IL-10, decreased production of IL-12, and an increased

production of transforming growth factor-�, which is the classical phenotype of

ACAID-inducing APC.

The processing of ocular antigen by F4/80� ocular APC is swift.

Removal of the eye within 1 day of AC injection of herpes simplex virus pre-

vents the induction of ACAID and results in the development of positive DTH

responses [14]. However, if the eye is left intact another 48 h, ACAID is

induced. Within 48 h of AC injection, F4/80� cells can be isolated from the

blood and shown to induce ACAID if transferred to third-party recipients

[19, 20]. The blood-borne F4/80� APC produce an extraordinary amplifica-

tion of the immune response; as few as 20 of these cells can induce ACAID if

transferred to naïve recipients [20]. Expression of F4/80 and the major histo-

compatibility complex class I-like molecule, CD1d, on F4/80� ocular APC is

crucial for the subsequent cellular interactions that occur in the thymus and

spleen, as ACAID cannot be induced in either F4/80 KO mice or CD1d KO

mice, and macrophages from either of these KO mouse strains cannot adop-

tively transfer ACAID [21, 22].

Thymic Phase of Anterior Chamber-Associated 

Immune Deviation

There is evidence that the blood-borne F4/80� APC follow two pathways

after leaving the eye: one pathway leads to the thymus and the other ends in the

spleen. The thymus is essential for the induction of ACAID [23]. Thymectomy

prevents the generation of ACAID in either intact mice that are subsequently

primed in the AC with antigen or in mice that receive intravenous injections of

antigen-pulsed F4/80� ocular macrophages that normally induce ACAID in

euthymic animals [19]. Within 3 days of entering the thymus, F4/80� APC
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induce the generation of CD4�, CD8� NK1.1� thymocytes that are believed

to enter the circulation as recent thymic emigrants and home to the spleen,

where they contribute to the generation of splenic suppressor cells [24]. Other

evidence indicates that F4/80� ocular APC also migrate to the spleen, where

they interact with natural killer T (NKT) cells and B cells, which in turn elicit

the generation of CD4� afferent and CD8� efferent suppressor cells [13, 25,

26]. Both pathways of F4/80�APC emigration from the eye ultimately culmi-

nate in the generation of CD8� regulatory cells that are able to suppress the

expression of DTH.

Splenic Phase of Anterior Chamber-Associated 

Immune Deviation

In all of the models of ACAID tested to date, an intact spleen is required

for the induction and expression of ACAID [4, 27]. The splenic phase of

ACAID requires 7 days for completion, as removal of this organ within 7 days

of AC injection of antigen prevents the development of ACAID [28]. It is during

this time that the F4/80� APC that migrate from the eye interact with at least

two different populations of spleen cells to culminate in the production of

CD8� suppressor cells. To achieve this, the F4/80� ocular APC that enter the

spleen must express CD1d, produce IL-10, IL-13, and macrophage inflamma-

tory protein-2 and stimulate signal transducer and activator of transcription-6

[6, 13, 22, 26, 29, 30]. In the spleen, the F4/80� cells interact with CD4� NKT

cells that secrete the chemokine, RANTES, which recruits other cells needed

for the generation of end-stage regulatory cells of ACAID [29]. It is believed

that the F4/80� ocular APC secrete macrophage inflammatory protein-2,

which attracts CD4� NKT cells. The CD4� NKT cells interact with CD1d on

the F4/80� ocular APC and secrete RANTES, which in turn recruits more

F4/80� ocular APC and T cells to the marginal zone of the spleen leading to the

formation of clusters of F4/80� ocular APC, CD4� NKT, and T cells. The

function and mechanisms evoked by this cellular triumvirate remain poorly

understood, and must take into account at least four other cell populations that

are required for the induction of ACAID: (a) B cells; (b) ��T cells; (c) NK1.1�

CD4� T cells, and (d) CD8� T cells.

There is compelling evidence that B cells participate in the induction of

ACAID by acting as ancillary APC. ACAID cannot be induced in either B-cell

KO mice or normal mice treated from birth with anti-immunoglobulin to

deplete B-cell populations [31–33]. A combination of in vitro and in vivo stud-

ies have shown that F4/80� ocular APC release antigen, which is captured and

processed by splenic B cells [33, 34]. Following exposure to F4/80� ocular
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APC, splenic B cells can adoptively transfer antigen-specific ACAID to naïve

mice [31, 33]. Studies utilizing transgenic mice carrying the hen egg lysozyme

(HEL) B-cell receptor (BCR) confirmed that HEL BCR transgenic mice could

develop ACAID using HEL, but not using other antigens such as ovalbumin

[33]. These studies also demonstrated that antigen was regurgitated from

F4/80� ocular APC and captured via the BCR on the splenic B cells, internal-

ized, and processed in acidified lysosomes before being presented to T cells

[33]. A combination of in vitro and in vivo investigations analyzed the role of

nonclassical class Ib molecules, namely Qa-1, in the presentation of antigens by

ACAID B cells, and revealed that the induction of ACAID required the normal

expression of �2-microglobulin on both the B cells and the F4/80� ocular APC,

but not on the end-stage suppressor T cells [34]. The importance of 

�2-microglobulin expression on F4/80� ocular APC is consistent with previous

results indicating that ACAID could not be induced in �2-microglobulin-

deficient mice [35]. The role of nonclassical class Ib molecule, Qa-1, in the pre-

sentation of antigenic peptides to regulatory T cells is reminiscent of studies by

Noble et al. [36], who found that Qa-1� B cells were needed for the generation

of CD8� T regulatory cells, which suppressed Th1 immune responses. It bears

noting that F4/80� APC, NK1.1� T cells, and CD3� T cells form clusters in

the marginal zone of the spleen, which is an area rich in CD1� B cells. We are

attracted to the hypothesis that F4/80� CD1d� ocular APC interact with

CD1d-dependent invariant CD4� NK1.1� T cells in the marginal zone of the

spleen and release antigenic peptide fragments, which are captured and

processed by CD1d� B cells. The B cells in turn present the modified peptide

fragments to CD8�T cells, which differentiate into ACAID efferent suppressor

cells.

In dissecting the splenic phase of ACAID, we must also take into account

the observation that �� T cells are necessary for the induction of ACAID [18].

�� T cells represent a small population of lymphocytes that make up 2–10% of

the total T-cell population and play critical, albeit poorly understood, roles in

various forms of immune tolerance [37, 38]. Two independent studies have

shown that �� T cells are critical for the development of ACAID [39, 40]. It is

not clear how �� T cells contribute to the development of ACAID, but they are

known to be potent producers of cytokines. It is noteworthy that �� T cells

produce significant quantities of two cytokines, IL-10 and transforming

growth factor-�, which are essential for the induction and expression of

ACAID. In addition, �� T cells can inhibit the production of interferon-�, and

thus hamper the generation of Th1 immune responses. Recently, it has been

demonstrated that �� T cells can function as APC, raising the remote possibil-

ity that they might act as ancillary APC in the generation of ACAID suppressor

cells [41].
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Role of the Sympathetic Nervous System in Anterior 

Chamber-Associated Immune Deviation

The three organ systems involved in the induction of ACAID – eye, thy-

mus, and spleen – have dense sympathetic innervations. The sympathetic ner-

vous system influences systemic immunity, as chemical sympathectomy results

in significant alterations in both DTH and antibody responses [42–45]. These

observations prompted Li et al. [46] to examine the role of the sympathetic ner-

vous system in ACAID. A series of in vitro and in vivo studies revealed that

chemical sympathectomy did not affect the generation of F4/80� ocular APC,

yet it did prevent the induction of ACAID, most likely by impairing the genera-

tion of CD4� NKT cells that are required for the generation of end-stage sup-

pressor cells [46]. Thus, one more organ system (i.e. the sympathetic nervous

system) appears to be crucial for the induction of ACAID.

Conclusions

The past 30 years have provided us with a wealth of information and

insights into the mechanisms of ocular immune privilege. ACAID has emerged

as a major component of immune privilege and what was initially thought of as

a version of intravenously induced immune deviation, has evolved into a com-

plicated immunoregulatory phenomenon that involves multiple organ systems

including the eye, thymus, spleen, and sympathetic nervous system. The next

30 years will undoubtedly reveal even more complex cellular interactions that

contribute to the generation of ACAID suppressor cells that extinguish the

expression of both Th1- and Th2-based immune inflammation.

References

1 van Dooremaal JC: Die Entwicklung der in fremden Grund versetzten lebenden Gewebe. Albrecht

von Graefes Arch Ophthalmol 1873;19:358–373.

2 Medawar PB: Immunity to homologous grafted skin. III. The fate of skin homografts transplanted

to the brain, to subcutaneous tissue, and to the anterior chamber of the eye. Br J Exp Pathol

1948;29:58–69.

3 Kaplan HJ, Streilein JW, Stevens TR: Transplantation immunology of the anterior chamber of the

eye. II. Immune response to allogeneic cells. J Immunol 1975;115:805–810.

4 Niederkorn JY: Immune privilege in the anterior chamber of the eye. Crit Rev Immunol

2002;22:13–46.

5 Streilein JW: Ocular immune privilege: therapeutic opportunities from an experiment of nature.

Nat Rev Immunol 2003;3:879–889.

6 D’Orazio TJ, Niederkorn JY: A novel role for TGF-beta and IL-10 in the induction of immune

privilege. J Immunol 1998;160:2089–2098.



Niederkorn 34

7 Kosiewicz MM, Alard P, Streilein JW: Alterations in cytokine production following intraocular

injection of soluble protein antigen: impairment in IFN-gamma and induction of TGF-beta and 

IL-4 production. J Immunol 1998;161:5382–5390.

8 Li XY, D’Orazio LT, Niederkorn JY: Role of Th1 and Th2 cells in anterior chamber-associated

immune deviation. Immunology 1996;89:34–40.

9 Katagiri K, Zhang-Hoover J, Mo JS, Stein-Streilein J, Streilein JW: Using tolerance induced via

the anterior chamber of the eye to inhibit Th2-dependent pulmonary pathology. J Immunol

2002;169:84–89.

10 Whittum JA, Niederkorn JY, McCulley JP, Streilein JW: Intracameral inoculation of herpes sim-

plex virus type I induces anterior chamber associated immune deviation. Curr Eye Res

1982;2:691–697.

11 Egan RM, Yorkey C, Black R, et al: Peptide-specific T cell clonal expansion in vivo following

immunization in the eye, an immune-privileged site. J Immunol 1996;157:2262–2271.

12 Sherman SH, Green K, Laties AM: The fate of anterior chamber fluorescein in the monkey eye. 1.

The anterior chamber outflow pathways. Exp Eye Res 1978;27:159–173.

13 Faunce DE, Sonoda KH, Stein-Streilein J: MIP-2 recruits NKT cells to the spleen during tolerance

induction. J Immunol 2001;166:313–321.

14 Griffith TS, Yu X, Herndon JM, Green DR, Ferguson TA: CD95-induced apoptosis of lympho-

cytes in an immune privileged site induces immunological tolerance. Immunity 1996;5:7–16.

15 Kawashima H, Yamagami S, Tsuru T, Gregerson DS: Anterior chamber inoculation of splenocytes

without Fas/Fas-ligand interaction primes for a delayed-type hypersensitivity response rather than

inducing anterior chamber-associated immune deviation. Eur J Immunol 1997;27:2490–2494.

16 Elzey BD, Griffith TS, Herndon JM, et al: Regulation of Fas ligand-induced apoptosis by TNF.

J Immunol 2001;167:3049–3056.

17 Niederkorn JY, Mayhew E, Mellon J, Hegde S: Role of tumor necrosis factor receptor expression

in anterior chamber-associated immune deviation (ACAID) and corneal allograft survival. Invest

Ophthalmol Vis Sci 2004;45:2674–2681.

18 Sohn JH, Bora PS, Suk HJ, et al: Tolerance is dependent on complement C3 fragment iC3b bind-

ing to antigen-presenting cells. Nat Med 2003;9:206–212.

19 Wang Y, Goldschneider I, O’Rourke J, Cone RE: Blood mononuclear cells induce regulatory NK

T thymocytes in anterior chamber-associated immune deviation. J Leukoc Biol 2001;69:741–746.

20 Wilbanks GA, Streilein JW: Studies on the induction of anterior chamber-associated immune

deviation (ACAID). 1. Evidence that an antigen-specific, ACAID-inducing, cell-associated signal

exists in the peripheral blood. J Immunol 1991;146:2610–2617.

21 Lin HH, Faunce DE, Stacey M, et al: The macrophage F4/80 receptor is required for the induction

of antigen-specific efferent regulatory T cells in peripheral tolerance. J Exp Med 2005;201:

1615–1625.

22 Sonoda KH, Stein-Streilein J: CD1d on antigen-transporting APC and splenic marginal zone B

cells promotes NKT cell-dependent tolerance. Eur J Immunol 2002;32:848–857.

23 Wang Y, Goldschneider I, Foss D, et al: Direct thymic involvement in anterior chamber-associated

immune deviation: evidence for a nondeletional mechanism of centrally induced tolerance to

extrathymic antigens in adult mice. J Immunol 1997;158:2150–2155.

24 Goldschneider I, Cone RE: A central role for peripheral dendritic cells in the induction of acquired

thymic tolerance. Trends Immunol 2003;24:77–81.

25 Sonoda KH, Exley M, Snapper S, Balk SP, Stein-Streilein J: CD1-reactive natural killer T cells are

required for development of systemic tolerance through an immune-privileged site. J Exp Med

1999;190:1215–1226.

26 Sonoda KH, Faunce DE, Taniguchi M, et al: NK T cell-derived IL-10 is essential for the differen-

tiation of antigen-specific T regulatory cells in systemic tolerance. J Immunol 2001;166:42–50.

27 Niederkorn J: Immune privilege of the eye; in Chan LS (ed): Animal Models of Human

Inflammatory Skin Diseases. New York, CRC Press, 2004, p 564.

28 Streilein JW, Niederkorn JY: Induction of anterior chamber-associated immune deviation requires

an intact, functional spleen. J Exp Med 1981;153:1058–1067.

29 Faunce DE, Stein-Streilein J: NKT cell-derived RANTES recruits APCs and CD8� T cells to the

spleen during the generation of regulatory T cells in tolerance. J Immunol 2002;169:31–38.



Induction of ACAID 35

30 Nakamura T, Terajewicz A, Stein-Streilein J: Mechanisms of peripheral tolerance following intra-

cameral inoculation are independent of IL-13 or STAT6. J Immunol 2005;175:2643–2646.

31 D’Orazio TJ, Niederkorn JY: Splenic B cells are required for tolerogenic antigen presentation in

the induction of anterior chamber-associated immune deviation (ACAID). Immunology

1998;95:47–55.

32 Niederkorn JY, Mayhew E: Role of splenic B cells in the immune privilege of the anterior cham-

ber of the eye. Eur J Immunol 1995;25:2783–2787.

33 Skelsey ME, Mayhew E, Niederkorn JY: Splenic B cells act as antigen presenting cells for the

induction of anterior chamber-associated immune deviation. Invest Ophthalmol Vis Sci 2003;44:

5242–5251.

34 D’Orazio TJ, Mayhew E, Niederkorn JY: Ocular immune privilege promoted by the presentation

of peptide on tolerogenic B cells in the spleen. II. Evidence for presentation by Qa-1. J Immunol

2001;166:26–32.

35 Hara Y, Okamoto S, Rouse B, Streilein JW: Evidence that peritoneal exudate cells cultured with

eye-derived fluids are the proximate antigen-presenting cells in immune deviation of the ocular

type. J Immunol 1993;151:5162–5171.

36 Noble A, Zhao ZS, Cantor H: Suppression of immune responses by CD8 cells. II. Qa-1 on acti-

vated B cells stimulates CD8 cell suppression of T helper 2 responses. J Immunol 1998;160:

566–571.

37 Cai JL, Tucker PW: Gamma-delta T cells: immunoregulatory functions and immunoprotection; in

Bergstresser PR, Takashima A (eds): Gamma-Delta T Cells. Chem Immunol. Basel, Karger, 2001,

vol 79, pp 99–138.

38 Holtmeier W, Kabelitz D: �� T cells link innate and adaptive immune responses; in Kabelitz D,

Schröder JM (eds): Mechanisms of Epithelial Defense. Chem Immunol Allergy. Basel, Karger,

2005, vol 86, pp 151–183.

39 Skelsey ME, Mellon J, Niederkorn JY: �� T cells are needed for ocular immune privilege and

corneal graft survival. J Immunol 2001;166:4327–4333.

40 Xu Y, Kapp JA: �� T cells are critical for the induction of anterior chamber-associated immune

deviation. Immunology 2001;104:142–148.

41 Brandes M, Willimann K, Moser B: Professional antigen-presentation function by human �� T

cells. Science 2005;309:264–268.

42 Bellinger DL, Lorton D, Romano TD, et al: Neuropeptide innervation of lymphoid organs. Ann

NY Acad Sci 1990;594:17–33.

43 Madden KS, Felten SY, Felten DL, Sundaresan PR, Livnat S: Sympathetic neural modulation of

the immune system. I. Depression of T cell immunity in vivo and vitro following chemical sym-

pathectomy. Brain Behav Immun 1989;3:72–89.

44 Rice PA, Boehm GW, Moynihan JA, Bellinger DL, Stevens SY: Chemical sympathectomy

increases the innate immune response and decreases the specific immune response in the spleen to

infection with Listeria monocytogenes. J Neuroimmunol 2001;114:19–27.

45 Rook GA, Lightman SL, Heijnen CJ: Can nerve damage disrupt neuroendocrine immune home-

ostasis? Leprosy as a case in point. Trends Immunol 2002;23:18–22.

46 Li X, Taylor S, Zegarelli B, et al: The induction of splenic suppressor T cells through an immune-

privileged site requires an intact sympathetic nervous system. J Neuroimmunol 2004;153:40–49.

47 Vella AT, Scherer MT, Schultz L, Kappler JW, Marrack P: B cells are not essential for peripheral

T-cell tolerance. Proc Natl Acad Sci USA 1996;93:951–955.

48 Wilbanks GA, Streilein JW: Characterization of suppressor cells in anterior chamber-associated

immune deviation (ACAID) induced by soluble antigen. Evidence of two functionally and pheno-

typically distinct T-suppressor cell populations. Immunology 1990;71:383–389.

Dr. Jerry Y. Niederkorn

Department of Ophthalmology, University of Texas Southwestern Medical Center

5323 Harry Hines Boulevard

Dallas, TX 75390–9057 (USA)

Tel. �1 214 648 3829, Fax �1 214 648 9061, E-Mail jerry.niederkorn@utsouthwestern.edu



Niederkorn JY, Kaplan HJ (eds): Immune Response and the Eye. 

Chem Immunol Allergy. Basel, Karger, 2007, vol 92, pp 36–49

Anatomy and Immunology of the
Ocular Surface

Erich Knopa, Nadja Knopb

aResearch Laboratory of the Eye Clinic CVK, Charité-University School of Medicine,

Berlin, bDepartment for Cell Biology in Anatomy, Hannover Medical School,

Hannover, Germany

Abstract
The ocular surface, in a strict sense, consists of the cornea and its major support tis-

sue, the conjunctiva. In a wider anatomical, embryological, and also functional sense, the

ocular mucosal adnexa (i.e. the lacrimal gland and the lacrimal drainage system) also

belong to the ocular surface. This definition includes the source and the eventual drainage

of the tears that are of utmost importance to ocular surface integrity. The ocular surface is

directly exposed to the external environment, and therefore is endangered by a multitude of

antigens and pathogenic microorganisms. As a mucosa, it is protected by the mucosal

immune system that uses innate and adaptive effector mechanisms present in the tissue and

tear film. Immune protection has two partly opposing tasks: the destruction of invading

pathogens is counterbalanced by the limitation of inflammatory events that could be delete-

rious to the subtle structure of the eye. The immune system of the ocular surface forms an

eye-associated lymphoid tissue (EALT) that is recognized as a new component of the

mucosal immune system. The latter consists of the mucosa-associated lymphoid tissues in

different organs of the body. Mucosa- and hence eye-associated lymphoid tissues have

certain characteristics that discriminate them from the central immune system. The mecha-

nisms applied are immunological ignorance, tolerance, or an immunosuppressive local

microenvironment, all of which prefer non-reactivity and anti-inflammatory immunological

responses. The interaction of these mechanisms results in immune privilege of the ocular

surface. During eye closure, the ocular surface appears to have different requirements that

make an innate pro-inflammatory environment more attractive for immune defense. The

structural and functional components that contribute to this special immune regulation will

be the focus of this chapter.

Copyright © 2007 S. Karger AG, Basel
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Anatomy of the Immune System at the Ocular Surface 

and Adnexa

Cornea

The cornea consists of a transparent connective tissue (stroma) covered by

epithelia on both sides. The endothelium that lines the anterior chamber is a

monolayer and the outer border of the cornea is a stratified non-keratinized

squamous epithelium that is 5–7 cells thick [1]. It seals the stroma from the

external environment by luminal junctions and forms a physical barrier against

external antigens. This is supplemented by a physicochemical barrier of the

epithelial-derived mucin layer that protects against the adhesion and entrance of

antigens and by mechanical washing effects of the tear fluid and lid wiping

combined with the action of protective proteins [2].

In the normal cornea, very few cells can assist in immune defense.

Lymphoid cells do not occur under physiological conditions. The central cornea

is avascular because blood and lymph vessels end in the limbal zone [3] and

hence prevent an access of the vast majority of immunologically relevant cells.

Major histocompatibility complex (MHC) class II-positive dendritic antigen-

presenting Langerhans cells are present in the epithelium of the peripheral

cornea and their absence from the central cornea was assumed to be a major

reason for corneal immune privilege. Other dendritic cells (DCs) that are nega-

tive for markers of cell activation were recently observed in the central cornea

of mice [4]. Further bone marrow-derived DC precursors or macrophage-like

cells were reported in the anterior stroma and in the posterior stroma.

Conjunctiva

Morphology

The conjunctiva consists of an epithelium and an underlying loose connec-

tive tissue, known as the lamina propria; both are separated by the epithelial base-

ment membrane. The epithelial histology is stratified non-squamous and consists

of two-to-three cell layers having cuboidal morphology in most parts. The lamina

propria is rich in bone marrow-derived cells that form a mucosal immune system

known as the conjunctiva-associated lymphoid tissue (CALT) and of blood ves-

sels of different kinds. Apart from capillaries and lymph vessels, specialized high

endothelial venules [5] for the regulated migration of lymphoid cells are present

in the conjunctiva [6]. They are a normal component of ocular lymphoid tissue,

have a characteristic ultrastructure as in other lymphoid tissues, and express cell

adhesion molecules.
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Diffuse Leukocyte Subpopulations

Over the last decades, evidence has accumulated that leukocytes, including

lymphoid cells, are normal, non-inflammatory components of the ocular sur-

face [for review see ref. 7].

Lymphocytes and plasma cells are the main populations of leukocytes [8]

and form a diffuse lymphoid tissue throughout all conjunctival zones, with pre-

dominant expression in the tarso-orbital conjunctiva [6]. Lymphocytes occur in

the basal layer of the epithelium as intraepithelial lymphocytes (IEL) and more

frequently in the lamina propria [8, 9] as lamina propria lymphocytes. Several

lines of evidence indicate that the ocular surface has a mucosal immune system

with common characteristics: CD8� suppressor/cytotoxic T cells dominate

over CD4� T helper (Th) cells in IEL and a reverse distribution occurs in lam-

ina propria lymphocytes [9, 10]. It is assumed that most of the CD8� cells act

in the suppressor mode and hence provide an immunosuppressive environment

[9]. Conjunctival lymphocytes are activated cells (CD45Ro� and CD25�) and

express human mucosal lymphocyte antigen-1 [10, 11]. Local plasma cells reg-

ularly occur in the lamina propria [6, 11–13]. They mainly produce IgA and the

joining molecule (J chain) that forms the dimeric type of IgA. Its transepithelial

transporter molecule secretory component (SC) is found in the epithelium, as

verified by immunohistochemistry [6] and molecular biology (RT-PCR) [14].

The conjunctiva hence produces secretory SIgA on its surface and constitutes a

secretory immune system [15]. Interspersed B lymphocytes are rarely found as

they are restricted to organized lymphoid follicles [6, 9, 11].

Other bone marrow-derived accessory leukocyte subpopulations exist in

the conjunctiva and mainly act for the innate immune system. Macrophages

enable the engulfment and destruction of pathogens and remnants of dead cells,

and their potential antigen presentation to lymphocytes. They are frequent in the

lamina propria but difficult to detect in conventional histological specimens. An

immunohistological study reported CD68� macrophages as the second most

frequent leukocyte population in the conjunctiva [11]. Dendritic Langerhans

cells, which aid in the uptake and professional presentation of antigens to lym-

phocytes, are regularly found [16]. They express activation markers such as

MHC class II or ATPase. Depending on their maturation and migratory behav-

ior, they are critical regulators of immunity and link innate and adaptive

immune effector mechanisms [17]. Mast cells are resident accessory leukocytes

in the lamina propria [18]. They produce several factors, including cytokines,

which recruit other leukocytes and orchestrate inflammatory reactions for the

destruction of pathogens. Although their role in physiological host defense is

poorly understood, they are potentially useful cells. They are mainly known,

however, for their deleterious inflammatory activity during IgE-mediated aller-

gic disease [19]. Granulocytes of different subtypes (neutrophils, basophils, and
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eosinophils) emigrate from the blood circulation only if recruited. Neutrophils

are occasionally observed in minor amounts or as single cells in the normal

human conjunctiva [6, 8]. Eosinophils are normally lacking in the absence of

inflammatory conditions such as ocular allergy [8].

Follicles

Lymphoid follicles involved in the production of lymphoid effector cells are

regularly observed on normal human whole-mount conjunctivas [6, 12, 13], and in

several other species [20], being mostly secondary follicles [12]. Their frequency

is age dependent [13]; increased levels are noted before onset of puberty which

decrease with age. About 60% of individuals in their mid-70s still have follicles in

the conjunctiva, with an average number of 10 follicles per conjunctival sac [6].

Follicles show typical mucosal characteristics: they consist of B cells with parafol-

licular T cells and associated high endothelial venules and have an apical follicle-

associated epithelium. It is thin, highly permeated by lymphocytes, and includes M

cells for antigen uptake in several species [21], but lacks the IgA transporter SC.

Lacrimal Gland

The human lacrimal gland is anatomically continuous with the conjunctiva

via 10–12 lacrimal excretory ducts. It is a tubulo-acinar gland with short-

branched tubules that end in secretory acini [1]. Between the secretory acini is a

loose connective tissue resembling that of the conjunctiva and, in fact, continuous

with it along the excretory ducts. Plasma cells are more frequent than lympho-

cytes, IEL are fewer, and CD8� suppressor/cytotoxic T lymphocytes are gener-

ally more frequent than CD4�Th cells in the gland in contrast to the conjunctiva

[22]. Plasma cells are mainly positive for IgA, and the acinar epithelium

expresses the IgA transporter SC [23]. Therefore, the lacrimal gland is an estab-

lished component of the secretory immune system and was until recently consid-

ered as the only source of IgA proteins present in the tear film [9, 24]. T cells are

reported to form groups around intralobular ducts [22] but ordinary lymphoid fol-

licles are very rarely observed and may not be physiologically relevant.

Lacrimal Drainage System

The lacrimal drainage system is continuous with the conjunctiva via the

lacrimal puncta and canaliculi into the lacrimal sac and through the nasolacrimal

duct into the nose. Like the conjunctiva, it represents a moist mucous membrane.

The epithelium is a stratified squamous non-keratinized layer inside the canaliculi
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and transforms into a pseudostratified epithelium with columnar ciliated cells in

the lacrimal sac and nasolacrimal duct [25]. The mucosa contains diffuse lym-

phoid tissue [26] that contributes to the secretory immune system, and also folli-

cles similar to the conjunctiva [25, 27]. Its mucosa-associated lymphoid tissue

was accordingly integrated as a lacrimal drainage-associated lymphoid tissue

(LDALT) into the mucosal immune system [25]. The reported frequency of

organized lymphoid follicles with typical morphology varies from 41 [27] to

56% in old age human populations [28].

Tear Film and Integrated Proteins

The tear film is an important functional component of immune defense

in the ocular mucosal surface. Apart from a cleansing effect induced by lid wip-

ing, it contains specific IgA antibodies that are secreted by the lacrimal gland

and by the ocular mucosal surfaces. In addition, there is an ever-increasing

number of reported peptides and proteins of the immune system [29]. Some

of them have a direct antimicrobial effect whereas others (e.g. chemokines and

cytokines) recruit and activate leukocytes, including lymphoid cells.

Historically, and due to their relative concentration, three secreted antimi-

crobial proteins are most important. Lysozyme destroys the bacterial cell wall,

lactoferrin binds iron, and tear-specific prealbumin (lipocalin) acts as a scav-

enger of bacterial products; complement occurs as a transudate from the serum.

Angiogenin is a newly described tear protein found at high concentrations in

virtually all tear samples [29]. It appears to have primarily an antimicrobial

effect within the tear film. Other multifunctional antimicrobial molecules are

predominant in the closed eye during sleep, e.g. specific leukocyte protease

inhibitor, elafin, and neutrophil gelatinase-associated lipocalin. CXC and CC

chemokines, such as interleukin (IL)-8, epithelial neutrophil-activating peptide

78, interferon-�-inducible protein-10, growth-regulated oncogene or macrophage

chemoattractant protein-1 and macrophage inhibitory protein-1� are able to

recruit leukocytes into the tear film. Inflammatory cytokines such as IL-6 and

macrophage colony-stimulating factor appear to occur in every normal tear

film [29]. Most of these tear proteins show an inverse correlation with the

amount of aqueous tear secretion and their concentration strongly increases in

the closed-eye tear film, when lacrimal secretion has almost ceased.

Mucosal Immune Defense Mechanisms at the Ocular Surface

The anatomy and leukocyte cell types clearly show that a mucosal immune

system is maintained at the normal human ocular surface and mucosal adnexa.
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It is termed ‘eye-associated lymphoid tissue’ (EALT) [7, 30] (fig. 1) and is inte-

grated into the mucosal immune system of the body. Therefore, the laws of

mucosal immunity apply to the ocular surface. It has certain specializations

suggesting immune privilege, as discussed below. Mucosal, like systemic,

immunity uses two approaches for defense, the innate and the adaptive immune

system. These have almost opposing characteristics (table 1), use different

effector mechanisms, and appear unrelated at first glance. Increasing knowledge

has indicated, however, that they are complementary and even act in concert

[31]. Together they effectively protect against a highly diverse array of non-

pathogenic and pathogenic antigens combined with minimal risk of allergic and

autoimmunological disease.

Fig. 1. The eye-associated lymphoid tissue (EALT) is the mucosa-associated lymphoid

tissue for immune protection of the ocular surface and its mucosal adnexa. It is anatomically

continuous from the lacrimal gland throughout the conjunctiva- and lacrimal drainage-associated

lymphoid tissue (i.e. CALT and LDALT, respectively). It consists of a diffuse lymphoid tissue

of T lymphocytes and IgA-secreting plasma cells, including accessory leukocyte populations in

all organs and of lymphoid follicles in conjunctiva- and lacrimal drainage-associated lymphoid

tissue (in the drawing, large blue cells represent plasma cells, small blue cells represent B cells

and small black cells represent T cells). Protective as well as aggressive factors inside the tear

film, which connects the different parts of the ocular surface and protects it from the external

environment, are a major component of ocular surface immunity. The organs are also con-

nected by lymphocyte recirculation via specialized vessels with each other and with the rest of

the immune system.
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Innate Immunity at the Ocular Surface

Function of the Innate Immune System

Innate immunity is an evolutionary old system that primarily aims at the

detection and destruction of microbial pathogens. To do so effectively, it relies

on a limited number of conserved and genetically determined receptors that

work alone or in combination with innate effector cells, mainly phagocytes.

Pattern recognition receptors are able to bind to pathogen-associated molecular

patterns on microbes such as lipopolysaccharides, flagellin, and CpG-DNA etc.

and initiate respective immune responses.

Innate Effector Cells at the Ocular Surface

Phagocytes are important innate effector cells that contribute to defense

during infection. Macrophages act almost exclusively by phagocytosis (e.g.

in Acanthamoeba infection), but also perform antigen processing and pre-

sentation, which are necessary for the development of an acquired immune

response. In dendritic Langerhans cells, as sentinels of the immune system,

antigen presentation dominates phagocytosis. Neutrophil granulocytes are

more effective in pathogen elimination due to the secretion of toxic mediators

such as myeloperoxidase, which is able to kill pathogens such as Acanthamoeba

cysts. Mast cells orchestrate the inflammation e.g. in Toxoplasma gondii

infection.

Toll-Like Receptors

Different Toll-like receptors (TLR) are present in the mouse eye and

induce the secretion of CXC chemokines which leads to neutrophil recruitment,

Table 1. Characteristics of innate and adaptive immunity

Characteristics Innate Adaptive

Repertoire preexisting acquired

Recognition unspecific pattern specific

(to diverse epitopes)

Action immediate intermediate

Reaction inflammatory modulated

(inflammation to tolerance)

Memory � �

Transfer � �
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a possible mechanism of corneal pathology in early stages of microbial infec-

tion [32]. Following bacterial flagellin exposure, TLR5 induces inflammation

on human corneal cells. Then, cells of the ocular surface secrete inflammatory

cytokines (IL-6 and IL-8) via a nuclear factor-�B-dependent pathway [33] as

shown in other tissues. Other results may point into a different direction

because it was found that although TLR2, TLR3 and TLR4 occur in human

corneal epithelial cells, they do not induce inflammatory immune responses to

lipopolysaccharides [34] as a potential mechanism to prevent constant ocular

surface inflammation.

Secreted Antimicrobial Peptides

In addition to the established antimicrobial factors such as lysozyme and

lactoferrin, a broad spectrum of antimicrobial peptides was recently observed

in the normal human ocular surface. �-Defensin-1 to -4 were found together

with liver-expressed antimicrobial peptide-1 and -2, and cathelicidin (LL37)

[35]. Also, �-defensin-3 has been found to be upregulated in inflammatory

conditions. Collectins, observed in human and mouse tear fluid and corneal

epithelia, are able to inhibit invasion by Pseudomonas aeruginosa [36]. Trefoil

factors TFF1 and TFF3 occur in human conjunctival goblet cells [37]. A broad

spectrum of antimicrobial peptides, including different �- and �-defensins,

secretory phospholipase, bactericidal permeability-increasing protein, and 

37-kDa cationic antimicrobial protein, was observed in human nasolacrimal

ducts with an induction of human �-defensin-2 under inflammatory condi-

tions [38].

Specific Adaptive Immunity at the Ocular Surface

Function of the Adaptive Immune System

Similar to the innate system, the adaptive immune system is divided into

cellular defense, which is mediated by direct action of T cells, and humoral

defense, which is maintained by soluble antigen receptors (immunoglobulins)

secreted by local mucosal plasma cells. In contrast to innate immunity, the

adaptive system consists of lymphoid cells, and it offers a higher degree of

specificity, variability, and immune regulation. An ‘afferent’ antigen uptake and

processing phase must be differentiated from the ‘efferent’ distribution and

action of effector cells. In between is the recognition of antigens by lympho-

cytes and their differentiation and proliferation into effector cells. The process-

ing and presentation of antigens by phagocytes to lymphoid cells links innate

and adaptive immunity.
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Uptake of Antigen at the Ocular Surface

After antigen enters mucosal surfaces, it is transported by antigen present-

ing cells (APC) to local lymphoid follicles for its presentation to lymphocytes.

Antigen can also be transported, either by APC or in a soluble form, by the

efferent lymph, to follicles in regional draining lymph nodes [39]. This is shown

to be an important route for processing of corneal transplantation antigens [40].

In the FAE overlying CALT and LDALT follicles, specialized M-cells take up

antigen [21]. Phagocytosed antigen is degraded into small fragments and

loaded onto MHC-class-II antigen presentation molecules for recognition by

the cognate T-cell receptor. Ocular antigen presenting Langerhans cells, which

are specialized for this purpose, are described in physiological conditions and

can be altered in ocular pathology [4, 16, 41].

Immune Regulation in Follicular Lymphoid Tissue

Since lymphocytes have an enormous variety of different antigen receptor

specificities, some can detect self antigens of the host, thus raising the risk of

autoimmune disease [42] or allergic eye disease [43]. This is the reason that the

mere recognition of an antigen by a T cell is not sufficient for its activation [31]. In

contrast to lymphoid cells, innate phagocytes have the ability to recognize the

microbial origin of antigens. During antigen presentation, they transmit this infor-

mation by the expression of co-stimulatory molecules [31] (e.g. CD80/86, CD40,

ICAM-1) that also interact with complementary lymphocyte receptors in the ocu-

lar surface immune system [44]. Additional cytokines influence the activation of

Th cells that produce different cytokine profiles and hence support different

immune reactions. Antigen presentation without co-stimulation results in anergy

or deletion of the reactive T cells or in generation of active immunosuppressive

regulatory T cells [45], both leading to non-reactivity, i.e. immune tolerance. Co-

stimulation in the presence of IL-4 skews Th cells into the direction of Th2 cells,

which support the differentiation of antibody-producing plasma cells that nor-

mally produce anti-inflammatory IgA. Co-stimulation in the presence of IL-12

generates Th1 cells that produce inflammatory cytokines e.g. IFN-� or TNF-� and

mount an inflammatory immune response that is detrimental to the ocular surface.

Diffuse Lymphoid Tissue with Effector Cells

After emigrating from follicular regions via the lymph eventually into the

blood, effector cells recirculate in the body. They can home via specialized vessels

which are also regularly present at the normal human ocular surface and are

equipped with adhesion molecules. This serves for a proposed organ specificity for

the same or similar tissues and is the basis for the concept of the mucosal immune

system [46, 47]. The mucosal lymphoid effector cells mainly constitute the diffuse

lymphoid tissue described in all parts of the eye-associated lymphoid tissue.
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Defense Strategies: One Does Not Fit for All at the 

Ocular Surface

The ocular surface is not only a sophistically constructed organ, but it also

uses sophisticated mechanisms of immune defense to preserve its integrity. The

actual approach used depends on the requirements of the situation and appears

to change in a diurnal rhythm that meets the different needs of the usual open

eye and of the closed eye condition during sleep.

The Immune Privilege Approach

Immune privilege (table 2) represents a state in which innate and adaptive

inflammatory immune mechanisms are inhibited [42]. In terms of adaptive

immune regulation, the activation of an inflammatory Th1 immune response

must be avoided in favor of Th2 cells or regulatory T cells. Different strategies

contribute to an immune privilege [42] such as ignorance, i.e. presentation of

an antigen to the immune system is impeded, or the active generation of toler-

ance by regulatory T cells. Alternatively, an immunosuppressive microenviron-

ment achieved by soluble factors such as transforming growth factor-�2 or by

surface-bound FAS ligand (CD95L) that eliminates CD95-positive T effector

cells through apoptosis contributes to immune privilege. In the eye, this concept

was primarily applied to the anterior chamber in order to explain the observed

anterior chamber-associated immune deviation [48].

Some of these mechanisms of immune privilege also apply to the sur-

face of the eye. Its immune protection is governed by the rules of the mucosal

Table 2. Examples of strategies and mechanisms for immune privilege at the ocular

surface

Strategy Mechanisms

Ignorance immune exclusion by secretory IgA

absence of corneal lymph vessels

absence of corneal lymphocytes

few MHC class II on epithelium

Tolerance immature corneal DCs

potential innate corneal unresponsiveness

Immunosuppressive environment Fas ligand on corneal epithelium 

factors in the tear film

CD8� IEL in the suppressor mode
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immune system which generally favors the inhibition of inflammation by

tolerogenic mechanisms [49]. The generation of secretory IgA is one of the

best-characterized mucosal effector mechanisms [15]. IgA is anti-inflammatory

since it does not activate complement. It leads to immune exclusion because it

is deposited on the ocular surface and in the tear film where it prevents the

entrance of pathogens into the body and can even clear the tissue of antigens

during its active SC-mediated transepithelial transport. The majority of envi-

ronmental antigens and pathogens is hence ignorant to T cells. If the mucosal

immune system is deregulated and the default IgA response is switched to

IgE, the unresponsiveness to non-pathogenic antigens is lost and allergy occurs

[43, 50]. A deregulation of the mucosal immune system with loss of physiolog-

ical tolerance seems to represent a yet underestimated factor in inflammatory

ocular surface conditions in general [51]. Furthermore, the central cornea is

less immunogenic because the epithelial cells normally express few MHC class

II antigens, it has no blood and lymph vessels and contains no resident

lymphoid cells. Some characteristics of an immunosuppressive microenviron-

ment are also present at the ocular surface because the corneal epithelium, like

the corneal endothelium, expresses CD95L. In the conjunctiva and lacrimal

gland, CD8� IEL are assumed to be in the suppressor mode and may be anti-

inflammatory [9, 22]. Immune tolerance is indicated by immature MHC class

II-negative DCs [4] in the central cornea  that are assumed to induce tolerance

to the presented antigen [17]. Innate immune mechanisms may support immune

tolerance because the human corneal epithelium shows innate microbial recep-

tors, but does not necessarily show an inflammatory reaction to ubiquitous

microbial stimuli such as lipopolysaccharides [34].

The Pro-Inflammatory Approach

At the ocular surface, there seems to be a unique shift of paradigms for

optimal immune protection that follows a diurnal cycle [52] because the con-

ditions and hence the requirements change dramatically when the eye is closed

for 6–8 h or more overnight. During this time, lacrimal secretion has almost

ceased, and entrapped microbes enjoy a ‘moist chamber’ at the ocular surface

that is rich in nutrients, provides optimal temperatures and is devoid of its

normal main protective lacrimal proteins lysozyme and lactoferrin. Therefore,

the closed eye represents a very special condition that appears to be governed

in particular by innate defense mechanisms [52].

The defense hence switches into a protective approach dominated by 

pro-inflammatory factors that are locally produced at the ocular surface.

Numerous chemokines, cytokines and growth factors orchestrate a subclinical
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inflammatory reaction. In contrast to the open eye, leukocytes, in particular

polymorphonuclear neutrophils (PMN), are increasingly recruited into the tear

film. Neutrophils produce increased levels of proteases that attack microbes

while the epithelial cells of the host are protected by anti-proteases. Leukocyte

proteases also modulate the function of other proteins. For example, neutrophil

elastase promotes a switch of angiogenin, which is abundantly present in the

tear film, from its angiogenic function to an antimicrobial function. Consequ-

ently, a new equilibrium of pro- and anti-inflammatory factors is achieved on a

higher level to suppress microbial growth. This appears as a more suitable

approach in a highly contaminated closed eye environment than the promotion

of immune privilege that is successful during daytime in the open eye.
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Abstract
The cornea is the transparent window of the eye and corneal transparency is essential

for good vision. Inflammatory reactions within the cornea cannot only cause tissue destruc-

tion and scar formation, but are also associated with angiogenesis and lymphangiogenesis in

the cornea. Both inflammation-associated processes interfere with corneal transparency and

cause corneal blindness. During evolution the cornea has developed mechanisms for pre-

venting and modulating inflammatory and angiogenic reactions. The fact that the cornea is

normally devoid of both blood and lymphatic vessels and actively maintains this avascularity

has been termed ‘corneal angiogenic privilege’. Corneal ‘immune privilege’, on the other

hand, indicates that the cornea is an immune-privileged site and tissue, enabling the extraor-

dinary success of histologically incompatible corneal transplantation. Recent evidence indi-

cates that there is considerable overlap in the molecular mechanisms maintaining corneal

‘angiogenic’ and ‘immune privilege’.

Copyright © 2007 S. Karger AG, Basel

Transparency of the cornea, the ‘window of the eye’, is essential for good

vision [1, 2]. Therefore, evolutionarily developed strategies to interfere with

processes that endanger corneal transparency can be explained teleologically.

Clinically, the three entities most severely affecting corneal transparency are

inflammatory reactions within the cornea, corneal neovascularization, and

finally loss of corneal endothelial pump function (either due to degeneration or

in the course of inflammation). Inflammation not only causes loss of trans-

parency by the influx of inflammatory cells into the stroma, but also due to sec-

ondary changes, e.g. scar formation and destruction of endothelial pump cells.

Similarly, corneal neovascularization reduces transparency not only by itself,
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but also due to leakage of lipids, fluid, and erythrocytes into the cornea [3, 4].

Consequently, higher animals have developed strategies for limiting and modu-

lating the response to inflammatory stimuli in the cornea and maintaining

corneal avascularity. The first strategy refers to corneal ‘immune privilege’ [1,

5–7]. The normal cornea is devoid of blood and lymphatic vessels and actively

maintains this avascularity; this has been termed ‘angiogenic privilege’ (by

Streilein), being analogous to immune privilege. This study describes the two

interdependent phenomena, their overlapping molecular mechanisms and novel

immunomodulatory treatment options based on antihem- and antilymphangio-

genic agents, i.e. ‘immune privilege through angiogenic privilege’ [8].

Common Phenomenology of Corneal Immune and 

Angiogenic Privilege

The normal cornea is avascular and, in contrast to other tissues, does not

respond with hem- or lymphangiogenesis in response to the plethora of minor

inflammatory and angiogenic stimuli in the cornea, due to its anatomical position,

to which it is constantly exposed. Surprisingly, tissue destruction caused by refrac-

tive laser procedures never initiates angiogenesis. This suggests active modulation

and inhibition of corneal angiogenic responses to minor stimuli, which are

physiologically unnecessary and would interfere with corneal transparency (i.e.

‘corneal angiogenic privilege’). By contrast, if an angiogenic response becomes

necessary (e.g. in severe, eye-threatening corneal infections), both hem- and

lymphangiogenesis can be initiated within hours [9, 10]. In analogy, the extraordi-

nary success of allogeneic corneal transplantation is related to the ocular surface

being an immune-privileged site and the cornea in addition an immune-privileged

tissue [11]. Therefore, the cornea has mechanisms actively and passively interfer-

ing with the afferent and efferent arms of the immune reflex arc [1].

There are several parallels between these two forms of privilege: first, both

are redundant. Several active and passive mechanisms are responsible for

corneal immune privilege [5–7]. In analogy, the cornea uses different strategies

to maintain avascularity and buffer low-grade angiogenic stimuli. Genetic

removal of one or more of the endogenous inhibitors of angiogenesis does not

cause spontaneous corneal neovascularization, suggesting multiple backup

mechanisms [12]. Second, both forms of privilege are incomplete, i.e. they can

be overcome, as shown by immune rejection after keratoplasty and neovascu-

larization during herpetic keratitis. Third, they are actively maintained [12].

Fourth, both are essential for vision and are highly conserved evolutionary.

Finally, both forms of privilege are interdependent, i.e. invasion of blood and

lymphatic vessels into the cornea abrogates corneal immune privilege [13]. On
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the other hand, severe corneal inflammation also leads to breakdown of the

angiogenic privilege [3].

Common Molecular Mechanisms of Corneal Immune and 

Angiogenic Privilege

Novel insights into the molecular mechanisms of hem- and lymphangio-

genesis explain the close interrelations between neovascularization and immu-

nity/inflammation. Most mediators of angiogenesis, e.g. vascular endothelial

growth factor (VEGF), which have traditionally been thought of as acting solely

on vascular endothelium, also have profound effects on immune and inflamma-

tory reactions. For example, VEGF-A (via its receptor 1: VEGFR1) is a potent

chemoattractant for macrophages [3, 10]. VEGF-C, in addition to being the

most potent lymphangiogenic growth factor, can recruit dendritic cells via

VEGFR3 [14]. Hence, endogenous anti-angiogenic mechanisms targeting these

agents have anti-inflammatory effects and also promote both angiogenic and

immune privilege. Alternatively, most pro-inflammatory cytokines incite hem-

and lymphangiogenesis [3]. Neutralization of interleukin-1 almost completely

abrogates the angiogenic response to inflammation in the corneal suture model

[15]. Endogenous interleukin-1 receptor antagonist expression, therefore, pro-

motes both angiogenic and immune privilege [1]. Indeed, both processes are so

closely interrelated that it is nearly impossible to experimentally differentiate

the two pathways in the cornea [10].

In addition to immunomodulation by angiogenic growth factors and angio-

genesis by pro-inflammatory cytokines, inflammatory cells themselves also play

paramount roles in the process of corneal angiogenesis. The immune amplifica-

tion cascade leading to corneal hem- and lymphangiogenesis after corneal

inflammation critically depends on the recruitment of macrophages, which in

turn are potent sources for all major hem- and lymphangiogenic growth factors

(VEGF-A, VEGF-C, and VEGF-D). Local depletion of macrophages can com-

pletely prevent the outgrowth of blood and lymphatic vessels [10].

From the inhibitory perspective, endogenous corneal thrombospondin-1 is

an essential inhibitor and downregulator of both inflammatory and neovascular

reactions in the course of corneal inflammation [12], and its deficiency leads to

significantly prolonged inflammatory reactions and enhanced corneal neovas-

cularization [12].

The close association between angiogenesis/lymphangiogenesis and immune

reactions is further exemplified by findings indicating that inflammatory cells

(CD11b� macrophages), which can express the lymphatic vascular endothelial

hyaluronate receptor LYVE-1 under certain pro-inflammatory conditions, cannot
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only release angiogenic growth factors [10], but also become integral components

of inflammation-induced new (corneal) lymphatic vessels in the cornea [16].

Developmentally, corneal angiogenic privilege is established very early:

already at fetal stages, the human cornea – in contrast to the adjacent conjunc-

tiva – is devoid of lymphatic and blood vessels [Cursiefen et al., unpublished

findings]. Whether corneal immune privilege is already fully active at these

early stages is currently not known, but corneal antigen-presenting cells lacking

major histocompatibility complex (MHC) class II are not present in fetal

corneas before term [17].

Analogy exists between both forms of privilege regarding their anatomy;

both have a transition zone at the limbus, where vascularized conjunctiva tran-

sitions into avascular cornea and where MHC class II-positive antigen-presenting

cells decrease in number [18, 19].

Corneal Immune Privilege

There are numerous active and passive mechanisms that contribute to

corneal immune privilege via all three aspects of the immune reflex arc [5–7].

These include: lack of blood and lymphatic vessels, reduced numbers of MHC

class II-positive antigen-presenting cells, reduced corneal expression of MHC

class I, expression of CD95 ligand, an immunosuppressive microenvironment

(�-melanocyte-stimulating hormone and vasoactive intestinal polypeptide) and

the fact that the cornea is part of the anterior chamber with its immune deviant,

immunosuppressive mechanism of anterior chamber-associated immune devia-

tion [1, 5–7]. The cornea is not only an immune-privileged site (as shown by

low rejection rates after histologically incompatible allografting for example), it

is also an immune-privileged tissue, which resists immune destruction, as

shown by extended survival when transplanted into non-immune-privileged

sites [11]. When grafted into a heterotopic site, the alloimmunogenicity of the

normal cornea resides within its epithelial and stromal layers, whereas immune

privilege arises from the endothelium. In analogy, the cornea is not only an

angiogenically privileged site, but also an angiogenically privileged tissue, as

shown by the observation that the cornea remains avascular when transplanted

heterotopically to vascularized sites [11].

Corneal Angiogenic and Lymphangiogenic Privilege

Due to its normal avascularity, the cornea has been the prime in vivo model

system to study the mechanisms of angiogenesis and lymphangiogenesis [3, 10].
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The precise mechanisms of neovascularization in the course of corneal disease

are only partly understood. In general, angiogenic growth factors (e.g. the VEGF

family) induce angiogenesis by binding to their VEGF receptors on vascular

endothelial cells at the limbal vascular arcade. Stimuli for the release of these

factors are inflammation and hypoxia [3, 4]. How the cornea normally prevents

ingrowth of blood and lymphatic vessels in response to the plethora of minor

angiogenic and inflammatory stimuli has only recently gained wider attention [4,

8, 12]. As mentioned above, there seem to be several redundant mechanisms in

place securing this evolutionarily important privilege. Several anti-angiogenic

factors have been localized within the cornea, especially at the inner and

outer basement membranes and endothelial/epithelial cells; these include

thrombospondin-1, pigment epithelium-derived factor, anti-angiogenic extracel-

lular matrix breakdown products (e.g. angiostatin and endostatin) as well as

receptor antagonists, e.g. interleukin-1 receptor antagonist. In addition, aqueous

humor seems to contribute to the angiogenic immune privilege of the cornea by

sequestering angiogenic growth factors, e.g. by soluble VEGFR1 or heparan sul-

fate binding of fibroblast growth factor [20, 21]. Nevertheless, the precise mech-

anisms of this system of buffering low concentrations of angiogenic factors and

allowing angiogenesis to occur if this threshold is passed, are still unclear.

Although at least some of the endogenous angiogenesis inhibitors are

known, so far, endogenous inhibitors of lymphangiogenesis remain to be deter-

mined. The normally alymphatic cornea is an excellent model to study these

unknown factors.

Immunomodulatory Effects of Antihem- and 

Antilymphangiogenic Therapies in the Cornea

Corneal immune privilege depends on its angiogenic privilege. Conse-

quently, the survival of allogeneic grafts placed in an avascular ‘low-risk’ recip-

ient bed is very good. By contrast, survival rates dramatically fall when grafts

are placed into prevascularized corneal beds (i.e. ‘high-risk’ keratoplasty). Both

mouse experiments [22] and clinical studies [23] have shown that preoperative

corneal neovascularization (i.e. loss of angiogenic privilege) is one of the

strongest predictors of subsequent immune rejections [23]. Therefore, it was

hypothesized that antihem- and antilymphangiogenic therapies could have ben-

eficial effects on corneal graft survival by interfering with the ‘afferent and

efferent arms’ of an immune response. Several recent publications provide

‘proof-of-principle’ for this novel concept.

Pharmacologic neutralization of VEGF-A using novel cytokine traps com-

pletely inhibits hem- and lymphangiogenesis normally produced in the mouse
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model of suture-induced high-risk keratoplasty [10]. When corneal allografts

are placed in these ‘avascular high-risk beds’, graft survival is significantly

higher compared to ‘vascularized high-risk beds’ [Cursiefen and Streilein, in

preparation], indicating an important role of the lacking angiogenic privilege

for the high rate of graft rejections in high-risk settings. Therefore, novel anti-

angiogenic drugs given during corneal inflammation might prevent the devel-

opment of a high-risk bed and thereby promote graft survival if future keratoplasty

becomes necessary.

If primary prevention fails, secondary prevention has to take place. The

most common keratoplasties are performed in low-risk patients who have avas-

cular graft beds. However, even in these situations, about 10% of patients reject

their corneal graft and also develop corneal neovascularization postoperatively

[24]. Using the mouse model of low-risk keratoplasty, we have recently shown

that this mild postkeratoplasty angiogenesis is accompanied by clinically invis-

ible lymphangiogenesis, which compromises corneal immune privilege by pro-

viding access to both the afferent and efferent arm of the immune reflex arc [9].

Indeed, in the mouse model of low-risk keratoplasty, both vessel types reached

the interface within 1 week of grafting, and inhibition of this postkeratoplasty

neovascularization significantly improved graft survival [9]. Moreover, even in

prevascularized high-risk graft beds, inhibition of the additional, postopera-

tively occurring hem- and lymphangiogenesis reduces the risk of subsequent

graft rejections [25].

Besides the approaches targeting primarily hem- and lymphangiogenesis,

anti-angiogenic strategies targeting the immune effects of angiogenic growth

factors have recently been shown to be very effective. Blocking antibodies

against VEGFR3-mediated migration of dendritic cells to the regional

lymph nodes significantly improves corneal graft survival [14]. Likewise, the

beneficial effect of local macrophage depletion on corneal graft survival,

which has previously been attributed to ‘immunologic ignorance’ [26], can

also be explained by the antihem- and antilymphangiogenic effects of the

liposome-depleting agent clodronate [10]. Furthermore, this clodronate-based,

macrophage-depleting anti-angiogenic approach could even prolong graft

survival in animal models of xenotransplantation [Borges et al., unpublished

findings]. 

Angiogenesis and lymphangiogenesis tend to follow strong inflammatory

processes in the cornea [27, 28]. There is evidence that corneal neovasculariza-

tion, at least in some instances, is not only a result, but can also be a cause of

corneal inflammation. The pathogenesis of herpetic keratitis seems to depend

on corneal angiogenesis [29]. Anti-angiogenic therapies can prevent herpetic

keratitis [29] and, indeed, could become part of future therapeutic regimens

against corneal herpes infections.
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In summary, due to its immune and angiogenic privilege, the cornea has

acquired two fascinating systems to maintain transparency and to preserve

vision. Further unraveling of the molecular mechanisms of these processes will

not only allow better understanding of corneal function, but will also provide

useful new tools for immunomodulatory and anti-angiogenic/antilymphangio-

genic therapies for diseases of the eye and maybe other organs as well [30].
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Abstract
Corneal antigen-presenting cells (APCs) were thought to reside exclusively in the peri-

pheral cornea. However, recent evidence demonstrates that the central cornea is also endowed
with a heterogeneous population of bone marrow-derived cells, including epithelial
Langerhans cells (LCs) and anterior stromal dendritic cells (DCs), which under certain condi-
tions can function as APCs. While the corneal periphery contains mature and immature resi-
dent bone marrow-derived DCs, the central cornea is endowed exclusively with highly
immature/precursor-type DCs. During inflammation, a majority of resident DCs undergo mat-
uration by acquiring high expression of major histocompatibility complex class II antigens and
B7 (CD80/CD86) and CD40 costimulatory molecules. Further, macrophages are present in the
posterior corneal stroma. In transplantation, donor-derived DCs migrate to host cervical lymph
nodes and activate host T cells via the direct pathway when allografts are placed in inflamed,
but not normal uninflamed, host beds. Migration of DCs to cervical lymph nodes is, in part,
regulated by the vascular endothelial growth factor receptor-3 (VEGFR-3) that is expressed on
corneal DCs. Blockade of the VEGFR-3 signaling significantly suppresses corneal DC traf-
ficking to draining lymph nodes and rejection of corneal transplants. Much remains unknown
about the function of these cells including their role in innate responses as well as in tolerance.
Regardless, these data revise the tenet that the cornea is immune privileged due to a lack of res-
ident lymphoreticular cells per se, but suggest that the cornea is capable of actively participat-
ing in the immune response to foreign antigens and autoantigens, rather than being a passive
bystander. Additionally, one important aspect of immune privilege is likely the ocular ‘imposi-
tion’ of the immature phenotype on its resident bone marrow-derived cells.

Copyright © 2007 S. Karger AG, Basel

Introduction and Historical Overview

Antigen-presenting cells (APCs) 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
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endothelial or some tissue epithelial cells), professional APCs, such as dendritic
cells (DCs), epithelial Langerhans cells (LCs), macrophages, and 
B cells, are bone marrow (BM) derived and form an integral part of the immune
system. Expression of major histocompatibility (MHC) class II antigens on
APCs, whose primary function is to distinguish between self and non-self,
plays an integral role in antigen recognition and presentation.

In 1868, the medical student Paul Langerhans discovered a population of
DCs in the suprabasal regions of the skin epidermis by impregnating human
skin with gold salts [1]. These cells that are now referred to as Langerhans cells
were initially considered to be part of the nervous system. Silberberg [2] was
able to link LCs to antigen presentation through the observation of a histologi-
cal relationship between LCs and infiltrating lymphocytes in contact sensitivity
reactions. In the cornea, the presence of atypical ‘non-keratinocyte’ cells was
noted initially in 1867 by Engelmann [3]. The LCs of the corneal epithelium
were originally thought of as wandering leukocytes that migrated from periph-
eral blood vessels [4, 5]. LCs are now known to be MHC class II-expressing
BM-derived epithelial DCs which function as potent APCs [6, 7].

Over the last several decades, the search for corneal APCs, largely reliant
on their presumed universal MHC class II expression, had led to the conclusion
that BM-derived cells, which are capable of serving as APCs, are essentially
absent in the corneal epithelium and the stroma [8–14]. This absence of APCs
in the central cornea was assumed to be a critical component of corneal
immune privilege [8, 12, 15]. This paradigm was recently modified with the
demonstration of a heterogeneous population of resident corneal APCs by sev-
eral laboratories [16–20]. These data have revised the tenet that the cornea is
immune privileged due to the lack of resident lymphoreticular cells; rather,
immune privilege is perhaps related to the universally immature phenotype of
these resident cells as we discuss below.

Resident Antigen-Presenting Cells in the Normal 

Uninflamed Cornea

Dendritic Cells, Langerhans Cells and Dendritic Cell Precursors

In 1973, Steinman and Cohn [21] first isolated DCs from lymphoid tissue of
mice. DCs have an extraordinary capacity to stimulate naïve T cells and initiate
primary immune responses [22–24]. They are now recognized as essential regula-
tors of both the innate and acquired arms of the immune system. DCs serve a
unique role because they are the only APCs able to induce primary immune
responses, thereby permitting establishment of immunological memory [6, 25].
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The cardinal properties of DCs include their ability to (1) migrate selectively
through tissues; (2) take up, process, and present antigen, and (3) stimulate and
direct T lymphocyte-dependent responses. Recent studies suggest that DCs also
play critical roles in the induction of peripheral tolerance [26–28], regulate T cell
immune responses [25], and function as effector cells in innate immunity against
microbes [29, 30]. The diverse functions of DCs depend on the diversity of DC
subsets and lineages and on the functional plasticity of DCs at their immature stage
[6, 7, 25, 31]. Similar to other cell types within the immune system, DCs are con-
tinuously produced from hematopoietic stem cells within the BM and are widely
distributed as precursors or immature DCs, including LCs, within lymphoid and
nonlymphoid tissues, e.g. solid organs such as the heart, liver or kidney [32–35].

Immature DCs are characterized by a high capacity for antigen capture and
processing, but a low T cell-stimulatory capability [36]. In addition, immature
DCs have a low to negligible amount of MHC class II expression and lack the
requisite accessory (co-stimulatory) signals for T cell activation, such as CD40,
CD80 (B7-1), and CD86 (B7-2) [7]. Maturation of DCs induces redistribution
of MHC molecules from the intracellular endocytic compartments of DCs to
the cell surface. DC maturation, which renders these cells poor in antigen cap-
ture, but potent in T cell stimulation, is either triggered by pathogens directly, or
by stimuli such as pro-inflammatory cytokines [7, 24, 36].

In the eye, DCs are found in a variety of tissues including the cornea, con-
junctiva, iris, and the ciliary body. Activation and recruitment of DCs in the
cornea has been associated with loss of ‘immune privilege’ in the anterior seg-
ment [37], exacerbation of herpetic and Pseudomonas keratitis [38–40], and
amplification of transplant immunity [41–43]. Some of the phenotypic charac-
teristics of corneal DCs are unique and are discussed below.

Epithelial Langerhans Cells

Under non-pathological circumstances, LCs are the only cells that constitu-
tively express MHC class II molecules in the corneal epithelium [44]. Recent
examinations of normal murine corneas have revealed that both the peripheral
and central areas of the epithelium contain BM-derived CD11c� CD11b– LCs,
with the density of these cells decreasing from the limbus (178 LCs/mm2) toward
the center (100 LCs/mm2) [18]. While a large number of LCs are MHC class II
positive in the periphery, a large population of MHC class II-negative imma-
ture/precursor LCs are present both in the periphery and the center of the epithe-
lium, with the center being exclusively MHC class II negative and B7 (CD80 or
CD86) negative [18]. These LCs have a classic dendritic morphology, and trans-
mission electron microscopy of the epithelium demonstrates the presence of
numerous dendritiform cells with long processes interdigitating among the
corneal epithelial cells, containing the LC-specific Birbeck granules.
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In addition to murine data, recent in vivo data in humans, studying 112
healthy volunteers by in vivo confocal microscopy, have confirmed the
presence of LCs in the central human cornea [45]. In 30 of these volunteers,
LCs were found in both the central and peripheral corneal epithelium. In the
periphery of the cornea, LC density was 98 � 8 LCs/mm2 compared to 34 � 3
LCs/mm2 in the central cornea. LCs are located at a depth of 35–60 �m, mostly
at the level of basal epithelial cells and the subbasal nerve plexus [45].

Corneal Stromal Dendritic Cells

Examination of the corneal stroma for APCs has been performed by sev-
eral laboratories [17, 46–50]. In the initial studies by Hamrah et al. [46], murine
corneas were deprived of their epithelium, stained with a series of antibodies,
and studied with confocal microscopy. Staining revealed the presence of signif-
icant numbers of CD45� CD11c� CD11b� CD8�– DCs in the periphery and
center of the anterior stroma, therefore demonstrating myeloid DCs from a
monocytic lineage. Further staining demonstrated that a population of these
stromal DCs was MHC class II positive and further positive for co-stimulatory
markers CD80, CD86, and CD40 in the periphery of the normal corneal stroma.
The stromal center however contained exclusively MHC class II-negative
CD80– CD86– DCs, similar to findings of the highly immature LCs in the
epithelium. These ex vivo studies have further been confirmed by in vitro data
by flow cytometry and immunocytochemistry.

Additional evidence for the presence of DCs in the corneal stroma has
recently been demonstrated by Nakamura et al. [47] through the use of BM
transplantation studies. Intravenous transplantation of BM cells and BM-
derived hematopoietic stem/progenitor cells from enhanced green fluorescent
protein (GFP) transgenic mice was performed into irradiated wild-type
C57BL/6 mice, and the corneas were examined 4–6 months after transplanta-
tion by immunohistochemistry. GFP-positive cells gradually migrate into the
cornea as soon as 2 weeks after transplantation, with distribution in the entire
cornea at 2–6 months. Around 27% of all BM-derived cells in the peripheral
cornea are GFP positive, while around 8% are GFP positive in the center of the
corneal stroma. Between 19 and 36% of GFP-positive cells are CD11c� in the
periphery, while 15–41% are CD11c� in the central cornea, depending on
transplantation of BM cells or BM-derived hematopoietic stem/progenitor
cells [47].

What is unique to the DCs of the central cornea is that they are universally
MHC class II negative and co-stimulatory factor (CD40, CD80, CD86) negative
and hence incapable of T cell priming. While highly immature APC populations
have been identified in lymphoid organs and blood [7, 34, 51], no other tissue is
replete with universally MHC class II-negative DCs.
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Dendritic Cell Precursors

Most studies suggest that in addition to the immature DCs, proliferating
stem cells also give rise to two types of non-proliferating DC precursors in the
blood, monocytes (pre-DC1) and plasmacytoid cells (pre-DC2). During
hematopoiesis, DC precursors seed lymphoid and nonlymphoid tissue as imma-
ture myeloid monocytic DCs or lymphoid DCs, respectively [24, 31, 51]. These
DC precursors display many different properties. In the mouse, monocytic DC
precursors express the myeloid antigens CD11b and CD11c, while lymphoid DC
precursors express CD8� and CD11c, and are negative for CD11b [52]. Further,
corneas that are stained for CD14, an ‘immature’ or precursor-type cell surface
marker associated with undifferentiated DCs and other cells of the myeloid lin-
eage, demonstrate high numbers of CD14-expressing cells in the stroma [46].
These represent a population distinct from the CD11c� DCs described above,
which are CD14lo/�. The corneal CD14� cells, similar to the resident DCs, are
further negative for MHC class II, B7, CD40, GR-1, and CD3, and the number of
CD14� cells is by far larger than the number of CD11c� or CD11b� cells, indi-
cating that the large number of CD14� cells represent a population of undiffer-
entiated monocytic precursor cells distinct from DC and macrophage populations
[46, 53]. The presence of an undifferentiated precursor DC would be similar to
the finding of DC precursors in the central nervous system [54], where these cells
can be skewed toward an either DC- or macrophage-like profile in response to
different factors. Thus, in contrast to other organs, where terminally differentiated
populations of resident DCs and/or macrophages outnumber colonizing precur-
sors, large numbers of DCs within the cornea remain in an undifferentiated state.

Macrophages

Macrophages are BM-derived monocytic cells that reside in virtually every
tissue. They are integral to the innate immune response because of their phago-
cytosis of foreign material, expression of a variety of surface receptors specific
for pathogens or antigens, and secretion of pro-inflammatory cytokines [55–57].
Macrophages develop from myeloid progenitor cells, enter the bloodstream as
monocytes, and migrate into tissues as macrophages. Their expression of (rela-
tive to DCs, low) levels of MHC class II and co-stimulatory molecules enables
them to act as APCs, albeit much less efficiently than DCs [22]. In addition, res-
ident tissue macrophages are in general poorly responsive to activation signals
[58]. Macrophages also play a role in other processes including immune regula-
tion and suppression, tissue reorganization, and angiogenesis [59].

Until recently, resident macrophages of the ocular surface were thought to
reside in the conjunctiva and limbus only [60, 61]. Recently however, resident
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tissue macrophages have been found by confocal microscopy in normal mouse
corneas [17, 19, 46]. These macrophages are CD11c– CD11b� cells, and are
present primarily in the posterior stroma of normal cornea, and are distinct from
the DCs described in the anterior stroma. Resident stromal macrophages may
provide a critical first-line 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, neutrophils, and DCs.

Antigen-Presenting Cells in Inflammation and Immunity

The questions arises as to whether the phenotype of corneal APCs (both
those that normally reside in the cornea and those that are recruited there from
the limbus) changes during inflammation. Experiments have demonstrated that a
subset of resident MHC class II-negative epithelial LCs [18] and stromal DCs
[17] in the center of the cornea can significantly upregulate the expression of this
marker already 24h after induction of inflammation by application of electric
cautery to the central epithelium. In addition, during inflammation, the surface
expression of B7 co-stimulatory molecules, CD80 and CD86 (critical for pro-
viding T cells with the ‘second’ activation signal), as well as CD40 is similarly
increased by both peripheral corneal DCs/LCs, as well as acquired de novo by
DCs/LCs in the central areas of the corneal stroma and epithelium [17, 18, 53].

The acquisition of these maturation markers by resident corneal DCs is
perhaps best shown in the corneal transplantation model because the MHC of
the host and donor tissues can be readily distinguished [17, 18, 53]. Staining
for donor-type MHC class II of C57BL/6 mice (Iab) at different time points
after corneal transplantation into BALB/c (Iad) recipients shows that the resi-
dent DCs in the donor button of the grafted corneas are MHC class II negative
12 h after surgery. While donor corneas do not stain for MHC class II immedi-
ately after grafting, by 24 h after transplantation, novel donor class II (Iab)
expression can be detected close to the graft-host junction [17]. At the early
time points, when no staining for donor MHC class II is detected, a centrifugal
migration of MHC class II-negative DCs toward the graft-host border is seen.
Most likely, release of pro-inflammatory cytokines, such as interleukin (IL)-1,
granulocyte-macrophage colony stimulating factor, tumor necrosis factor
(TNF)-�, CD40L and lipopolysaccharide, or heat-shock protein from dying
cells, creates a microenvironment that activates immature APCs [62–65]. DCs
themselves are also important producers of type 1 interferons, TNF-�, and 
IL-1�, which can act in an autocrine fashion to promote their activation and
maturation [29].
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In addition to the resident APC population, APCs are also recruited into the
cornea from the limbal area. Studies by Dana et al. [66–68] and others [69–73]
have shown that cornea-expressed IL-1 and TNF-� are upregulated after inflam-
mation and induce migration of DCs, including LCs, into the cornea; conversely,
suppression of IL-1 and TNF-� downmodulated DC/LC migration into the
cornea and reestablished immune privilege in the anterior eye.

In addition to corneal DCs, corneal epithelium [74, 75], corneal kerato-
cytes [76, 77], vascular endothelial cells [78], and macrophages may express
MHC class II under conditions of inflammation. These cells may acquire the
ability to present antigen and amplify immune responses [77]. Recent evidence
further suggests that recruitment of macrophages into the cornea could play a
crucial role in inducing inflammatory neovascularization by supplying/amplify-
ing signals essential for pathological hemangiogenesis and lymphangiogenesis
[79]. Moreover, corneal macrophages have been shown to be able to form tube-
like structures during inflammation, which express markers for lymphatic ves-
sels, indicating an important role in corneal lymphangiogenesis [80].

Antigen-Presenting Cell Trafficking and Their Role in 

Corneal Transplantation

Migration to Draining Lymph Nodes

Solid organ grafts (e.g. the heart, kidney, and skin) are significantly
endowed with MHC class II-positive DCs, capable of migrating to host lym-
phoid organs and stimulating T cells directly by presenting donor-derived pep-
tides in the context of donor MHC class II [24, 26, 81, 82]. To demonstrate the
functional capacity of corneal DCs as APCs, transgenic GFP or C57BL/6 (Iab)
mice were transplanted into BALB/c (Iad) hosts [20]. Initial evaluation of
corneal specimens was performed at various time points after surgery to exam-
ine whether GFP-positive cells could be seen emigrating out of the grafts. As
soon as 24 h after transplantation, GFP-positive cells migrate centrifugally out
into the wild-type recipient beds. Lymph nodes that were harvested at various
time points after corneal transplantation and examined under confocal
microscopy for detection, localization, and quantification of GFP-positive cells
demonstrate that there is ample traffic of donor MHC class II-positive cells to
draining lymph nodes after corneal transplantation and that these donor MHC
class II-positive cells co-localize strongly with GFP expression [20].

Initial clues as to the functional relevance of this traffic came when
Yamagami et al. [83] and Yamagami and Dana [84] demonstrated that disrup-
tion of the eye-lymph node axis, through surgical cervical lymphadenectomy,
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leads to both complete abrogation of host allosensitization as well as to univer-
sal and indefinite allograft survival. These recent findings suggest that the tenet
of antigenic sequestration, as it applies to the cornea, is at best a relative, and
not an absolute concept, since donor cells and antigens clearly are capable of
having ample access to host lymphoid tissues and in fact lead to a chimeric state
as has been described for other solid organ grafts [26].

The Role of Vascular Endothelial Growth Factor Receptor-3 

The data summarized above suggest that corneal APCs are capable of traf-
ficking relatively efficiently to lymphoid organs. How does this occur? First,
although the cornea is free of lymphatics, lymphatic vessels readily grow into
the cornea upon significant inflammatory stimulation [85, 86]. Moreover, the
conjunctiva is rich in lymphatics, and corneal APCs may readily gain access to
lymphatics upon (centrifugal) migration into the limbus. Finally, it was
recently determined that the same molecular mechanisms that regulate corneal
lymphangiogenesis also mediate APC trafficking into afferent lymphatics
[87–90]. This signaling is mediated by vascular endothelial growth factor
receptor (VEGFR)-3 (flt-4), a receptor that is distinct from VEGFR-1 (flt-1)
and VEGFR-2 (flt-2 or kdr) that regulate hemangiogenesis [91, 92]. The lig-
ands to VEGFR-3 are VEGF-C and VEGF-D, both of which can serve as
growth factors for lymphatic endothelium [93–95], and can hence result in
lymphangiogenesis.

Hamrah et al. [89] recently demonstrated that VEGFR-3 overexpression by
endothelial cells in response to inflammation is also accompanied by increased
surface expression of VEGFR-3 by mature (but not immature) corneal DCs.
Further, while VEGFR-3� DCs in normal corneas are VEGF-C–, they express
VEGF-C after induction of inflammation [89]. In corneal inflammation,
the DCs/APCs that congregate around the budding lymphatics are almost
all VEGFR-3�, suggesting that they may respond to the same signals (e.g.
VEGF-C) that induce lymphatic growth into the cornea [88].

More recently, the functionality of VEGFR-3 by corneal DCs has been
demonstrated by Chen et al. [90], through demonstration of a dose-dependent
chemotactic response of corneal DCs to VEGF-C. Further, it was possible to
block this chemotaxis by a VEGFR-3/immunoglobulin chimeric molecule [90].
Moreover, it was demonstrated that by blocking local VEGFR-3 signaling, the
migration of corneal APCs to regional draining lymph nodes is profoundly sup-
pressed. The abolished APC trafficking through blockade of VEGFR-3 after
corneal transplantation diminishes the induction of allospecific delayed-type
hypersensitivity significantly and leads to a significant reduction in the rate
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of graft rejection [90]. This functional effect of VEGFR-3 antagonism as a 
non-surgical strategy, targeting lymphatic drainage, has been termed ‘molecular
lymphadenectomy’.

Direct versus Indirect Pathway of Sensitization

The functional relevance of the graft-derived cells in mediating allorejec-
tion (and breaking the normal tolerance generated to corneal grafts) has
recently been elucidated. Data by Huq et al. [96] have demonstrated that in
high-risk corneal transplantation, but not in low-risk grafting, there is signifi-
cant induction of IL-2- and interferon-�-secreting directly primed CD4� T
cells well before the onset of clinical rejection, as measured in enzyme-linked
immunosorbent spot assays. In addition, when the direct pathway is blocked
using class II knockout donors, the frequency of rejection in high-risk (but not
low-risk) grafts is significantly dampened, reflecting the role of the graft-
derived APCs in mediating direct sensitization. However, blockade of the direct
pathway still led to rejection rates that were higher than what is normally seen
in low-risk transplants (reliant on the indirect pathway alone), emphasizing the
dominant role played by the indirect pathway of sensitization in both the high-
risk and low-risk settings [97]. Therefore, in settings of ample inflammation,
corneal APCs acquire significant T cell-stimulatory capacity as they abrogate
the normal tolerogenic milieu of the ocular compartment.

Implications and Future Directions

The constitutive presence of APCs, including DCs, in the cornea has
important implications for a variety of pathological and immunoinflammatory
responses in the ocular anterior segment, including alloimmune, autoimmune,
and innate immune responses. Importantly, the recent findings focus attention
on the cornea itself as a participant in immune and inflammatory responses,
rather than it simply serving as a passive tissue that responds to the activity of
infiltrating cells.

Many questions remain unanswered. What is the constitutive role of
corneal APCs in maintaining tolerance? What factors of the ocular microenvi-
ronment promote or actively maintain their highly immature phenotype? What
is the role of the resident BM-derived cells in mediating wound healing and
regulating matrix-keratocyte interactions? There is little doubt that a better
understanding of these issues could shed important insights into tolerance
induction, autoimmunity, and allergy to name a few.
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Abstract
Over the past 30 years, it has become evident that within the ocular microenvironment

there are active mechanisms of immunoregulation and immunosuppression. The immuno-

regulation and immunosuppression are mediated by the constitutive presence of neuropeptides

found in aqueous humor. Each of these immunosuppressive neuropeptides contributes in its

own way to suppress induction of delayed-type hypersensitivity and to induce regulatory

immunity. Collectively, the neuropeptides in aqueous humor suppress the activation of Th1

cells while promoting the induction of CD25� CD4� regulatory T cells. The central media-

tor of aqueous humor regulation of immunity is the neuropeptide �-melanocyte stimulating

hormone (�-MSH). This ocular system of immunoregulation and immunosuppression

through �-MSH not only suppresses immunogenic inflammation, but also actively manipu-

lates immunity to make the immune response itself immunosuppressive.

Copyright © 2007 S. Karger AG, Basel

Our initial criteria for calling a factor in the ocular microenvironment

immunosuppressive were whether the factor suppressed the activation of Th1

cells and the induction of delayed-type hypersensitivity (DTH) [1–3]. This sim-

ple, but important, definition of the activity of ocular immunosuppressive fac-

tors has evolved into mediators of regulatory T (Treg) cell activation, and

regulators of the innate-adaptive immune interface. These factors are the

molecular basis of immune privilege, and are the evolutionary adaptation that

drives immunoregulation and immunosuppression in an active ocular system

[4]. Other chapters in this volume describe the induction of a systemic immune

response to antigen placed within the ocular microenvironment that leads to

immune deviation; this chapter focuses on the mechanisms and the conse-

quences by which efferent DTH immunity is suppressed within the ocular

microenvironment.
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Delayed-Type Hypersensitivity

There are several steps in the DTH response (table 1) that ultimately ends in

a cytokine storm that manifests itself with the classical characteristics of inflam-

mation (pain, heat, redness, and swelling), and if this happens in the eye, there is

loss of vision and possible blindness. The initial steps involve tissue antigen-

presenting cell (APC) processing, and presenting an antigen into the cleft of a type

II major histocompatibility complex (MHC) molecule that is expressed on the

surface of APC. The antigen presented is recognized by primed antigen-specific

CD4�T cells that express T-cell receptors that specifically recognize the antigen

presented in the context of MHC class II [5]. The T cell and the APC then tightly

bind to each other forming an immunological synapse [6]. Besides binding to

their cognate antigen, the T cells also need additional second signals from the

APC for activation. This second signal can come in the form of soluble factors or

as adhesion molecules [7–11]. At this step, innate immunity, which is discussed

later, has its greatest influence on the type of T-cell immunity activated. This sec-

ond signal is less of a requirement for the activation of primed/memory T cells in

the periphery than naive T-cell activation in the draining lymph nodes [12].

Following activation, the T cells enter the growth cycle, proliferate, and produce

specific patterns of lymphokines. The T cells that mediate DTH, Th1 cells, are

characterized by their lymphokine production of interferon-� (IFN-�) [13].

The IFN-� produced by the Th1 cells activates macrophages and other

cells in the surrounding tissue [14–16]. IFN-�-activated macrophages begin to

produce biochemical substances and other inflammatory cytokines of the

cytokine storm and the observed inflammatory response. The inflammation

associated with a DTH response often involves capillary break-down, fibrosis,

and cell death [17–21]. There is also cellular proliferation and tissue remodel-

ing especially upon resolution of inflammation through the mechanisms of

wound repair [22]. Such tissue remodeling in the eye, a tissue that has limited

regenerative potential and a dependence on a distinct structure for function,

leads to loss of vision and potentially to blindness. It can be easily speculated

that the evolutionary adaptation of immune privilege to suppress inflammatory

immunity within the eye has a selective advantage [23].

Table 1. Major stages of DTH induction

APC processing and presentation of antigen (part of innate 

immunity)

Activation of Th1 cell proliferation and IFN-� production

IFN-� activation of macrophages

Macrophage production of inflammatory factors
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Innate Immunity and T-Cell Activation in Delayed-Type

Hypersensitivity

The accessory signals that promote the activation of DTH-mediating

CD4�T cells are from APC that are macrophages and dendritic cells, which are

also effector cells of innate immunity [24]. They respond to pathogen-associated

molecular patterns (PAMP), and specific intrinsic structures of bacteria, viruses,

and fungi [25]. A family of Toll-like receptors (TLR) expressed by macrophages

and dendritic cells bind specific PAMPs [24–26]. Depending on the PAMP and

the TLR engaged, the macrophages and dendritic cells mediate specific inflam-

matory responses and stimulate specific effector functions of T cells [27, 28].

There are at least 11 TLR expressed on the surface and intercellular areas of

macrophages and dendritic cells [29]. Each TLR has a defined set of PAMPs that

they bind and initiate an intercellular signaling pathway that activates innate host

defenses to fight off and clear the invading pathogens. The activation of DTH-

mediating T cells is highly linked to the stimulation of TLR4 on APC [30]. TLR4

detects lipopolysaccharide (LPS) of Gram-negative bacteria [31]. Engagement

of TLR4 with LPS along with several other soluble LPS-binding proteins pro-

motes an intense inflammatory response that can lead to septic shock. It also

induces macrophage and dendritic cell production of interleukin (IL)-12p70,

which promotes activation of the DTH-mediating Th1 cells [30].

The intercellular signaling pathways initiated by TLR-4 involve the activa-

tion of the responsive element, common to all the TLRs, NF-�B, which medi-

ates the activation of genes associated with inflammation, cytokines, nitric

oxide synthase, reactive oxygen enzymes, and costimulatory molecules for 

T-cell activation [32]. In addition, TLR4 initiates a pathway shared with TLR3

(viral dsRNA detector), which activates IFN-responsive factor 3 [33], which in

turn activates the promoter for type I IFN, IFN-�. In an autocrine manner, IFN-

� induces IL-12p70 synthesis, which in turn promotes the activation of Th1

cells [34]. Therefore, it is possible to specifically regulate the type of adaptive

immunity activated by APC (macrophages and dendritic cells) by regulating the

innate immune response within the APC.

The Immunosuppressive Ocular Microenvironment

The remodeling that follows inflammation in tissues such as the skin is

usually handled with complete recovery of the normal structure and cellular

functions of the tissue; however, in the eye, cells rarely proliferate and the

remodeling leads to an irreversible destruction of light gathering and neural signal-

ing activities of the eye. To prevent the induction of immunogenic inflammation,
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the eye has evolutionarily adapted mechanisms of immune privilege to establish

an immunosuppressive microenvironment protecting it from the induction of

immunogenic inflammation and the subsequent remodeling [23].

The first example that the ocular microenvironment can manipulate immu-

nity to antigen was demonstrated by Kaplan et al. [35] some 30 years ago. They

demonstrated that immunity to an antigen placed into the eye initiates an

immune response that was devoid of an immunogenic inflammatory response.

They presented the possibility that the immune response to the antigen is

manipulated within the ocular microenvironment. Later, Kaiser et al. [36] pro-

posed that soluble immunosuppressive factors in aqueous humor, the fluid fill-

ing the anterior chamber of the eye, regulate immunity within the ocular

microenvironment when they found that aqueous humor suppresses effector 

T-cell functions in vitro. Also, an efferent blockade of DTH within the anterior

chamber of the eye was found by Niederkorn et al. [37]. Although placement of

syngeneic tumor cells into the skin of alloantigen-immunized mice evokes a

strong DTH response, placement of the tumor cells into the ocular anterior

chamber of immunized mice elicited no DTH response. Recent evidence indi-

cates that in healthy aqueous humor the ocular microenvironment constitutively

expresses several soluble factors associated with the nervous system suppress-

ing the activation of a DTH response [4].

Regulation of T-Cell Activity by Aqueous Humor

The presence of soluble immunosuppressive factors in healthy aqueous

humor is demonstrated by decreased IFN-� production in aqueous humor in vitro

and reduced DTH-mediated activity in vivo by activated primed Th1 cells (table 2)

[38, 39]. The aqueous humor-treated, activated, primed T cells produce less 

IFN-�, IL-4, and IL-10, but abundant TGF-�1, and they are able to proliferate [4].

These effector T cells cannot mediate DTH, even when they are transferred with

antigen-pulsed APC into conventional immune tissues. Moreover, the aqueous-

humor-induced, TGF-�-producing, T cells act as Treg cells and suppress other

Table 2. The effects of aqueous humor on DTH induction

Suppresses innate immunity associated with Th1 cell activation

Suppresses activation of Th1 cell proliferation and IFN-� production

Suppresses IFN-� activation of macrophages

Promotes the activation of CD25� CD4� Treg cells
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IFN-�-producing T cells and DTH [40]. These aqueous-humor-induced Treg cells

suppress other cells through their production of TGF-�1. Although this is a non-

specific mechanism of suppression, the aqueous humor-induced Treg cells require

stimulation by their specific antigen to activate their suppressive activity [40].

These results show that the ocular microenvironment constitutively produces

potent factors that do not only suppress expression of immunogenic inflamma-

tion, but also regionally coerces the immune system to respond in a manner that

can be described as peripheral immune tolerance. Of the factors found in aqueous

humor, TGF-�2 and �-MSH account for the majority of aqueous humor suppres-

sion of DTH-mediating T cells and induction of Treg cells [4].

In aqueous humor, the concentration of TGF-�2 is between 1 and 10ng/ml

[1–3] and most (�10%) of the TGF-�2 is in its latent form [41]. In healthy aque-

ous humor, only the TGF-�2 isoform is expressed. This is interesting since mRNA

for all three TGF-� isoforms is found in cells of the eye, but only the TGF-�2 pro-

tein is found in aqueous humor of healthy eyes [1, 42, 43]. The isoform TGF-�2
has also been found to be an important cytokine of other immune-privileged tis-

sues that promote the induction of macrophages that mediate an anterior cham-

ber-associated immune deviation (ACAID)-like immune response [44].

The effects of TGF-�2 on APC stimulation of T cells is well documented in

the ACAID literature; however, TGF-�2 can influence APC activation of Th1

cells within the eye. TGF-�2-treated APC are unable to activate DTH-mediating

activity of T cells. The APC are impaired in their production of IL-12 and their

expression of accessory signals of CD40 activation [45, 46]. The APC them-

selves produce TGF-�, which can directly affect T-cell activation. The TGF-�2-

treated macrophages are unable to secrete inflammatory cytokines or generate

reactive oxygen intermediates making them unable to amplify the cytokine

response and induce inflammation through innate immune mechanisms

[47–49]. Therefore, the presence of TGF-�2 within the ocular microenviron-

ment alters APC (macrophages and dendritic cells) production and the expres-

sion of signals needed to activate DTH-mediating T cells, and may also prevent

macrophages from being inflammatory effector cells in the DTH response.

Under serum-free culture conditions, aqueous humor does not suppress

antigen-stimulated T-cell proliferation, but does suppress IFN-� production and

induces TGF-�1 production by T cells [50]. This has been difficult to explain

since TGF-�2 treatment of cultured T cells suppresses T-cell proliferation [1],

yet TGF-�2 is normally latent in aqueous humor and needs to be activated [41].

This last finding suggests that the absence of serum proteases and cofactors

[51, 52] in the serum-free conditions may slow the activation rate of TGF-�2 to

a level where it either has no affect or may regulate some other effector T-cell

activity. However, TGF-�2 contributes to aqueous humor induction of regula-

tory T cells [40]. Although TGF-�2 alone is sufficient to induce Treg cell activity
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in vitro, these T cells cannot function in vivo when adoptively transferred. The

induction of Treg cells by aqueous humor is dependent on the neuropeptide 

�-MSH, which is constitutively expressed in the immune-privileged ocular

microenvironment [39, 53–55].

The neuropeptide �-MSH is a 13-amino-acid (1.6-kDa) polypeptide that is

encoded within the pro-opiomelanocortin hormone (POMC) gene and is a pro-

teolytic cleavage product of POMC [56, 57]. This neuropeptide has a funda-

mental role in modulating inflammatory responses in mammals by its ability to

suppress innate immune-mediated inflammation and fever induced by endo-

toxin, IL-1, and TNF-� [58–62]. �-MSH suppresses activated macrophage gen-

eration of reactive oxygen intermediates and nitric oxide, and production of

inflammatory cytokines, while they are enhanced in expressing �-MSH recep-

tors, and producing IL-10 and more �-MSH and IL-10 [63–65]. The sources of

�-MSH are centrally derived neurons, macrophages, keratinocytes, and possi-

bly any other cell that can synthesize POMC and the specific endopeptidases

that sequentially cleave POMC to �-MSH, which are expressed in the eye [63,

66–68]. There is a constitutive expression of �-MSH in healthy aqueous humor

averaging 20 pM [39].

At its ocular physiological concentration, �-MSH suppresses IFN-� produc-

tion by antigen-stimulated primed T cells under serum-free conditions with no

affect on proliferation [39]. Neutralization of �-MSH in whole aqueous humor

also neutralizes the ability of aqueous humor to suppress IFN-� production by the

antigen-stimulated primed T cells [69]. These results further support the possibil-

ity that TGF-�2 in aqueous humor affects T-cell activation other than suppressing

proliferation. We have found that �-MSH treatment renders primed T cells resis-

tant to the anti-proliferative activity of TGF-�2 but not to TGF-�1 [40].

Like whole aqueous humor, �-MSH-treated primed T cells activated by

antigen-pulsed APC or with anti-T-cell-receptor antibody (anti-CD3) produce a

cytokine profile that lacks IFN-�, IL-4, and IL-10, but produces TGF-�1 [54].

When transferred into cultures of activated Th1 cells, these T cells suppressed

the production of IFN-� by the activated Th1 cells, and this suppression can be

blocked by neutralizing TGF-�1. Moreover, �-MSH induction of these Treg cells

can be blocked using antibodies against the melanocortin 5 receptor (MC5r),

which is the receptor for �-MSH on CD4 T cells [54]. Flow-cytometric analysis

of �-MSH-treated, activated, primed T cells reveals that �-MSH induced a pop-

ulation of CD25� CD4� Treg cells. These Treg cells require antigen-specific

reactivation of their suppressor activity, but, as described before, they are able

to suppress other nearby T cells stimulated by a different antigen [54]. The abil-

ity of �-MSH to induce Treg cells is enhanced by TGF-�2 in aqueous humor

[55]. When �-MSH-induced Treg cells or Treg cells generated with the combina-

tion of �-MSH and TGF-�2 are made to a specific autoantigen of the eye,
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intraphotoreceptor retinoid binding protein, these Treg cells can suppress exper-

imental autoimmune uveitis even when a different retinal autoantigen is used to

induce the disease [55]. Although TGF-�2 can induce Treg cells in vitro, it is 

�-MSH that mediates the induction of Treg cells that function in vivo.

In the mouse model, �-MSH injection into uveitic eyes causes a rapid

clearance of inflammation [53, 70–72]. Besides the possibility that �-MSH

is suppressing T-cell-inflammatory activity, �-MSH may also suppress

macrophage activity, and the interface between innate and adaptive immunity

that drives the activation of DTH-mediating T cells. We have found that �-MSH

suppression of LPS activation of macrophages is more distal to the LPS recep-

tor TLR4 [73]. �-MSH stimulates the intracellular signaling inhibitor IRAK-M

to bind IRAK-1 of the TLR4 intracellular signaling cascade. However, the

mechanism by which �-MSH can mediate IRAK-M activity within the

macrophage cytoplasm remains to be determined. The results of this effect of

�-MSH on macrophages are quite clear. There is suppression of TLR4-mediated

inflammatory activity in the macrophages, including suppression of IL-12p70

production. Also, there is no suppression of antigen presentation and T-cell

activation by the macrophages except that the activated T cells do not produce

IFN-� [39]. Therefore, the ocular microenvironment constitutively contains one

of the most potent anti-inflammatory neuropeptides, �-MSH, which, along

with TGF-�2, induces the activation of Treg cells.

Other immunosuppressive neuropeptides that have been found in healthy

aqueous humor include vasoactive intestinal peptide (VIP), calcitonin gene-

related peptide (CGRP), and somatostatin (SOM) [74–76]. Immunohistochemical

analysis shows that each of these neuropeptides is present in fibers innervating

the eye [77–86]. Pro-SOM message has been found in the retina, suggesting that

SOM is also a locally produced neuropeptide [87–91]. Unlike TGF-�2 and �-

MSH, the effects of these neuropeptides on primed T-cell activation do not

mimic all the effects of aqueous humor. Each contributes, in part, to aqueous

humor suppression of DTH-mediating T cells. Unlike whole aqueous humor,

VIP at its aqueous humor concentration suppresses antigen-stimulated, primed

T cell proliferation; however, VIP-induced suppression of T-cell proliferation is

only 50% [76]. It has been suggested that VIP affects selective populations of

T cells [92]. We find that CGRP targets macrophages responding to LPS by sup-

pressing nitric oxide generation by the macrophages [74]. Antibody neutraliza-

tion of CGRP in aqueous humor neutralizes some of the aqueous suppression of

LPS-stimulated inflammatory activity in macrophages; however, CGRP sup-

presses TLR4 intracellular signaling at a level that is distal from where �-MSH

suppresses TLR4 intracellular signals, and is separate from TLR4-mediated

antigen-presenting activity in the macrophages [74]. Therefore, the role of

CGRP in immune privilege is to regulate innate immunity. SOM induces the
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activation of Treg cells; however, this induction is mediated by SOM inducing �-

MSH production by the activated primed T cells [75]. It is the autocrine effect of

�-MSH induced by SOM that results in the activation of Treg cells. Therefore,

SOM contributes to the induction of antigen-specific Treg cells, and further

induces production of an immunosuppressive factor by immune cells them-

selves.

The presence of these immunosuppressive neuropeptides in aqueous

humor is an indication of the importance of the nervous system in regulating

immunity. These findings initially appear as what would be expected, redun-

dancies in the mechanisms of immunosuppression. However, the dissimilar

effects of each neuropeptide on immune cells suggests that the evolutionary

adaptation of using the neuropeptides in immune privilege is to cover all levels

of an immunogenic immune response from activation of innate immunity

through Th1 cell activation and beyond (table 3). This is not only the suppres-

sion of immunogenic inflammation within the ocular microenvironment, but an

active manipulation of immunity to make the immune response itself immuno-

suppressive.

The Immune Response within the Eye

The composite of immunoregulatory and immunosuppressive activity asso-

ciated with the factors found in the eye suggests that if an efferent immune

response occurs in the ocular microenvironment, the inflammatory response

Table 3. The ‘incomplete’ list of aqueous humor factors and their immunoregulatory

and immunosuppressive activity

Macrophage APC activity Th1 activity Mediates 

inflammatory activation of 

activity Treg cells

(innate immunity)

TGF-�2 S A S yes1

�-MSH S A S yes

VIP ? ? S no

CGRP S N N no

SOM N A S yes1

S� Suppresses; N� no effect; ?� unknown; A� alters (APC do not stimulate Th1 cells).
1Via �-MSH.
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should be suppressed and regulatory immunity should emerge from this

response. A method for initiating an efferent immune response within the eye is

to use the experimental autoimmune uveoretinitis (EAU) disease model in mice

[93]. Susceptible mouse strains do not spontaneously develop uveitis, but need

to be immunized with human retinal autoantigens with an intense stimulation of

innate immunity through Freund’s complete adjuvant and sometimes with per-

tussis toxin. This results in the induction of primed Th1 cells that are specific for

retinal autoantigen. These Th1 cells mediate autoimmune uveitis. Susceptible

mouse strains recover from experimentally induced uveitis and do not sponta-

neously relapse with a second uveitic episode. This recovery is the result of the

ocular microenvironment re-imposing immunoregulation and immunosuppres-

sion via the generation of MC5r (the �-MSH receptor on CD4�T cells)-dependent,

CD25� CD4� Treg cells in the post-EAU spleen [94].

These CD25� CD4� Treg cells are not found in naive mice or in the

spleens of retinal autoantigen-immunized enucleated mice, indicating that it is

the immune response in the ocular microenvironment and the ocular microenvi-

ronment itself that mediates their induction. The CD25� CD4� Treg cells

require activation by post-EAU splenic APC to mediate suppression [94]. These

APC can be either macrophages or B cells found in the post-EAU spleen. Other

APC from naive mice or from other tissues cannot stimulate regulatory activity

in these Treg cells. The presence of regulatory immunity-mediating APC sug-

gests that ACAID has been induced. However, there are features about this post-

EAU regulatory immunity that are different from the ACAID phenomenon.

Unlike ACAID cells, the adoptive transfer of APC only [95, 96] or Treg cells

only [95, 96] does not transfer suppression. Only the transfer of APC and

CD25� CD4� Treg cells together or the transfer of only restimulated CD25�

CD4� Treg cells will transfer suppression of retinal inflammation in other mice

immunized for EAU. In addition, in contrast to ACAID where CD4� Treg cells

are afferent suppressors [97], the post-EAU CD25� CD4� Treg cells suppress

only efferent activity of the autoimmunity.

MC5r-knockout mice reveal the role of the ocular microenvironment in

mediating the induction of post-EAU Treg cells and their role in autoimmunity.

In a soon to be published work, we have found that there is no regulatory immu-

nity in the spleens of MC5r-knockout mice following an episode of EAU [98].

Such post-EAU mice when re-immunized with autoantigen have a rapid onset

of uveitis that has a severity of inflammation that exceeds the initial episode of

EAU, from simple infiltration and vasculitis to hemorrhage and retinal detach-

ment. In comparison, re-immunized post-EAU wild-type mice have a delay of

7 days in the induction of the second episode of uveoretinitis, with the severity of

inflammation  not exceeding the first episode. The wild-type mice behaved as if

they were naïve to the autoantigen. The adoptive transfer of spleen cells from
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post-EAU wild-type mice suppressed the severity of the uveoretinitis in the

knockout mice, but not the onset of the second episode in the MC5r-knockout

mice. These findings indicate that the ocular microenvironment, through the

effects of �-MSH on the autoreactive primed T cells, contributes to the induc-

tion of Treg cells that function to prevent the establishment of memory immune

responses to ocular autoantigens. Therefore, an immune response within the

ocular microenvironment influences systemic immunity by promoting antigen-

specific immunological tolerance through CD25� CD4� Treg cells.

Conclusions

The ocular microenvironment suppresses DTH through immunosuppres-

sive factors constitutively produced and found in aqueous humor. Each of the

immunosuppressive factors has its own distinct affects on APC, effector T cells,

and inflammatory macrophages. Together they change the manner by which

APC present antigen, suppress IFN-� production by activated effector T cells,

and inhibit inflammatory activity by macrophages, thus  preventing the induc-

tion of immunogenic inflammation within the immune-privileged ocular

microenvironment. This immunosuppressive activity is not only downregula-

tory, it is also promotes the induction of Treg cells. These Treg cells reinforce

immune privilege by their ability to suppress immunity and to produce addi-

tional immunosuppressive factors into the ocular microenvironment. In addi-

tion, these induced Treg cells help to maintain tolerance to ocular autoantigens

and prevent induction of memory immunity to ocular autoantigens following

autoimmune uveoretinitis.

Identifying factors that mediate suppression of immunogenic inflamma-

tion and induce Treg cells should make it possible to treat uveitic eyes with the

immunosuppressive factors to decrease inflammation, reestablish immune priv-

ilege, and induce tolerance to ocular antigens. The treatment could be accom-

plished through gene therapy [99–101]. Delivering vectors encoding aqueous

humor immunosuppressive factors into the uveitic eye might result in sustained

cytokine levels without repeated injections into the eye. The sustained produc-

tion of the cytokines would suppress inflammation and re-establish immune

privilege. It is possible that inducting the same ocular factors in transplanted tis-

sues or in other inflamed tissue sites would also produce suppression of inflam-

mation and tolerance to tissue antigens.

The ability of the ocular microenvironment to manipulate immune

responses has implications about how immunity is regulated and how immune

responses can be manipulated. The ocular microenvironment is an example of a

tissue site that mediates the termination of inflammatory T-cell activity through
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specific neuropeptides. It is also a tissue site that uses the same anti-inflamma-

tory neuropeptides to promote the development of Treg cells. Since other tissues

normally also express some of neuropeptides occurring in the eye, such as �-

MSH in the skin [102, 103], our understanding of the  role of neuropeptides in

ocular immune privilege may suggest their systemic role in maintaining

immunological and inflammatory homeostasis. Examination of the unique rela-

tionship between the ocular microenvironment, immune system, and the ner-

vous system has not only given us insight into the mechanisms of immune

privilege, but also paves the way for methods for regulating and tailoring an

immune response in specific tissues and to specific antigens.

References

1 Cousins SW, McCabe MM, Danielpour D, Streilein JW: Identification of transforming growth

factor-beta as an immunosuppressive factor in aqueous humor. Invest Ophthalmol Vis Sci

1991;32:33–43.

2 Jampel HD, Roche N, Stark WJ, Roberts AB: Transforming growth factor-� in human aqueous

humor. Curr Eye Res 1990;9:963–969.

3 Granstein R, Staszewski R, Knisely TL, et al: Aqueous humor contains transforming growth factor-�

and a small (�3500 daltons) inhibitor of thymocyte proliferation. J Immunol 1990;144:3021–3026.

4 Taylor A: A review of the influence of aqueous humor on immunity. Ocul Immunol Inflamm

2003;11:231–241.

5 Jorgensen JL, Reay PA, Ehrich EW, Davis MM: Molecular components of T-cell recognition.

Annu Rev Immunol 1992;10:835–873.

6 Friedl P, Storim J: Diversity in immune-cell interactions: states and functions of the immunologi-

cal synapse. Trends Cell Biol 2004;14:557–567.

7 Rosmarin D, Strober BE: The potential of interleukin 12 inhibition in the treatment of psoriasis.

J Drugs Dermatol 2005;4:318–325.

8 Chen H, Hendricks RL: B7 costimulatory requirements of T cells at an inflammatory site.

J Immunol 1998;160:5045–5052.

9 June CH, Bluestone JA, Nadler LM, Thompson CB: The B7 and CD28 receptor family. Immunol

Today 1994;15:321–331.

10 Liu Y, Linsley PS: Costimulation of T-cell growth. Curr Opin Immunol 1992;4:265–270.

11 Lenschow DJ, Walunas TL, Bluestone JA: CD28/B7 system of T cell costimulation. Annu Rev

Immunol 1996;14:233–258.

12 Dutton RW, Bradley LM, Swain SL: T cell memory. Annu Rev Immunol 1998;16:201–223.

13 Cher DJ, Mosmann TR: Two types of murine helper T cell clone. II. delayed-type hypersensitivity

is mediated by Th1 clones. J Immunol 1987;138:3688–3694.

14 Yoneda Y, Yoshida R: The role of T cells in allografted tumor rejection: IFN-� released from T cells is

essential for induction of effector macrophages in the rejection site. J Immunol 1998;160:6012–6017.

15 Trinchieri G, Perussia B: Immune interferon: a pleiotropic lymphokine with multiple effects.

Immunol Today 1985;6:131–136.

16 Farrar MA, Schreiber RD: The molecular cell biology of interferon-� and its receptor. Annu Rev

Immunol 1993;11:571–611.

17 Wangoo A, Cook HT, Taylor GM, Shaw RJ: Enhanced expression of type 1 procollagen and trans-

forming growth factor-beta in tuberculin induced delayed type hypersensitivity. J Clin Pathol

1995;48:339–345.

18 Kimura R, Hu H, Stein-Streilein J: Delayed-type hypersensitivity responses regulate collagen

deposition in the lung. Immunology 1992;77:550–555.



Taylor 82

19 Dvorak HF, Mihm MC Jr, Dvorak AM, et al: Morphology of delayed-type hypersensitivity reac-

tions in man. I. Quantitative description of the inflammatory response. Lab Invest 1974;31:

111–130.

20 Dvorak AM, Mihm MC Jr, Dvorak HF: Morphology of delayed-type hypersensitivity reactions in

man. II. Ultrastructural alterations affecting the microvasculature and the tissue mast cells. Lab

Invest 1976;34:179–191.

21 Buchanan KL, Murphy JW: Kinetics of cellular infiltration and cytokine production during the

efferent phase of a delayed-type hypersensitivity reaction. Immunology 1997;90:189–197.

22 Bennett NT, Schultz GS: Growth factors and wound healing: biochemical properties of growth

factors and their receptors. Am J Surg 1993;165:728–737.

23 Streilein JW, Takeuchi M, Taylor AW: Immune privilege, T-cell tolerance, and tissue-restricted

autoimmunity. Hum Immunol 1997;52:138–143.

24 Akira S, Takeda K, Kaisho T: Toll-like receptors: critical proteins linking innate and acquired

immunity. Nat Immunol 2001;2:675–680.

25 Akira S, Hemmi H: Recognition of pathogen-associated molecular patterns by TLR family.

Immunol Lett 2003;85:85–95.

26 Akira S: Mammalian Toll-like receptors. Curr Opin Immunol 2003;15:5–11.

27 Qi H, Denning TL, Soong L: Differential induction of interleukin-10 and interleukin-12 in den-

dritic cells by microbial Toll-like receptor activators and skewing of T-cell cytokine profiles. Infect

Immun 2003;71:3337–3342.

28 Schnare M, Barton GM, Holt AC, et al: Toll-like receptors control activation of adaptive immune

responses. Nat Immunol 2001;2:947–950.

29 Bowie A, O’Neill LA: The interleukin-1 receptor/Toll-like receptor superfamily: signal genera-

tors for pro-inflammatory interleukins and microbial products. J Leukoc Biol 2000;67:508–514.

30 Re F, Strominger JL: Toll-like receptor 2 (TLR2) and TLR4 differentially activate human dendritic

cells. J Biol Chem 2001;276:37692–37699.

31 Triantafilou M, Triantafilou K: Lipopolysaccharide recognition: CD14, TLRs and the LPS-activation

cluster. Trends Immunol 2002;23:301–304.

32 Akira S, Takeda K: Toll-like receptor signalling. Nat Rev Immunol 2004;4:499–511.

33 Doyle S, Vaidya S, O’Connell R, et al: IRF3 mediates a TLR3/TLR4-specific antiviral gene pro-

gram. Immunity 2002;17:251–263.

34 Gautier G, Humbert M, Deauvieau F, et al: A type I interferon autocrine-paracrine loop is involved

in Toll-like receptor-induced interleukin-12p70 secretion by dendritic cells. J Exp Med 2005;201:

1435–1446.

35 Kaplan HJ, Streilein JW, Stevens TR: Transplantation immunology of the anterior chamber of the

eye. II. Immune response to allogeneic cells. J Immunol 1975;115:805–810.

36 Kaiser C, Ksander B, Streilein J: Inhibition of lymphocyte proliferation by aqueous humor. Reg

Immunol 1989;2:42–49.

37 Niederkorn JY, Benson JL, Mayhew E: Efferent blockade of delayed-type hypersensitivity

responses in the anterior chamber of the eye. Reg Immunol 1991;3:349–354.

38 Cousins SW, Trattler WB, Streilein JW: Immune privilege and suppression of immunogenic

inflammation in the anterior chamber of the eye. Curr Eye Res 1991;10:287–297.

39 Taylor AW, Streilein JW, Cousins SW: Identification of alpha-melanocyte stimulating hor-

mone as a potential immunosuppressive factor in aqueous humor. Curr Eye Res 1992;11:

1199–1206.

40 Nishida T, Taylor AW: Specific aqueous humor factors induce activation of regulatory T cells.

Invest Ophthalmol Vis Sci 1999;40:2268–2274.

41 Taylor AW: Immunoregulation of the ocular effector responses by soluble factors in aqueous

humor. Reg Immunol 1994;6:52–57.

42 Pasquale LR, Dorman-Pease ME, Lutty GA, Quigley HA, Jampel HD: Immunolocalization of

TGF-�1, TGF-1�2, and TGF-2�3 in the anterior segment of the human eye. Invest Ophthalmol

Vis Sci 1993;34:23–30.

43 Knisely TL, Bleicher PA, Vibbard CA, Granstein RD: Production of latent transforming growth

factor-beta and other inhibitory factors by cultured murine iris and ciliary body cells. Curr Eye

Res 1991;10:761–771.



Ocular Immunosuppressive Factors 83

44 Wilbanks GA, Streilein JW: Fluids from immune privileged sites endow macrophages with the

capacity to induce antigen-specific immune deviation via a mechanism involving transforming

growth factor-beta. Eur J Immunol 1992;22:1031–1036.

45 Takeuchi M, Kosiewicz MM, Alard P, Streilein JW: On the mechanisms by which transforming

growth factor-�2 alters antigen-presenting abilities of macrophages on T cell activation. Eur J

Immunol 1997;27:1648–1656.

46 Takeuchi M, Alard P, Streilein JW: TGF-� promotes immune deviation by altering accessory sig-

nals of antigen-presenting cells. J Immunol 1998;160:1589–1597.

47 Tsunawaki S, Sporn M, Ding A, Nathan C: Deactivation of macrophages by transforming growth

factor-�. Nature 1988;334:260–262.

48 Chantry D, Turner M, Abney E, Feldmann M: Modulation of cytokine production by transforming

growth factor-�. J Immunol 1989;142:4295–4300.

49 Bogdan C, Paik J, Vodovotz Y, Nathan C: Contrasting mechanisms for suppression of macrophage

cytokine release by transforming growth factor-� and interleukin-10. J Biol Chem 1992;267:

23301–23308.

50 Taylor AW, Alard P, Yee DG, Streilein JW: Aqueous humor induces transforming growth factor-

beta (TGF-beta)-producing regulatory T-cells. Curr Eye Res 1997;16:900–908.

51 Nunes I, Shapiro RL, Rifkin DB: Characterization of latent TGF-beta activation by murine peri-

toneal macrophages. J Immunol 1995;155:1450–1459.

52 Munger JS, Harpel JG, Gleizes PE, et al: Latent transforming growth factor-beta: structural fea-

tures and mechanisms of activation. Kidney Int 1997;51:1376–1382.

53 Taylor AW, Yee DG, Nishida T, Namba K: Neuropeptide regulation of immunity. The immunosup-

pressive activity of alpha-melanocyte-stimulating hormone (alpha-MSH). Ann N Y Acad Sci

2000;917:239–247.

54 Taylor A, Namba K: In vitro induction of CD25� CD4� regulatory T cells by the neuropeptide

alpha-melanocyte stimulating hormone (alpha-MSH). Immunol Cell Biol 2001;79:358–367.

55 Namba K, Kitaichi N, Nishida T, Taylor AW: Induction of regulatory T cells by the immunomodu-

lating cytokines alpha-melanocyte-stimulating hormone and transforming growth factor-�2.

J Leukoc Biol 2002;72:946–952.

56 Nakanishi S, Inoue A, Kita T, et al: Nucleotide sequence of cloned cDNA for bovine corticotropin-

�-lipotropin precursor. Nature 1979;278:423–427.

57 Lee TH, Lerner AB, Buettner-Janusch V: The isolation and structure of �- and �-melanocyte-

stimulating hormones from monkey pituitary glands. J Biol Chem 1961;236:1390–1394.

58 Watanabe T, Hiltz ME, Catania A, Lipton JM: Inhibition of IL-1�-induced peripheral inflamma-

tion by peripheral and central administration of analogs of the neuropeptide �-MSH. Brain Res

Bull 1993;32:311–314.

59 Martin LW, Catania A, Hiltz ME, Lipton JM: Neuropeptide alpha-MSH antagonizes IL-6- and

TNF-induced fever. Peptides 1991;12:297–299.

60 Lipton JM, Catania A: Anti-inflammatory actions of the neuroimmunomodulator �-MSH.

Immunol Today 1997;18:140–145.

61 Lipton JM: Modulation of host defense by the neuropeptide �-MSH. Yale J Biol Med

1990;63:173–182.

62 Holdeman M, Khorram O, Samson WK, Lipton JM: Fever-specific changes in central MSH and

CRF concentrations. Am J Physiol 1985;248:R125–R129.

63 Star RA, Rajora N, Huang J, et al: Evidence of autocrine modulation of macrophage nitric oxide

synthase by �-MSH. Proc Natl Acad Sci 1995;90:8856–8860.

64 Rajora N, Ceriani G, Catania A, et al: �-MSH production, receptors, and influence on neopterin in

a human monocyte/macrophage cell line. J Leukoc Biol 1996;59:248–253.

65 Chiao H, Foster S, Thomas R, Lipton J, Star RA: �-Melanocyte stimulating hormone reduces

endotoxin-induced liver inflammation. J Clin Invest 1996;97:2038–2044.

66 Ortego J, Wollmann G, Coca-Prados M: Differential regulation of gene expression of neurotensin

and prohormone convertases PC1 and PC2 in the bovine ocular ciliary epithelium: possible impli-

cations on neurotensin processing. Neurosci Lett 2002;333:49–53.

67 O’Donohue TL, Dorsa DM: The opiomelanotropinergic neuronal and endocrine systems. Peptides

1982;3:353–395.



Taylor 84

68 Chakraborty AK, Funasaka Y, Slominski A, et al: Production and release of proopiomelanocortin

(POMC) derived peptides by human melanocytes and keratinocytes in culture: regulation by ultra-

violet B. Biochim Biophys Acta 1996;1313:130–138.

69 Taylor AW, Streilein JW, Cousins SW: Alpha-melanocyte-stimulating hormone suppresses antigen-

stimulated T cell production of gamma-interferon. Neuroimmunomodulation 1994;1:188–194.

70 Nishida T, Miyata S, Itoh Y, et al: Anti-inflammatory effects of alpha-melanocyte-stimulating hor-

mone against rat endotoxin-induced uveitis and the time course of inflammatory agents in aqueous

humor. Int Immunopharmacol 2004;4:1059–1066.

71 Shiratori K, Ohgami K, Ilieva IB, et al: Inhibition of endotoxin-induced uveitis and potentiation of

cyclooxygenase-2 protein expression by alpha-melanocyte-stimulating hormone. Invest

Ophthalmol Vis Sci 2004;45:159–164.

72 Naveh N, Marshall J: Melanocortins are comparable to corticosteroids as inhibitors of traumatic

ocular inflammation in rabbits. Graefes Arch Clin Exp Ophthalmol 2001;239:840–844.

73 Taylor AW: The immunomodulating neuropeptide alpha-melanocyte-stimulating hormone (alpha-

MSH) suppresses LPS-stimulated TLR4 with IRAK-M in macrophages. J Neuroimmunol

2005;162:43–50.

74 Taylor AW, Yee DG, Streilein JW: Suppression of nitric oxide generated by inflammatory

macrophages by calcitonin gene-related peptide in aqueous humor. Invest Ophthalmol Vis Sci

1998;39:1372–1378.

75 Taylor AW, Yee DG: Somatostatin is an immunosuppressive factor in aqueous humor. Invest

Ophthalmol Vis Sci 2003;44:2644–2649.

76 Taylor AW, Streilein JW, Cousins SW: Immunoreactive vasoactive intestinal peptide contributes to

the immunosuppressive activity of normal aqueous humor. J Immunol 1994;153:1080–1086.

77 Muscettola M, Grasso G: Somatostatin and vasoactive intestinal peptide reduce interferon gamma

production by human peripheral blood mononuclear cells. Immunobiology 1990;180:419–430.

78 O’Dorisio MS, Wood CL, O’Dorisio TM: Vasoactive intestinal peptide and neuropeptide modula-

tion of the immune response. J Immunol 1985;135:792s–796s.

79 Ottaway CA: Vasoactive intestinal peptide as a modulator of lymphocyte and immune function.

Ann N Y Acad Sci 1988;527:486–500.

80 Stanisz AM, Scicchitano R, Bienenstock J: The role of vasoactive intestinal peptide and other neu-

ropeptides in the regulation of the immune response in vitro and in vivo. Ann N Y Acad Sci

1988;527:478–485.

81 Tseng J, O’Dorisio MS: Mechanism of vasoactive intestinal peptide (VIP)-mediated immunoreg-

ulation; in Goetzl EJ, Spector NH (eds): Neuroimmune Networks: Physiology and Diseases. New

York, Liss, 1989, pp 105–111.

82 Boudard F, Bastide M: Inhibition of mouse T-cell proliferation by CGRP and VIP: effects of these

neuropeptides on IL-2 production and cAMP synthesis. J Neurosci Res 1991;29:29–41.

83 Ganea D, Sun L: Vasoactive intestinal peptide downregulates the expression of IL-2 but not of

INF-� from stimulated murine T lymphocytes. J Neuroimmunol 1993;47:147–158.

84 Uddman R, Alumets J, Ehinger B, et al: Vasoactive intestinal peptide nerves in ocular and orbital

structures of the cat. Invest Ophthalmol Vis Sci 1980;19:878–885.

85 Terenghi G, Polak JM, Ghatei MA, et al: Distribution and origin of calcitonin gene-related peptide

(CGRP) immunoreactivity in the sensory innervation of the mammalian eye. J Comp Neurol

1985;233:506–516.

86 Wright LL, Luebke JI: Somatostatin-, vasoactive intestinal polypeptide- and neuropeptide Y-like

immunoreactivity in eye- and submandibular gland-projecting sympathetic neurons. Brain Res

1989;494:267–275.

87 Vasilaki A, Papadaki T, Notas G, et al: Effect of somatostatin on nitric oxide production in human

retinal pigment epithelium cell cultures. Invest Ophthalmol Vis Sci 2004;45:1499–1506.

88 Cristiani R, Petrucci C, Dal Monte M, Bagnoli P: Somatostatin (SRIF) and SRIF receptors in the

mouse retina. Brain Res 2002;936:1–14.

89 Larsen JN, Bersani M, Olcese J, Holst JJ, Moller M: Somatostatin and prosomatostatin in the

retina of the rat: an immunohistochemical, in-situ hybridization, and chromatographic study. Vis

Neurosci 1990;5:441–452.



Ocular Immunosuppressive Factors 85

90 Gaur VP, Yamaguchi K, Turner JE: Somatostatin in rat retina: localization by in situ hybridization

histochemistry and immunocytochemistry. Tohoku J Exp Med 1990;162:121–126.

91 Yamaguchi K, Gaur VP, Spira AW, Turner JE: Cellular localization of somatostatin mRNA in rat

retina. Neuropeptides 1990;17:13–16.

92 Ottaway CA: Selective effects of vasoactive intestinal peptide on the mitogenic response of murine

T cells. Immunology 1987;62:291–297.

93 Caspi RR, Sun B, Agarwal RK, et al: T cell mechanisms in experimental autoimmune uveoretini-

tis: susceptibility is a function of the cytokine response profile. Eye 1997;11(pt 2):209–212.

94 Kitaichi N, Namba K, Taylor AW: Inducible immune regulation following autoimmune disease in

the immune-privileged eye. J Leukoc Biol 2005;77:496–502.

95 Lin HH, Faunce DE, Stacey M, et al: The macrophage F4/80 receptor is required for the induction

of antigen-specific efferent regulatory T cells in peripheral tolerance. J Exp Med 2005;201:

1615–1625.

96 D’Orazio TJ, Mayhew E, Niederkorn JY: Ocular immune privilege promoted by the presentation

of peptide on tolerogenic B cells in the spleen. II. Evidence for presentation by Qa-1. J Immunol

2001;166:26–32.

97 Wilbanks GA, Streilein JW: Characterization of suppressor cells in anterior chamber-associated

immune deviation (ACAID) induced by soluble antigen. Evidence of two functionally and pheno-

typically distinct T-suppressor cell populations. Immunology 1990;71:383–389.

98 Taylor AW, Kitaichi N, Biros DJ: Melanocortin 5 receptor and ocular immunity. Cell Mol Biol

(Noisy-le-grand) 2006;52:53–59.

99 Song XY, Gu M, Jin WW, Klinman DM, Wahl SM: Plasmid DNA encoding transforming growth

factor-beta1 suppresses chronic disease in a streptococcal cell wall-induced arthritis model. J Clin

Invest 1998;101:2615–2621.

100 Croxford JL, Triantaphyllopoulos K, Podhajcer OL, et al: Cytokine gene therapy in experimental

allergic encephalomyelitis by injection of plasmid DNA-cationic liposome complex into the cen-

tral nervous system. J Immunol 1998;160:5181–5187.

101 Brauner R, Nonoyama M, Laks H, et al: Intracoronary adenovirus-mediated transfer of immunosup-

pressive cytokine genes prolongs allograft survival. J Thorac Cardiovasc Surg 1997;114:923–933.

102 Wintzen M, Gilchrest BA: Proopiomelanocortin, its derived peptides, and the skin. J Invest

Dermatol 1996;106:3–10.

103 ThodyAJ, Ridley K, Penny RJ, et al: MSH peptides are present in mammalian skin. Peptides 1983;4:

813–816.

Dr. Andrew W. Taylor

Schepens Eye Research Institute, Harvard Medical School

20 Staniford Street

Boston, MA 02114 (USA)

Tel. �1 617 912 7452, Fax �1 617 912 0137, E-Mail awtaylor@vision.eri.harvard.edu



Niederkorn JY, Kaplan HJ (eds): Immune Response and the Eye. 

Chem Immunol Allergy. Basel, Karger, 2007, vol 92, pp 86–93

Immunosuppressive Properties of the
Pigmented Epithelial Cells and the
Subretinal Space

Parisa Zamiri, Sunao Sugita, J. Wayne Streilein†

Schepens Eye Research Institute, Harvard Medical School, Boston, Mass., USA

Abstract
The immune privilege of the anterior chamber of the eye has been recognized for over

100 years. However, the unique immunological properties of the pigmented epithelial (PE)

cells of the eye and the subretinal space (SRS) have only recently been appreciated. The PE

cells of the iris, ciliary body, and retina reside in anatomically disparate locations and serve

distinctly different functions, yet share interesting immunomodulatory properties that con-

tribute to ocular immune privilege. PE cells in the ciliary body and retina elaborate a variety

of soluble factors that either directly or indirectly dampen immune-mediated inflammation;

these include transforming growth factor-�, somatostatin, thrombospondin and pigment

epithelial derived factor (PEDF). The constitutive expression of the immune co-stimulatory

molecule, CD86, on iris PE cells not only inhibits T cell proliferation, but also promotes the

generation of regulatory T cells. The SRS is now recognized as an immune-privileged site

that shares many, but not all, of the properties ascribed to the anterior chamber, including the

induction of systemic immune deviation. The prospect of therapeutic retinal transplantation

and the possible immunologic etiology for some forms of age-related macular degeneration

provides new impetus for gaining a better understanding of ocular immune privilege in the

posterior regions of the eye.

Copyright © 2007 S. Karger AG, Basel

Although the anterior chamber of the eye is a classic example of an

immune privileged site, it is important to note that ocular immune privilege

extends beyond the anterior chamber and is also manifested in the vitreous

cavity and subretinal space (SRS) [1–6]. Until recently, the unique immunological

properties of the pigmented epithelia (PE) of the eye and the SRS have received

only modest attention. However, two important developments have recently

kindled renewed interest in the immunoregulatory features of the PE and the
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SRS: the prospect of therapeutic retinal transplantation and the possible

immunologic etiology for some forms of age-related macular degeneration

(AMD). In 2005, three separate laboratories simultaneously reported that a sin-

gle nucleotide polymorphism in the human genome results in a three- to seven-

fold increase in the risk of developing AMD [7–9]. The polymorphism occurs

in the gene that encodes complement factor H, a key regulator of the comple-

ment cascade and inflammation. The role of complement activation and inflam-

mation in the pathogenesis of AMD was proposed over 3 years ago by Anderson

et al. [10] and fits neatly with the aforementioned reports indicating a strong

association between polymorphism in the factor H gene and AMD. Thus, the

immunoregulatory properties of ocular PE cells and the SRS have now taken on

an even greater significance.

Immunoregulatory Properties of Pigmented 

Epithelial Cells in the Eye

The PE cells of the iris, ciliary body, and retina share important immuno-

logical properties, even though they reside in anatomically disparate locations

and serve different functions. Cultured iris and ciliary body PE cells secrete a

variety of immunosuppressive and anti-inflammatory factors [11, 12]. Retinal

PE (RPE) cells also express cell membrane-bound molecules, such as FasL

(CD95L), which induces apoptosis of CD95� inflammatory cells and con-

tributes to ocular immune privilege [13, 14].

PE cells of the iris, ciliary body, and retina not only suppress T cell activa-

tion in vitro [15], but also endow T cells with immunoregulatory properties and

convert them to suppressor cells [16]. The inhibition of T cell proliferation is

mediated by two distinctly different mechanisms; one is contact dependent and

is mediated by iris PE cells, while the other is mediated by soluble factors

secreted by ciliary body and RPE cells [17].

Using an RPE eyecup organ culture system, we have demonstrated that

factors present in the supernatant of RPE eyecup organ cultures profoundly

inhibit T cell proliferation and interferon-� (IFN-�) production in both antigen-

stimulated and anti-CD3-stimulated T cells [18]. Active transforming growth

factor-� (TGF-�), thrombospondin (TSP-1) and somatostatin (SOM) were

found to be the main factors responsible for this T cell inhibition.

Transforming Growth Factor-b

TGF-� is a member of a family of structurally related dimeric proteins

secreted by nearly all cell types. TGF-� is secreted as a biologically inactive
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complex consisting of latent TGF-� and the latent TGF-� binding protein. RPE

cells express mRNA for TGF-�1 and TGF-�2, and for TGF-� binding protein

[19], but predominantly secrete TGF-�2 in the SRS. RPE cells express all of the

type I TGF-� receptors and some of the type II receptors [20]. Latent TGF-�,

which is present in supernatants of RPE cell cultures, does not inhibit T cell

proliferation unless it is activated. However, upon activation, TGF-� suppresses

T cell proliferation and IFN-� production. Moreover, supernatant from RPE

cell cultures does not inhibit activation of purified T cells taken from TGF-�

receptor II dominant negative mice. TSP-1 is also produced by RPE cells and

plays a central role in converting latent TGF-� into its active, immune-

inhibitory form [18].

Thrombospondin-1

Thrombospondins are a family of glycoproteins that participate in cell-to-

cell or cellto-matrix communications [21]. TSP-1 binds to small latent TGF-�

complex (TGF-�-LAP) releasing active TGF-�, independent of the presence of

proteases [22]. RT-PCR and immunoblot analysis of TSP-1 expression has

shown that both human and murine RPE cell cultures contain mRNA for TSP-1

and secrete TSP-1 protein [18, 23]. Supernatants from RPE cell cultures pre-

pared from TSP-1 null mice are ineffective in inhibiting T-cell activation.

Although latent TGF-� is present in the same quantity in RPE cell supernatants

from both TSP-1 null and C57BL/6 mice, active TGF-� is not present in RPE

cell supernatants from TSP-1 null animals. Activation of TGF-� in vitro is

achieved by treating latent TGF-� with extreme heat or pH, whereas in vivo the

activation of TGF-� is largely enzymatic [22]. Although RPE cells produce

plasminogen activators and express receptors for urokinase [24], RPE cells

from TSP-1 null mice are unable to activate TGF-� through enzymatic mecha-

nisms alone. Both the anterior chamber and SRS of TSP-1 null mice fail to

support induction of ovalbumin-specific immune deviation [18]. Moreover,

TSP-1 null mice that are immunized with interphotoreceptor binding protein to

induce experimental autoimmune uveitis experience significantly enhanced

uveitis that fails to resolve [18]. These results suggest that TSP-1 contributes to

the immune privilege in the anterior chamber and in the SRS by promoting the

induction of immune deviation.

Somatostatin

SOM is a neuropeptide with wide distribution in the body and a diverse

function as a neurotransmitter, anti-secretory, and anti-proliferative agent [25].

SOM inhibits IFN-� production by antigen-stimulated granuloma cells and

splenocytes of schistosome-infected mice [26]. Transcripts for SOM and its
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receptors are present within the human RPE [27] and we have shown that

murine RPE cells synthesize mRNA for SOM and secrete SOM protein in RPE

cell cultures [28]. SOM not only suppresses IFN-� production by activated T

cells, but also induces the production of �-melanocyte stimulating hormone,

which has anti-inflammatory properties and also promotes the generation of

CD4� CD25� regulatory T cells [29].

Pigment Epithelial Derived Factor

Pigment Epithelial derived factor (PEDF) is a 50-kD protein member of

the serine protease inhibitor family and is found in the RPE, ciliary body,

cornea, and retina [30]. PEDF inhibits proliferation of cells of the innate

immune system such as macrophages [31]. We have recently found PEDF mes-

sage in RPE cells and PEDF protein in RPE cell culture supernatants [28].

Moreover, PEDF, produced by RPE cells, strongly inhibits IL-12 and nitric

oxide production by lipopolysaccharide-activated macrophages, while it upreg-

ulates anti-inflammatory IL-10 cytokine [28]. PEDF is also able to significantly

inhibit endotoxin-induced inflammation in the skin in vivo.

Contact-Dependent Inhibition of T Cell Proliferation by 

Iris Pigment Epithelial Cells

PE cells of the iris differ from ciliary body PE cells and RPE cells by

their capacity to produce a contact-dependent suppression of T cell activation

[32]. The constitutive expression of the immune co-stimulation molecule

CD86 (B7-2) on iris PE cells enables them to alter the functional activity of T

cells by transmitting inhibitory signals by engaging CD152 (cytotoxic T lym-

phocyte antigen-4; CTLA-4) on the T cell membrane. Although iris PE cells

express both CD80 and CD86, it is the latter co-stimulation molecule that is

expressed on a very high proportion of the iris PE cells and suppresses T cell

activation. Mature T cells express CD28 and CTLA-4, which are the co-recep-

tors for CD86. CD86 engagement of CTLA-4 transmits a negative signal to T

cells, resulting in anergy [33], apoptosis [34], and in some cases, the genera-

tion of T regulatory cells [35–37]. Engagement of CD86 on iris PE cells not

only results in the inhibition of T cell proliferation, but also promotes the gen-

eration of T regulatory cells. The demonstration of CD86 on iris PE cells is

noteworthy, as this is the only report to date indicating the expression of this

co-stimulation molecule on a cell of non-hematopoietic origin. Thus, the PE

cells in the eye are endowed with at least three cell surface molecules that have

the potential to induce contact-dependent inhibition of inflammation, CD86

[32], FasL [38], and TRAIL (tumor necrosis factor-related apoptosis-inducing

ligand) [39, 40].
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Immune Deviation and Immune Privilege of the Subretinal Space

The SRS is a potential space that exists between the intervagination of the

outer segments of the photoreceptors with the apical surface of the RPE. This

space is a remnant of the embryonic optic vesicle and is very small in the nor-

mal adult eye. However, no tissue junctions are able to form across it and it

becomes open and filled with subretinal fluid in rhegmatogenous retinal

detachment. The SRS is usually filled with interphotoreceptor matrix, which is

composed of proteoglycans and large glycoproteins [41].

The SRS displays two important features of an immune-privileged site: it

accepts allografts for prolonged intervals, and it promotes the induction of sys-

temic immune deviation. Neonatal retinal allografts, RPE allografts, and allo-

geneic tumor cells placed in the SRS survive for prolonged periods of time in

contrast to the fate of similar grafts placed in the subconjunctival space [1–3, 6,

42]. Moreover, the recipients of these grafts do not display donor-specific

delayed-type hypersensitivity  and regulatory T cells in the spleen of the recipi-

ents are able to adoptively transfer its suppression, suggesting that the SRS

supports the induction of a form of immune deviation akin to anterior chamber-

associated immune deviation [43]. In contrast to neonatal retinal allografts, the

immune privilege of neonatal RPE allografts and allogeneic P815 tumor cells is

not absolute. By day 35 following implantation into the SRS, allogeneic neonatal

RPE cells lose their organization and the RPE allograft recipients display donor-

specific delayed-type hypersensitivity to donor histocompatibility antigens [43].

P815 tumor cells placed in the SRS regress after day 14 leading to immune elim-

ination. By contrast, P815 tumors placed in the anterior chamber grow progres-

sively, metastasize extensively, and lead to the demise of the recipients. Antibody

production to P815 tumor cells is also markedly diminished in the SRS in contrast

to the anterior chamber [44]. These findings demonstrate that although immune

privilege exists in the SRS, it is not absolute and the mechanisms for this privilege

differ from the immune privilege in the anterior chamber.

The factors contributing to immune privilege of the SRS include: (a) the

presence of blood-retinal barriers (BRB); (b) the absence of lymphatic drainage,

and (c) the presence of an immunosuppressive microenvironment. The neu-

roretina is separated from the circulation by the BRB, which is comprised of

two distinct components: the inner BRB is made by the retinal vascular

endothelia and the outer BRB is formed by the tight junctions between RPE

cells [45]. The zonula adherens that exists between Müller cells and photore-

ceptors at the base of the outer segment contributes to the barrier function by

limiting the movement of large molecules [46]. Together, these cellular barriers

control the passage of molecules and cells into and from the retinal tissues and

are essential in maintaining homeostasis of the ocular environment.
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The immunosuppressive microenvironment of SRS is primarily produced

by the RPE monolayer that forms the outer limit of the SRS. In addition, Müller

cells have also been shown to inhibit T cell proliferation [47]. The RPE is inter-

posed between the choroid and the neural retina and contributes to immune

privilege in the SRS by forming the outer BRB and by elaborating soluble fac-

tors (described above). Secretion of prostaglandin E2 and surface expression of

CD95L by RPE are also implicated in the ability of RPE to dampen the immune

response [38, 48].

Conclusions

The immune properties of the SRS and the PE cells of the eye have been

largely neglected until recently. However, an emerging body of data indicates that

PE cells dampen immune-mediated inflammation by contact-dependent signals

transmitted by the immune system co-stimulation molecule CD86 and contact-

independent mechanisms mediated by soluble anti-inflammatory cytokines.

Recent findings suggesting a possible immune-mediated etiology for some forms

of AMD add a sense of urgency for us to learn more about the immunological

properties of the retina and the cells of the posterior regions of the eye.
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Abstract
Parenchymal cells of the autoimmune organ may only express major histocompatibility

complex (MHC) molecules during the disease process. In this paper, we hypothesize that the

appearance of MHC molecules on parenchymal cells may augment the activation of invading

autoreactive T cells and either exacerbate or suppress local inflammation. It is speculated that

like many biological responses this is a two-edge sword – namely, the expression of modest

levels of MHC molecules may inhibit the activation of invading T cells, whereas overexpres-

sion of these molecules may promote activation of autoimmune T cells, enhancing the

inflammatory cascade, thus leading to tissue damage.

Copyright © 2007 S. Karger AG, Basel

Autoreactive T cells are found in healthy people [1] and non-immunized

animals [2]; however, most people do not develop autoimmune disease and the

induction of autoimmune disease in animals requires specific treatment

regimens and the use of particular genetic strains. It appears that autoimmune

reactions are normally suppressed and that autoimmune disease results from

breakdown of this suppression. Thus, a complete understanding of the patho-

genesis of autoimmune uveitis requires knowledge of the suppressive mech-

anisms that are normally operative, but fail during disease. Additionally,

pathogenic T cells may have attributes that are lacking in their non-pathogenic

counterparts. One such protective mechanism is the ability of parenchymal

cells of the target organ to inhibit autoreactive T cells. Indeed, an ‘intrinsic
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abnormality of the target organs’ has been previously proposed to explain the

mechanism(s) by which autoreactive T cells mediate diseases [3, 4].

Experimental autoimmune uveitis (EAU), an autoimmune disease induced

in experimental animals [5–8], has been, for many years, a popular laboratory

model of human uveitis and even, to some extent, other T cell-mediated auto-

immune diseases. EAU can be induced either by immunization of susceptible

strains of rodents with a defined autoantigen or by adoptive transfer of auto-

reactive antigen-specific T cells.

Active Experimental Autoimmune Uveitis

By definition, active EAU is initiated by injection of ocular antigen in an

immunogenic form, usually as an emulsion in complete Freund’s adjuvant. This

elicits a peripheral immune response, and, in susceptible animals, ocular

inflammation of the eye. Generally, symptoms of uveitis in the rat appear by the

8th–10th day following immunization, persist for a little over a week, then sub-

side. Antigen is taken up and processed into smaller peptide fragments that

become complexed to major histocompatibility complex (MHC) molecules

expressed on the surface of antigen-presenting cells (APCs). For example,

when interphotoreceptor retinoid-binding protein (IRBP) is used as the eliciting

antigen in the C57BL/6 mouse, a large portion of the immune response is

directed against the 20-mer peptide containing residues 1–20 of the protein

(GPTHLFQPSLVLDMAKVLLD) [9, 10].

Adoptive Transfer of Experimental Autoimmune Uveitis

Somewhat simpler than active EAU, this begins with the transfer of lym-

phocytes from already immunized donors to recipients [10, 11]. Thus, the initial

stages of immunization, including adjuvant effects and the activation of dis-

ease-causing T cell subsets, do not occur in the recipients. T cells prepared from

the lymph nodes of animals undergoing active EAU are restimulated in culture

and adoptively transferred to syngeneic animals in which they cause inflamma-

tion in the eye and consequent tissue damage. Disease onset is more rapid than

in active EAU, beginning on day 4 in rats [5, 12] and days 8–10 in mice [10, 11].

Adoptive transfer of a few million newly activated syngeneic autoreactive T

cells to a naïve animal can readily induce disease, suggesting the pathogenic

role of autoreactive T cells in disease. The mechanism by which an organ-

specific autoimmune disease can be adoptively transferred by a few million

autoreactive T cells, of which only a fraction enters the autoimmune organ,
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remains unclear. It is hypothesized that the entry of the pathogenic T cells pro-

vokes MHC expression on parenchymal cells and release of chemoattractant

factors, which, in turn, recruit inflammatory cells.

Autoreactive T Cell Lines and Clones

To characterize the mechanism by which autoreactive T cells initiate

autoimmune disease and to determine the various structural and functional fea-

tures that distinguish between subsets of autoreactive T cells and other antigen-

specific, non-pathogenic T cells, enriched T cell populations have been

prepared to determine the requirements for T cell activation [12] and the usage

of the T cell antigen receptor [13–15] and accessory molecules [16, 17], as well

as to assess the various cell-interacting cytokines produced by these cells

[18–20]. The need for the characterization of the structure and function of

autoreactive T cells by isolating antigen-specific T cell lines and clones became

especially apparent when it is realized that limiting dilution analysis indicates

that the number of autoreactive T cells in immunized rodents or in humans suf-

fering from multiple sclerosis rarely exceeds 1 in 10,000 T cells [21, 22] and

that the overwhelming majority of activated T cells associated with disease

development are nonspecifically expanded [23].

Retinal Pigment Epithelium 

Retinal pigment epithelial (RPE) cells, situated at a crucial interface

between the choroidal blood supply and the photoreceptor cell layer of the

neural retina, contribute to the immune-privileged status of the eye as part of

the blood-eye barrier[24] by secretion of immunosuppressive factors inside the

eye [25–28] and by expression of Fas ligand on their cell surface [29–31]. RPE

cells may also assist in the development of intraocular inflammation [27,

32–34] and can respond to a variety of inflammatory cytokines [32, 35] and

produce a myriad of molecules that can induce inflammation. For example,

RPE cells can produce cytokines, such as tumor necrosis factor-�, interleukin-

15 [36], and nitric oxide [37], and express cell surface MHC molecules and co-

stimulatory molecules [38, 39]. In addition, RPE cells also express a number of

uveitogenic antigens, such as soluble retinal antigen and IRBP, and could there-

fore become targets for uveitogenic T cells, leading to autoimmune reactions in

the eye. While there is strong evidence that RPE cells can express MHC II mole-

cules after activation [39, 40], the role of these molecules in the eye remains

unclear.
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Expression of Major Histocompatibility Complex Molecules 

by Retinal Pigment Epithelium

One of the seminal findings of immunology is that the recognition of

T cells is strictly restricted by antigens encoded by the MHC [41]. Based on this

dogma, it is believed that only those parenchymal cells in the autoimmune

organ capable of expressing MHC molecules can directly interact with the

invading autoreactive T cells.

Under physiological conditions, RPE do not express appreciable levels of

MHC II molecules [42] but do so during disease [43] or when they are activated

in vitro by pro-inflammatory cytokines, such as interferon-� [44–46]. In the

eye, aberrant expression of MHC molecules on RPE cells is therefore believed

to alter disease susceptibility [47]. These cells, which can be induced to express

MHC molecules and thus support T cell activation [44] in the eye, could be

likely candidates for auto-attack.

The questions arise why parenchymal cells of the autoimmune organ

retain the ability to express MHC II molecules but only do so during disease,

and whether the appearance of MHC molecules in the autoimmune organ

augments the activation of invading autoreactive T cells, and thus, exacerbates

disease or, alternatively, restricts the intensification of local inflammation. It

is speculated that like many biological responses this is a two-edge sword;

whereas the expression of modest levels of MHC II molecules inhibits the

activation of invading T cells, overexpression of these molecules promotes

activation.

Thus, in early studies researchers tried to find evidence to support their

hypothesis that the expression of MHC II molecules might render RPE able to

stimulate autoreactive T cells [44]. Our studies have shown that depending on

their state of activation, RPE cells can either inhibit or activate IRBP-specific

T cells. In contrast to peripheral APCs, which elicit full activation (proliferation

and cytokine release) of autoreactive T cells, RPE cells elicit only partial acti-

vation (tumor necrosis factor-� and interferon-� production, but not prolifera-

tion) [44].

Retinal Pigment Epithelial Cells Expressing Major 

Histocompatibility Complex II Partially Activate Autoreactive 

T Cells and Drive These T Cells into a Refractory Phase

The mere presence of MHC II molecules and appropriate antigen is not

sufficient to induce T cell activation, and the presence of co-stimulatory mole-

cules on MHC II-expressing cells is crucial [48, 49]. MHC II-expressing cells
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that lack accessory molecules may not only fail to function effectively as APCs,

but can also result in unresponsiveness of T cells [49]. Conceivably, too low a

density of accessory molecules on RPE cells may result in inhibition of T cell

activation. We are currently investigating this possibility.

The availability of MHC II molecules in the autoimmune organ may cause

the invading T cell to be activated. However, T cell biology studies tell us that

two biological features of T cells have a closer relationship with the pathogenic

activity of the autoreactive T cell. Firstly, the T cell can be activated to various

degrees [50–53]. So-called ‘partial activation’ means that the T cells are acti-

vated, but only some of the activation-related T cell functions are turned on.

Given that the damaging effect of autoreactive T cells is more closely corre-

lated to the degree of activation than the number of T cells, partially activated

T cells may have only limited pathogenic activity, possibly because they pro-

duce a lower pathogenic amount of damaging factors and are less cytotoxic.

Secondly, and more importantly, both fully and partially activated T cells can

enter a refractory phase. T cells are cycling cells and, once activated, can only

been re-activated after a lag period. For both rat and mouse T cells, the dura-

tion of this cycle is approximately 5–7 days. Thus, immediately after entry into

the autoimmune organ or before severe inflammation has been initiated, the

expression of MHC II molecules allows the parenchymal cell to interact with

the invading T cells. This interaction renders the invading T cells partially acti-

vated and they then enter a refractory phase; as a result, when professional

APCs arrive at the peak of the inflammation, the refractory T cells cannot be

reactivated. In this sense, the ability to express MHC molecules gives the

parenchymal cell a protective capability, restricting the intensity of inflamma-

tion. This assumption has been tested in in vitro assays. Thus, we have exam-

ined whether the interaction of T cells and RPE affects T cell responsiveness to

subsequent antigenic challenge by first treating T cells with autoantigen in the

presence or absence of RPE, then assessing their response to professional

APCs. The results showed that pretreatment of T cells with RPE greatly

decreased the ability of the T cells to respond to subsequent antigenic chal-

lenge [19, 44].

This assumption is also supported by the results of an in vitro experiment

comparing the antigen-presenting activity of interferon-�-activated RPE with

that of professional APCs. We have observed that although RPE can activate

autoreactive T cells, they are only 5–10% as effective as professional APCs.

More importantly, T cells exposed to RPE expressing maximal levels of MHC II

molecules produce only part of their cytokine repertoire compared to the same

T cells stimulated by professional APCs. These observations led to the conclusion

that unlike professional APCs, MHC II-expressing activated RPE can evoke only

some of the functional properties of a T cell population [44].
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Tissue damage provoked by invasion of autoreactive T cells appears to

involve cascading responses in which the generation of cytokines and the

recruitment of inflammatory cells reciprocally stimulate each other. Clearly,

regulatory mechanisms are needed to control the intensity of inflammation and

avoid tissue damage. It is hypothesized that the entry of autoreactive T cells

elicits the release of cytokines or chemokines which then cause massive infil-

tration of inflammatory cells. Among the infiltrating cells are tissue-damaging

cells, such as natural killer (NK) cells and macrophages, and others with

antigen-presenting activity, such as dendritic cells and macrophages, resulting

in further activation of the invading autoreactive T cells, leading to augmented

infiltration and a cascading response.

Our studies have shown that MHC II molecule expression by parenchymal

cells of the autoimmune organ plays a regulatory role in autoreactive T cell acti-

vation, and thus, the formation of an inflammatory response and tissue damage.

This is because the activation of autoreactive T cells by the parenchymal MHC II-

expressing cells is only ‘partial’ and the production of pro-inflammatory

cytokines is lower than pathogenic levels. Furthermore, this pre-activation ren-

ders the invading T cell refractory when potent professional APCs become avail-

able during the later phases of inflammation. In short, the expression of MHC

molecules by the parenchymal cell of the autoimmune organ induces the invad-

ing T cell to become anergic after producing limited amounts of pro-inflammatory

cytokines. It is also likely that the expression of MHC class I molecules protects

glial cells from NK cell cytotoxic effects, as MHC-negative target cells are more

vulnerable to cytolysis by NK cells [54]. Indeed, studies have shown that among

the cells infiltrating the target organ during inflammation, a significant propor-

tion possess an NK-like phenotype and cytotoxic activity [55].

Thus, the expression of MHC class II molecules by the parenchymal cell of

the autoimmune organ is probably more beneficial than detrimental to the host

in terms of preventing the full activation and expansion of potentially patho-

genic T cells. Nevertheless, the production of incremental amounts of cytokines

by T cells that are partially activated may also facilitate disease progression.

Reciprocal Interaction between Autoreactive T Cells and 

Parenchymal Cells of the Eye

We have previously shown that autoreactive T cells vary greatly in disease-

inducing capacity [56, 57]. Unfortunately, this is not always reflected by differ-

ences in the fine specificity of the cell response or the cytokine-producing

pattern of the maximally activated T cells. Because of this, researchers are

searching for other cellular and molecular features showing a better correlation
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with the pathogenic nature of the cells. For example, studies in our laboratory

have shown that the degree to which an autoreactive T cell is activated and its

pattern of cytokine production are not innate to the cell and are not solely deter-

mined by the type of T cell receptor ligand that induces T cell activation, as the

source of the APCs and the dose of antigen available are also important [58].

Given that the major MHC-expressing cells, such as glial cells in the central

nervous system and astrocytes and RPE cells in the eye, may differ from pro-

fessional APCs in the periphery in terms of antigen processing or accessory

molecule expression, it is of interest to know whether activation of autoreactive

T cells inside the autoimmune organ differs from T cell activation in the peri-

phery, particularly in the presence of suboptimal doses of antigen, assuming

that optimal in vitro doses would not always be available in vivo. It is possible,

for example, that autoreactive T cell subsets capable of responding to limited

antigen doses may pose a greater threat in vivo than other T cells with the same

antigenic specificity, but activated only by larger doses of antigen.

Autoreactive T cell subsets differ greatly in their ability to interact with

parenchymal cells [59, 60]. This finding appears to be consistent with the pre-

vious observation that not all IRBP-reactive T cells produce a similar degree of

tissue damage in the eye [12]. It remains to be determined whether the ability of

T cells to interact with parenchymal cells of the autoimmune organ correlates

with their pathogenic activity and whether pathogenic T cells have an enhanced

or decreased ability to interact with parenchymal cells of the organ.

Conclusion

Although the physiological role of MHC molecules on parenchymal cells

of the autoimmune organ is still poorly understood, it seems implausible that

this expression of MHC II molecules during the genesis of autoimmune disease

favors the reactivation of the invading autoreactive T cell. Since disease is

always preceded by inflammation of the diseased organ, a reaction that recruits

large numbers of peripheral APCs which may cause stronger activation of the

invading autoimmune T cell, it is assumed that expression of limited amounts of

MHC II molecules by parenchymal cells should render the invading autoreac-

tive T cells unresponsive to the infiltrating APCs by promoting their entry into

a refractory phase of the cell cycle.

By their ability to express variable amounts of MHC molecules, parenchy-

mal cells of the autoimmune organ, such as astrocytes and RPE cells, have the

ability to control the degree of T cell activation in the organ. Thus, T cells enter-

ing the autoimmune organ and in contact with cells expressing low levels of

MHC class II molecules downregulate their T cell receptor and become



Immunoregulatory Role of the Retinal Pigment Epithelium 101

minimally activated and hyporesponsive. These observations support the

premise that the primary role of MHC II-expressing cells in the autoimmune

organ is to diminish or block full T cell activation in the organ, and thereby, pre-

vent the release of harmful cytokines. It is possible that, during massive T cell

infiltration or infection, the local cells then express higher levels of MHC mol-

ecules, promoting greater T cell activation with the accompanying production

of pro-inflammatory cytokines.

Circumstantial evidence indicates that interactions between autoreactive

T cells and the parenchymal cells of the autoimmune organ are highly versatile.

For example, only activated encephalitogenic T cells are able to penetrate the

blood-brain barrier [61] and cause experimental autoimmune encephalomyelitis

[62]. The levels of MHC antigens expressed on parenchymal cells determines

not only the activation of invading autoreactive T cells, but also the survival of

these parenchymal cells faced with the cytolytic activity of autoaggressive

T cells [62]. In addition, the availability of T cell-specific antigen is critical for

the cell-cell interaction [62] and for the persistence of the invading T cell in the

organ [63, 64]. Further studies should provide a better understanding of the

pathogenesis of autoimmune ocular disease.
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Abstract
The complement system is a major component of innate immunity. During an inflam-

matory reaction, the eye is potentially threatened by homologous complement attack, and

unregulated complement activation could lead to tissue damage and vision loss. The comple-

ment system is continuously activated at low levels in the normal eye, and intraocular

complement-regulatory proteins (CRPs) tightly regulate this spontaneous complement acti-

vation so that there is elimination of potential pathogens without the induction of destructive

intraocular inflammation. The presence of a complement activation product (iC3b) during

the early phase of antigen and antigen-presenting cell contact is essential for the induction of

systemic tolerance to antigen injected into the anterior chamber of the eye and the establish-

ment of ocular immune privilege. The complement system and complement-regulatory

proteins control intraocular inflammation in autoimmune anterior uveitis and may play an

important role in the development of age-related macular degeneration. Thus, in the eye,

complement functions as a double-edged sword – on one hand it provides innate immunity

against pathogens while simultaneously instructing the adaptive immune response to develop

tolerance to such pathogens to avoid inadvertent tissue damage in a critical organ.

Copyright © 2007 S. Karger AG, Basel

Complement is a major component of innate immunity and consists of

approximately 30 fluid phase and cell membrane proteins [1]. The complement

system can be activated via three well-defined pathways: namely, the classical,

lectin and alternative pathways. Because of its potent pro-inflammatory and

destructive capabilities, the host must be protected from the inadvertent activa-

tion of complement on its own tissues during an inflammatory response.

Several complement-regulatory proteins (CRPs) serve to regulate the com-

plement cascade and provide a recognition system to distinguish self from 
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non-self, thus, preventing damage to host tissue during an inflammatory reac-

tion [1]. Foreign surfaces (such as invading pathogens) lacking CRPs are

attacked and destroyed by complement.

The importance of complement as a component of the innate immune sys-

tem is well established. Inappropriate activation of complement is crucial to the

pathogenesis of various diseases [1]. In recent years it has become increasingly

evident that complement is also involved in the antigen-specific immune

response and plays a role in antigen processing/presentation, T cell prolifera-

tion/differentiation, B cell activation [2, 3] and systemic tolerance induced by

the introduction of antigen into an immune-privileged site, such as the anterior

chamber (AC) of the eye [4].

Complement and the Eye

Role in the Induction of Anterior Chamber-Associated 

Immune Deviation

The unique immunologic and anatomic features of the eye prevent the

induction and expression of conventional immunity – a phenomenon known as

‘immune privilege’. Immune privilege in the eye is a dynamic state in which the

systemic immune response to antigens introduced intraocularly is aberrant,

resulting in antigen-specific suppression of the delayed-type hypersensitivity

response – a phenomenon referred to as AC-associated immune deviation

(ACAID) or ocular tolerance [5]. Sohn et al. [4] reported that complement

plays a critical role in the induction of ocular tolerance in rodents. Depletion of

complement prevented the in vivo induction of ACAID to a soluble protein

antigen, ovalbumin (OVA). The importance of C3, the third component of

complement, was demonstrated by the inability to induce ACAID to OVA in

C3-deficient mice. The administration of neutralizing anti-rat CR3 (iC3b recep-

tor; OX-42) antibody prior to the induction of ACAID prevented the develop-

ment of tolerance to OVA. In the in vitro model of ACAID, iC3b was required

for the suppression of the delayed-type hypersensitivity response, as tolerance

was abrogated by the addition of OX-42 to the culture. Furthermore, iC3b

induced the secretion of transforming growth factor (TGF)-�2 and interleukin

(IL)-10 (with TGF-�2 upregulated first) by antigen-presenting cells, while 

IL-12 was downregulated. In the presence of OX-42 this effect was abolished.

Finally, neutralizing antibodies to IL-10 or TGF-�2 reversed iC3b-induced

tolerance. Thus, Sohn et al. [4] concluded that the ligation of iC3b by CR3 on

antigen-presenting cells resulted in the sequential production of TGF-�2 and

IL-10 by antigen-presenting cells and was essential for the induction of ocular

tolerance and the maintenance of ocular immune privilege (fig. 1).
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Chronic Activation of the Complement Cascade in the 

Anterior Chamber

Various complement components and CRPs, which regulate the activation

of the complement system, have been detected in the human eye [6–8]. In

2000, Sohn et al. [9] reported that complement activation products, iC3b and

membrane attack complex (MAC), were present in the normal rat eye.

Additionally, in this report, both membrane-bound and soluble CRPs were

identified in the normal rat eye. AC injection of zymosan, a well-known acti-

vator of the alternative pathway of complement, induced severe anterior

uveitis. These results suggested that the complement system is continuously

active, at a low level, in the normal eye. The authors suggested that this low

level of complement activation is tightly regulated by intraocular CRPs, as

Lewis rats injected with a neutralizing monoclonal antibody against CRPs

developed a severe anterior uveitis, with increased formation of iC3b and

MAC. These observations suggested that complement activation products are

required for the maintenance of ocular immune privilege and that a regulatory

system exists in the eye to protect ocular cells from destruction by these prod-

ucts during intraocular inflammation.

Complement and Ocular Diseases

In uveitis and age-related macular degeneration (AMD) there is a

breakdown of the blood-aqueous or blood-retinal barriers, which leads to at

least the transient loss of immune privilege in the AC and subretinal space,

respectively.

Fig. 1. Role of complement, specifically iC3b binding to CR3 on antigen-presenting

cells (OVA-PEC), in the development of ACAID to OVA. DTH � Delayed-type hypersensi-

tivity; PEC � Peritoneal exudate cells.
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Autoimmune Uveitis

The role of complement in autoimmune uveitis is not well understood.

Complement activation products such as C3b and C4b are present in the eyes of

patients with anterior uveitis [10]. In experimental autoimmune uveoretinitis

caused by retinal S-antigen, complement activation is important for inflammation

[11]. Recently, a rodent model of experimental autoimmune anterior uveitis

(EAAU) was used to explore the role of complement and CRPs in the pathogene-

sis of ocular autoimmune disease. EAAU is an autoimmune disease of the eye and

is an animal model of idiopathic human anterior uveitis [12]. This report demon-

strated that the induction and progression of autoimmune uveitis is complement

restricted. The expression of cytokines, chemokines and adhesion molecules

necessary for the development of EAAU required complement activation.

Furthermore, the local (i.e. intraocular) activation of complement was required to

induce EAAU. It was also shown that various ocular tissues upregulate the expres-

sion of CRPs to avoid self-injury during intraocular inflammation, and these

CRPs play an active role in the resolution of EAAU by downregulating comple-

ment activation in vivo. Thus, the local activation of complement may serve as a

mechanism to target the inflammatory response to a specific organ, i.e. the eye.

Age-Related Macular Degeneration

Of the 44 million annual visits to ophthalmologists, more than half are by

elderly (�65) persons [13]. This elderly population will grow from 34.4 million

in 2000 to 70.3 million by 2030, with the number of persons older than 85 years

growing slightly faster – from 4.1 to 8.9 million [14]. Among the elderly, AMD

is the leading cause of vision loss in the United States and Western Europe [15].

Nearly 2 million Americans over the age of 55 are diagnosed with AMD each

year. Approximately 230,000 of those affected have been declared legally blind.

Between 1991 and 1999, the prevalence of AMD among the elderly increased

from 5 to 25.6%, and with the aging of the ‘baby boomer’ generation, AMD is

projected to affect the sight of over 6 million people [16].

AMD is the end stage of specific age-related structural fundus changes col-

lectively called age-related maculopathy. The hallmark lesion of age-related

maculopathy is small subretinal deposits called drusen. Depending on their

appearances, drusen can be classified in several ways. Small (�63 �m), hard

drusen are white-yellow subretinal deposits with sharp borders. They are present

in almost 90% of the Caucasian population above 40 years old [17], and, classi-

cally, are not known to indicate any risk for progression to AMD [18]. However,

they can occasionally evolve to form large, soft drusen or result in cell death of

retinal pigment epithelium (RPE) and pigment dispersion, both of which are

known to be associated with the development of AMD [19]. The prevalence and

confluence of soft drusen increases with age. Large, soft drusen (�125 �m) can
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be seen in 2% of the population aged 43–54 years, and increases up to 24%

among individuals above 75 years old [18]. These eyes are six times more likely

to develop AMD [20], which is characterized by the development of two distinct

lesions: geographic atrophy and subretinal neovascularization.

Geographic atrophy, a discrete area of retinal depigmentation due to loss of

RPE and choriocapillaris, is at least 175 �m in diameter, with a sharp border and

visible choroidal vessels without any evidence of subretinal neovascularization.

Subretinal neovascularizationmay result in a hemorrhagic or serous detach-

ment of the RPE or sensory retina, subretinal fibrosis or RPE atrophy [21].

It is estimated that of the 1.75 million individuals in the United States that

have AMD, 1.22 million have subretinal neovascularization in at least one eye

and 973,000 have geographic atrophy [22]. Similar to age-related maculopathy,

the prevalence of AMD increases with age [22]. Racial factors may also effect

the presentation of the disease phenotype. For example, geographic atrophy is

more common than subretinal neovascularization in Icelanders, Norwegians

and Inuits; among blacks, subretinal neovascularization is less prevalent than in

whites despite the frequency of predisposing lesions such as large drusen and

pigmentary abnormalities [23]. Such differences can be attributed to genetic

and environmental factors, as well as to the different methodology employed in

various epidemiological studies.

Other risk factors for the development of AMD include family history and

smoking. Single nucleotide polymorphism variants of the genes for factors H

and B, as well as LOC387715 [24], are associated with a 10.3-fold increased

risk for the development of subretinal neovascularization in individuals with a

sibling with exudative AMD. A positive family history also carries an important

risk factor for non-exudative AMD. For example, the odds of developing RPE

atrophy increases 8.2 times with a positive history in a sibling [25]. Smoking

may effect the incidence of AMD via a reduction in macular carotenoids [26],

adverse effects on RPE drug detoxification mechanisms, or a decrease in

choroidal blood flow and antioxidant levels [27, 28].

High-dose supplements of vitamin C (500mg), vitamin E (400 IU), 

�-carotene (15mg), and zinc (80mg) with 2mg copper may delay the progres-

sion of intermediate AMD (large drusen �125 �m or noncentral geographic

atrophy) to advanced AMD lesions, such as subretinal neovascularization or

geographic atrophy [29]. Study participants were put on these supplements for

an average of 6.3 years. However, delayed progression from earlier stages of

AMD to intermediate or advanced AMD was not observed.

Clinically, AMD has been classified into two types: non-exudative or ‘dry’

(geographic atrophy only) and exudative or ‘wet’. The latter is characterized by

choroidal neovascularization and occurs in as many as 200,000 patients each

year in the United States. Without treatment, most patients progress to a visual
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acuity of 20/200 or worse in less than 2 years [30]. Non-exudative AMD com-

prises up to 85% of AMD cases and in approximately 10–20% of patients even-

tually progresses to the exudative type. There is no effective treatment for the

severe loss of central vision that occurs in dry AMD. Several modalities have

been shown to be of benefit in the treatment of exudative AMD, including pho-

todynamic therapy and thermal laser photocoagulation [31, 32]. Thermal laser

coagulates choroidal new vessels at the cost of sacrificing central vision [33].

Even so, �20% of the patients with exudative AMD are eligible for laser photo-

coagulation, and half of them develop persistent or recurrent neovascularization

and require multiple treatment sessions [34]. Photodynamic treatment reduces

the rate of visual loss due to well-defined choroidal neovascularization but does

not lead to significant visual improvement in most individuals [32]. Moreover,

cost-utility models proved these palliative treatments to be highly cost-ineffec-

tive, since it requires USD 73,984–86,721 to gain one quality-of-life-adjusted

year after photodynamic treatment [35] and USD 16,117–49,766 after laser pho-

tocoagulation [36]. Alternative treatment modalities, such as systemic interferon

[37], radiotherapy [38], subfoveal membranectomy [39], macular translocation

[40], and anti-angiogenic pharmacological agents, e.g. anti-vascular endothelial

growth factor (VEGF) antibody [41], anti-VEGF aptamer [42], triamcinolone

[43] and anecortave acetate [44], all aim to obliterate new choroidal vessels

and/or decrease plasma leakage. Identification of VEGF as the main player in

the development of ocular neovascularization by promoting angiogenesis and

vascular permeability has resulted in the introduction of anti-VEGF agents into

clinical use. One such agent is pegaptanib, an anti-VEGF oligonucleotide conju-

gated with polyethylene glycol (Macugen; EyeTech Pharmaceuticals), that binds

and blocks the biologic activity of the major human soluble VEGF isoform

(VEGF165). Pegaptanib has been shown to stabilize or improve vision up to 2

years. However, this effect is temporary, requires multiple injections and the

long-term safety and efficacy are still not known. The risk of infectious endoph-

thalmitis and other intravitreal injection-related complications is of concern in

light of the modest benefit of treatment. Most recently, anti-VEGF antibodies,

bevacizumab (Avastin) and ranibizumab (Lucentis; both Genetech), have shown

increased efficacy for the return of central vision compared to the other methods

of treatment [45–47]. However, the same reservations exist as for pegaptanib

since frequent intravitreal injections are required.

It is obvious that current treatments are not curative, but rather remain pal-

liative measures. They often require multiple treatment sessions due to recur-

rences and usually result in only slowing visual deterioration with little

significant improvement in lost central vision. Eventually, persistent exudation

from the subretinal fibrovascular tissue leads to fibrovascular scar formation

with continuing disruption of the relationship between choriocapillaris, RPE
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and photoreceptors with subsequent photoreceptor cell death, and, ultimately,

the loss of central vision [33].

The pathogenesis of new choroidal vessel formation is poorly understood.

Only recently it has become apparent that complement is important in AMD.

Vitronectin, C5 and MAC have been shown to be components of drusen in

humans [48, 49]. Recently, Bora et al. [50] described a direct role of comple-

ment activation and MAC formation in the laser-induced model of choroidal

angiogenesis in the rodent. They demonstrated that MAC formation and deposi-

tion was critical for the increased intraocular production of growth factors –

VEGF, �-fibroblast growth factor, and TGF-�2 – which eventually led to the

development of choroidal neovascularization. The authors proposed that com-

plement activation in the posterior segment of the eye led to the increased for-

mation/deposition of MAC on RPE and/or choroid. This resulted in transient

changes in membrane permeability followed by the induction and release of

angiogenic growth factors. These growth factors cause the abnormal prolifera-

tion of choroidal endothelial cells leading to the development of choroidal neo-

vascularization in AMD (fig. 2).
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Abstract
The visual axis of the eye focuses light images precisely on the retina. The retina is

intolerant of distortion that might be induced by innate or immune inflammation. In addition,

the corneal endothelium and the neurosensory retina are unable to regenerate if injured by

trauma or inflammation. Within the environment of this visual organ a phenomenon called

ocular immune privilege provides the eye with the necessary immune protection against

infectious agents by allowing the expression of the least deleterious immune effector mecha-

nisms. Moreover, the mechanisms of immune privilege are multiple, overlapping, and

include both active and passive suppression of innate and immune inflammation. At the very

basis of an effective immune response are cellular interactions and their cross talk. Central to

the ability of cells to communicate are the intercellular channels that are established to iso-

late signals and movement of proteins between cells. Within this secure nano-environment,

cells signal each other and even exchange proteins. Studies reviewed here are centered on

knowledge and exploration of the tolerogenic synapse rather than the immunogenic synapse.

The unique cells (invariant natural killer T cells, F4/80� antigen-presenting cells, and T and

B lymphocytes) that cluster within the marginal zone following injection of antigen in the

anterior chamber (AC) express a phenotype of cell surface molecules that that seem to be

uniquely critical for the development of AC-associated immune deviation. How these cell

surface molecules behave during the cellular interactions that result in the development of

regulatory T cells and peripheral tolerance induced through the eye is discussed.

Copyright © 2007 S. Karger AG, Basel

The eye is directly exposed to environmental pathogens on its surface and

to blood-borne pathogens in the internal compartments. Similar to the brain, the

eye resides behind blood-tissue barriers that are formed by endothelial cell-tight

junctions and other structural specialization, such as tight junctions among ocu-

lar pigment epithelial layers. While these barriers reduce the possibility of
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pathogens endangering the eye, they are not absolute and all types of infectious

agents are known to cause eye disease. Thus, like other tissues and organs of the

body, the eye needs to be defended by innate and adaptive immunity [1].

On the other hand, the visual axis of the eye focuses light images precisely

on the retina which is intolerant of distortion that might be induced by innate or

immune inflammation. In addition, the corneal endothelium [2] and the neu-

rosensory retina [3] are unable to regenerate if injured by trauma or inflammation.

However, a phenomenon called ocular immune privilege provides the eye with

the necessary immune protection against infectious agents by allowing the

expression of the least deleterious immune effector mechanisms [1]. Immune-

privileged sites are defined operationally as sites in the body where foreign tissue

grafts are capable of surviving for extended or indefinite periods of time. Of the

ocular compartments that have been studied for immune privilege, tumor cell and

antigen inoculation into the anterior chamber (AC) has been analyzed the most,

but immune privilege extends to most if not all compartments of the eye [4–6].

Immune privilege was originally explained simplistically as the absence of lym-

phatic drainage and the creation of immunological ignorance for the organ [7].

However, the mechanisms of immune privilege are multiple and overlapping, and

include both active and passive suppression of innate and immune inflammation.

At the very basis of an effective immune response are cellular interactions

and their cross talk. Central to the ability of cells to communicate is the synapse

or channel established that isolates the signals and movement of proteins

between cells. Within this nano-environment, cells signal each other and even

exchange proteins through cell surfaces. The process is often referred to as

‘immunologic synapse’ (in the case of immune activation) or ‘inhibitory

synapse’ (in the case of immune regulation). Our studies pave the way for

exploration of the tolerogenic synapse that will show how molecules behave

during the cellular cross talk that occurs during the development of regulatory T

(Treg) cells and peripheral tolerance induced through the eye. At the basis of the

immunologic tolerogenic synapse are the cells that interact and the molecules

that are critical for the development of efferent CD8� Treg cells and peripheral

tolerance during the induction of ACAID.

Pivotal to both immune response induction and the induction of tolerance

(the outcome of immune privilege) is the antigen-presenting cell (APC).

Compared to the APC that presents antigen for the induction of an immune

response, there are major differences (table 1). The co-receptors and cytokines

that are needed for inflammatory responses are downregulated, and new and

novel cytokines have been associated with the generation of Treg cells in models

of peripheral tolerance.

The APC in eye-induced tolerance has been well studied in an animal

model called AC-associated immune deviation (ACAID). In brief, 7 days after
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inoculation of antigen into the AC of the eye, afferent CD4� Treg and efferent

CD8� Treg cells can be harvested from the spleen. The antigen is known to be

carried by the F4/80�APCs, indigenous to the eye, to the marginal zone (MZ)

of the spleen where they interact and orchestrate the development of the Treg
cells that effect peripheral tolerance. Equally important to this process are the

other bone marrow-derived cells that are recruited to the MZ to participate in

the cross talk for tolerance.

Characteristics of the Antigen-Presenting Cell in Anterior 

Chamber-Associated Immune Deviation 

In general, the dendritic cell (DC) subset of APCs that is uniquely

equipped for antigen presentation is regarded as the sentinel of the immune

response [8]. T cells recognize antigens through interaction with APCs that

most of the time process as well as present antigen. APCs include a heteroge-

neous family of cells that are able to process both exogenous and endogenous

antigens into 10–20 amino acid peptides, load them onto major histocompati-

bility complex (MHC) molecules, which then traffic to the cell membrane

where they can be recognized by the antigen-specific T cell receptor [9]. APCs

Table 1. Comparison of an immune APC and a tolerogenic APC: characteristics that

are differentially expressed during induction of immune response versus ACAID

Characteristics Immunogenic APC Tolerogenic APC

Co-receptors express co-receptors, CD40, lack some co-receptors:

CD80/86 CD40�, CD80/86�

Cytokines/chemokines IL-12 TGF-�, MIP-2

Homing home to T and B cell areas home to MZ of the spleen

Chemokine receptors CCR7 CCR7�, CCR7�

CD1d moderate CD1d high CD1d

Antigen presentation present antigen to T cell present antigen to T cell

with MHC class II and class I with MHC class I

Some activating co-receptors (CD40), normally expressed by mature APC, are downregu-

lated on tolerogenic APC, but others are expressed (CD80/86). Immunosuppressive

cytokines (TGF-� and IL-10) are upregulated in the tolerogenic APC. Homing patterns and

chemokine receptors differ for the two types of APC, and each subset of APC migrates to dif-

ferent compartments of the spleen. For tolerogenic APC, a role for CD1d-restricted NKT

cells is critical, and protein antigen is cross-presented by MHC class I (instead of MHC class II

during immune responses) for the induction of CD8� Treg cells.
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are further classified into professional APCs (bone marrow-derived DCs) that

are capable of activating and inducing clonal expansion of both naïve and

memory T cells and non-professional APCs (B lymphocytes, monocytes,

macrophages, and endothelial cells) that are able to stimulate memory T cells,

but are poorly equipped to stimulate naïve cells. Within the tissues, the DC

phenotype is immature, but is capable of maturation if presented with ‘danger’

signals [10, 11]. Besides expression of co-receptors (CD80, CD86, Ox40

ligand, and CD40), mature DC exhibit decreased endocytosis of extracellular

antigens, translocate the peptide-loaded MHC molecules into the plasma

membrane and display a long-lasting peptide-MHC complex. Mature DC also

display increased membrane expression of chemokine receptor CCR7 [9] that

responds to the stromal chemokines from the T cell areas of the secondary lym-

phoid organs. Immune-privileged sites like the eye regulate immune activation

in part by interfering with the maturation of the DC and by altering the indige-

nous APCs toward the induction of tolerance. It appears that the APCs in the

eye downregulate their chemokine receptors that direct them to the tissue; once

this happens, they become mobile, dendritic in morphology, and move toward

the draining lymphoid organ (in this case, the spleen). The eye-derived APCs,

however, are inefficient in their upregulation of CCR7 [12] and appear to never

make it to the T cell areas of the spleen, but remain in clusters in the MZ [13].

Thus, the eye-derived APC is specialized in its expression of chemokine recep-

tors contributing to its unique function in the induction of peripheral tolerance.

A comparison of the specialized characteristics of an immune APC and a

tolerogenic APC is shown in table 1.

The requirement for protection against immune inflammation in the eye

contributes to the need for regional specialization of the local eye-residing

APCs [14]. In the eye, as within other tissues, the initiation of the immune

response or immune regulation begins with the indigenous APC that picks up

the antigen and carries it to the draining secondary lymphoid organ where it

may present the antigen or pass off its antigen to the APCs in the region of the

lymphoid organ where it finds itself. It is believed that the local APCs not only

transport antigen away from the tissue but also orchestrate the outcome of anti-

genic insult to the eye. In this chapter, the specialized characteristics of the

ACAID APCs and other bone marrow-derived cells that are critical to the

peripheral tolerance outcome following antigen introduction into the eye are

discussed. We address how their cross talk within their aggregates may lead to

novel molecular interactions between the tolerance-inducing cells. Mechanisms

used by APCs and the cells within such an immunologically tolerogenic

synapse may be shared by APCs in tissues within the organism other than

immune-privileged sites and, therefore, may be relevant to the induction/

maintenance of self tolerance in the adult and the prevention of autoimmunity.
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Why Antigen-Presenting Cells in the Eye Are Tolerogenic

It is known that the intraocular fluids of the eye [aqueous humor (AH) and

vitreous humor] contain biologically relevant concentrations of various

immunosuppressive neuropeptides, cytokines, growth factors, and soluble cell

surface receptors that interfere with the development of immune reactivity [15].

AH inhibits innate immune effector cells [16, 17], but most important for our

discussion, AH modulates the antigen-presenting capacity of the APC in eye

[18–21]. Experiments have shown that ocular fluids remain immunosuppres-

sive and anti-inflammatory even in eyes that are inflamed and under autoim-

mune attack; however, the spectrum of factors shifts [22–24]. The fluids from

the non-inflamed eye contain an abundance of latent TGF-�2, while the fluids

from the inflamed eye contain activated TGF-�2. This is in part because ‘dan-

ger’ signals (TNF-� and IL-1) from the inflammation upregulate IL-6 produc-

tion by the parenchymal cells that in turn activates macrophages and the

molecules that convert latent TGF-� to its active form [24]. An eye-derived

APC exposed to a virtual mixture of immunosuppressive compounds takes on a

unique phenotype that differs from both the immature and mature phenotypes

described for DC.

Dendritic Cells and Antigen-Presenting Cells in the 

Anterior Chamber

In the ACAID model for immune privilege, the indigenous F4/80� cells

from the iris and ciliary body pick up antigens administered to the front of the

eye by AC inoculation [1]. Recently, Camelo et al. [25] reported that the type of

APC that carried antigen from the eye of the rat after intracameral injection of

antigen, similar to the mouse, was predominantly resident macrophages negative

for class II, but appeared to be on histological examination not only in the iris,

but in all tissues lining the AC of the eye. The APCs reside mainly within the iris

and ciliary body and perhaps in the cornea. Following AC inoculation, the resi-

dent F4/80� population takes up the antigen, moves out through the trabecular

meshwork into the blood, and travels to the spleen. In fact, removal of the spleen

prevents the induction of tolerance (ACAID) through the eye [26]. Dullforce

et al. [27] confirmed the generally accepted notion that AC-inoculated antigen

was taken up by APCs that traveled to the spleen by showing that eye-derived

APCs did not travel to the lymph nodes. Since lymphatics or nascent lymphatics

are normally present only in the conjunctiva [28, 29] or in the inflamed cornea

[30, 31], it is not surprising that antigen-transporting APCs do not travel to the

draining lymph nodes.
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Only a small amount of antigen is carried to the spleen by the local APCs of

the eye, and 98% of the antigen inoculated into the AC goes directly into the blood.

Since monocytes in the blood do not process antigen, blood-borne antigen must be

presented by cells other than monocytes, and most likely are processed by APCs in

the spleen. Several studies have reported that if the same amount of antigen is

introduced directly into the blood, ACAID-like tolerance is not induced [13, 32, 33].

Thus it can be said that ACAID and intravenous tolerance differ in the kind of

APCs that present the antigen. Sonoda et al. [34] demonstrated that mechanisms

that induce ACAID allow for prolonged corneal graft survival in a mouse model.

Supposedly, transplanted allogeneic corneas that abut the AC would have their

antigens picked up by eye-derived APC and/or delivered to the spleen by donor

APC in a similar manner. Again, this tolerance is induced by antigen transported

by specialized APCs rather than leakage of antigen into the blood vessels.

As stated above, AH is an immunosuppressive fluid in the AC and, there-

fore, it is not surprising the APCs bathed in immunosuppressive molecules

would have a distinct phenotype [18, 21]. Characteristically, the ‘eye-derived’

APCs share markers with DCs and macrophages. It is not clear if the APC

indigenous to the anterior uveal tract is a DC with a special phenotype, or a

macrophage with a special phenotype. The local APC resembles a macrophage

when it is viewed in the tissue, but once it leaves the tissue, like other tissue

macrophages, it takes on DC characteristics.

The ACAID-inducing APC is distinguished by its expression of F4/80 pro-

tein. F4/80 protein is a molecule that has long been regarded as a marker of tissue

macrophages, but in the case of ACAID, Wilbanks et al. [35] and Wilbanks and

Streilein [36] showed that the F4/80 cell was the cell-associated signal from the

eye that traveled through the blood to the spleen to induce ACAID. The F4/80�

cell lacks class II, does not express traditional co-receptors for immune activation

(CD40 and IL-12), and produces IL-10 and activated TGF-� [1, 37–39] (table 1).

Both IL-10 and TGF-� are monokines capable of inducing their own secretion,

thereby contributing to the forceful influence that eye-derived F4/80 cells have on

the functional phenotype of APC/DC encountered in the periphery.

Another distinguishing characteristic of the ACAID F4/80� cell is that it

produces unique inflammatory chemokine profiles. The F4/80�APC produces

MIP-2, but not other inflammatory chemokines [13, 40]. MIP-2 is capable of

recruiting CXCR2� NKT cells to the spleen. Furthermore, it is remarkable that

the ACAID F4/80� cell must express CD1d to function in the induction of

ACAID [41]. It is a requirement for the F4/80�APC to interact with the invari-

ant T cell receptor (TCR) on the NKT cell via its CD1d molecule if ACAID and

peripheral tolerance are to be the outcome.

Since it is next to impossible to obtain sufficient resident F4/80� eye-

derived APCs, the expression of genes in ACAID-like APCs has been analyzed
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with surrogate ACAID F4/80� APCs [19, 41] by two laboratories [43, 44].

Masli et al. [44] studied macrophage hybridoma 59 treated with TGF-� and

antigen, and Zhang-Hoover [12] explored the genes in bone marrow-derived

F4/80� APCs generated with L929 supernatants which contain macrophage

colony-stimulating factor. They found that the genes that support IFN-�- and

NF�B-dependent immune reactivity were downregulated, while the genes that

promote or are involved in TGF-� function were upregulated. The F4/80�

ACAID APCs most likely do not move into the T cell areas because the critical

chemokine receptor that is required for moving into the T cell area, CCR7, is

expressed at only very low levels or not at all [12]. However, the F4/80�

ACAID APC also lacks the chemokine receptor that identifies immature APCs

in the tissues (CCR6). Thus, studies of modulated genes in ACAID-like APCs

have contributed novel and different information about APCs in immune-

privileged sites, such as the eye.

Mechanisms of Anterior Chamber-Associated Immune 

Deviation in the Spleen

Functional studies involving the APCs in the uveal tract have been a product

of the investigations on mechanisms of immune privilege and ACAID (fig. 1). As

stated above, ACAID is a deviant state of immunity that is responsible for the

induction of peripheral tolerance to both self and foreign antigens that occur in the

eye [1, 45]. While Wilbanks et al. [35] demonstrated that the F4/80� cell carried

the tolerogenic signal to the spleen, and Niederkorn and Mayhew [46] and

D’Orazio and Niederkorn [47] reported the importance of B cells in ACAID

induction, Sonoda et al. [41] were the first to evidence that the ‘eye-derived’APCs

not only interacted (in the spleen) with the T cells that were to become Treg cells,

but necessarily interacted with a rare lymphocyte called the invariant NKT

(iNKT) cell (fig. 1). The iNKT cell bears markers of both NK cells and the tradi-

tional T cell. Eighty-five percent of the NKT cells express the invariant

V�14J�18 TCR that preferentially binds a few V� chains. The murine iNKT cell

has a counter part in the human that expresses the V�24JQ� [48–50]. The TCR on

the NKT cell is oligoclonal and interacts (presumably) with foreign or self lipids

presented by the class I-like molecule called CD1d1 [50–53]. In the mouse, the

iNKT cell may be either CD4� or double negative, and it is suggested that the

CD4� iNKT cell produces IL-4 and IFN-� while the double negative cells are

mainly producers of Th1-type cytokines [54]. We know that during ACAID induc-

tion, the required iNKT cell is CD4� [55] and secretes IL-10 but not IL-4 [56].

The eye-derived APCs that transport antigen to the spleen also recruit

iNKT cells to their splenic destination by the release of MIP-2 [13]. Gene array
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analyses have confirmed the increase in MIP-2 during ACAID induction [44].

During an adaptive immune response, CCR7� APCs and other CCR7� pre-

cursor cells that arrive in the spleen via the blood are ‘poured’ from the central

arteriole into the MZ, but leave within 4–6 h to follow their chemokine gradient

to the T cell areas. Other cells that are CCR7 negative move into the red pulp

and are degraded. Faunce et al. [13] convincingly showed that the aggregates

that contain the F4/80�APCs, T cells, and NKT cells are in place in the MZ as

late as 7 days after AC injection (fig. 2). B cells are also required for the induc-

tion of ACAID [38, 47]. Sonoda and Stein-Streilein [57] specified that the sub-

set of B cells required for ACAID is the CD1d�MZ B cell. Niederkorn’s group

suggested that the antigen transporting APC from the eye may ‘hand over’ its

antigen to B cells in the spleen for a required antigen presentation by the B cell

via Qa-1 (an MHC class 1-B molecule) [58] to the CD8 T cell [59, 60].

Fig. 1. Three ways to generate ACAID efferent CD8� Treg cells. (1) ACAID efferent

CD8� Treg cells are generated in the MZ of the spleen 7 days after AC inoculation of anti-

gen. (2) The inoculation of the eye may be bypassed by intravenous inoculation of in vitro

generated tolerogenic APCs, previously treated with TGF-� and antigen. (3) CD8� Treg
cells may be generated entirely in vitro by culturing in vitro generated tolerogenic APCs

(TGF-� and antigen treated) with spleen cells for 7 days. PEC � Peritoneal exudate cells;

Ag � antigen.
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The Role of the F4/80 Protein in Anterior Chamber-Associated 

Immune Deviation

F4/80 is the molecule that is recognized by an antibody that was developed

by Austyn and Gordon [61] 20 odd years ago. F4/80 is a prototypic member of the

EGF-TM7 receptor family that includes EMR1, EMR2, EMR3, EMR4, ETL, and

CD97 [62, 63]. A dual adhesion and signaling function has thus been suggested

for the EGF-TM7 molecules where the extracellular region is involved in protein-

protein interaction with other cell surface proteins and/or extracellular matrix pro-

teins, triggering intracellular signaling through the TM7 domain. Consistent with

Fig. 2. Cell clusters in the splenic MZ during induction of ACAID. Artist’s rendition of

F4/80�APCs aggregating with bone marrow cells in the MZ of the spleen and interacting to

generate efferent CD8� T cells.

MZ

Germinal

centers

ACAID

clusters

Central

arteriole

T cell

areas

F4/80�APC cell NKT cell T cell

MZ metallophilic macrophage

DC MZ B cellB cell

MZ macrophage



Stein-Streilein/Watte 124

this hypothesis, specific cellular ligands for the EGF-TM7 receptors have been

reported. CD55 (decay-accelerating factor) was identified as the cognate cellular

receptor for CD97 [64]. The F4/80 molecule has been established as one of the

most specific markers for murine macrophages. F4/80 is highly and constitutively

expressed on most resident tissue macrophage populations such as the red pulp

macrophages in the spleen, microglia in the brain, Kupffer cells in the liver, and

Langerhans cells in the skin [63]. Furthermore, the expression of F4/80 is tightly

regulated according to the physiological status of the cells. Thus, the precursor of

tissue macrophages, the blood monocyte, is known to express less F4/80 than

its mature counterparts [65]. F4/80 is expressed at lower levels on activated

macrophages isolated from bacillus Calmette-Guérin-infected animals in compar-

ison to unstimulated resting macrophages [66]. Similarly, F4/80 expression is

downregulated on macrophages in response to interferon-� [67]. F4/80 expression

on Langerhans cells decreases after they take up antigens and become migrating

DCs in lymph nodes and spleens. Since F4/80 is detected only on macrophages in

T cell-independent areas [65], the fact that the ACAID cells aggregate in the MZ

rather than the T cell areas of the spleen is not surprising. These studies point to a

specialized function for F4/80 protein on tissue macrophages.

The early studies involving the ACAID model showed that F4/80 was a

marker of the eye-derived cell that carried the tolerance-inducing signal to the

spleen [35]. ACAID can be induced in naïve mice with the adoptive transfer of as

few as 20 F4/80�APC generated in vitro by treatment with TGF-�2 and antigen

[20]. Early studies indicated that F4/80 antibody given in vivo prevented the sup-

pression of delayed hypersensitivity (ACAID) in experimental mice [35, 36].

However, the mechanism of the antibody treatment or the role of F4/80 protein in

the model was not studied further until recently [68]. AC inoculation of antigen

leads to the suppression of a delayed hypersensitivity response in part because of

splenic CD8� efferent Treg cells that develop following AC inoculation of antigen.

The efferent Treg cell is capable of suppressing both effector T cell antigen-specific

Th1 [1] and Th2 responses [69]. With the advent of the F4/80 knockout (KO)

mouse, the function of the F4/80 protein was testable. When the splenic T cells

were harvested from the AC-treated mice, the T cells from the wild-type mice were

able to suppress adoptively transferred delayed hypersensitivity responses, but the

T cells from the F4/80 KO mice were not. Therefore, it was concluded that periph-

eral tolerance (ACAID) that developed subsequent to AC inoculation of antigen

failed in F4/80�/� mice due to a lack of CD8� efferent Treg cell development

[68]. Thus, the F4/80 protein plays a role in the development of ACAID in part by

facilitating the development of the CD8�Treg cell. Similar to the ACAID model, a

low-dose oral tolerance model in mice also generates CD8� Treg cells capable of

suppressing Th1 effector functions [70]. In addition, like the indigenous cells in

the eye, some indigenous macrophages in Peyer’s patches express the F4/80
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antigen [71]. Due to the similarities in generation of efferent CD8� Treg cells in

two tolerance models, Lin et al. [68] postulated a direct role for the F4/80 molecule

in the induction of peripheral tolerance and showed that F4/80 expression was

also required for the induction of CD8� Treg in an ovalbumin model of oral

tolerance.

Role of the Ly49 Molecule 

Ly49 molecules are generally known as inhibitory molecules on NK, NKT,

and some T cells. They function when ligated to their corresponding self MHC I

molecule to downregulate their production of IFN-� and lytic pathways. Under

conditions of a normal immune response, engagement of Ly49 receptors inhibits

cytokine production by NKT cells [72, 73], NKT cell proliferation [74, 75], and

cytotoxic activity [76]. However, since our studies with NKT cells and tolerance

began [41, 77], we knew that the subset of NKT cells involved in tolerance

expressed Ly49C/I. Critical subpopulations of NKT cells could be collected and

enriched by either positive or negative selection with the use of monoclonal anti-

body 5E6, which is specific for Ly49C/I. We thought that Ly49C/I on NKT cells

might participate in the downregulation of NKT cell-derived IFN-�. Indeed,

when the cross talk between iNKT cells and APC was blocked by interfering

with the ligation of Ly49C/I by its MHC ligand, the production of CD8� Treg
cells and peripheral tolerance after AC inoculation was prevented. Mechanistically,

blocking Ly49C/I not only allowed for the production of IFN-� by the NKT cell

but also prevented their efficient production of IL-10. Knowing that IL-10 cross

regulates IFN-� production, we propose that engagement of Ly49C/I may down-

regulate IFN-� production and lytic function in part by inducing the production

of IL-10, a potent mediator of immunosuppression [manuscript in preparation].

Similarity of Anterior Chamber-Associated Imune 

Deviation with Other Models of Tolerance 

Since there are similarities of ACAID with peripheral tolerance induced

through the brain (immune privileged) [78] and through the gut (not immune

privileged) [68], one might extrapolate that the cellular mechanisms that occur

within the MZ of the spleen during ACAID induction might cause the induction

of CD8� Treg cells and peripheral tolerance in general.

On the other hand, cells and molecules that might be involved in the induction

of peripheral tolerance in a tumor model of tolerance [79] are not involved in the
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induction of CD8� Treg in ACAID. In the tumor model, CD1d is required, but the

iNKT cell produces IL-13; during the induction of ACAID, traditional CD4� T

cells, MHC class II cells [55], IL-4, IL-13, or STAT-6 [80] are not needed for the

generation of efferent CD8� Treg cells. To our knowledge, the role of these mole-

cules and cells in the generation of afferent CD4�Treg cells has not been studied.

In support of the mechanisms we describe for the induction of peripheral tol-

erance through the eye being directly related to the development of efferent

CD8�Treg cells, it is important to mention that we have noted that models of tol-

erance that are not dependent on CD1d-restricted NKT cells also do not generate

efferent CD8�Treg cells. For example, an efferent CD8�Treg cell is not generated

during induction of intravenously induced tolerance and intravenous tolerance

can be induced in CD1d KO mice and iNKT cell-deficient mice (J�18 KO) [13,

41]. Additionally, a model of tolerance induction where antigen was applied to the

skin was also shown not to be dependent on NKT cells and regulation appeared to

be mediated by an antigen-nonspecific CD4� CD8� T cell and not an efferent

CD8�Treg cell.

Summary and Conclusion

Here we have defined the cells that leave the eye after antigen exposure to

traffic to the MZ (not the T cell areas) of the spleen. By studying the cells that

aggregate and cross talk in the spleen following antigen injection into the AC,

we discovered that regional specialization of the indigenous F4/80� cells in the

eye allows them to recruit and educate other cells toward tolerance. During

ACAID induction, specialized cells interact with each other in the MZ using

select molecules and cytokines. Two kinds of APCs promote tolerance in the

MZ: the F4/80� APC and the MZ B cell. Both communicate with iNKT cells

via the CD1d molecule expressed on their membrane. The ligation of the TCR

on the iNKT cell with the CD1d molecule leads to the synthesis and release of

a select chemokine (RANTES) that recruits more APCs and T cells to the MZ

‘chat’ room. MHC class I and Qa-1 on APCs also seem to be involved in the

cross talk for tolerance and interact with the antigen-specific T cell to develop

into a Treg cell [59]. In addition, it is now known that the F4/80 protein, previ-

ously known only as a marker of tissue macrophages, is crucial for the outcome

of the MZ cross talk in the aggregates. F4/80 KO mice are unable to develop

CD8� Treg cells in ACAID and low-dose oral tolerance [68]. More recently, we

determined that the CD4� iNKT cell involved in ACAID expresses Ly49C/I

[unpubl. findings]. Even though this NK cell-inhibitory molecule is expressed

on only a minor population of CD4� iNKT cells, it is required for the develop-

ment of CD8� Treg cells.
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The model of tolerance induced through the eye facilitates the study of the

cellular cross talk required for peripheral tolerance induction by exploring the

surface molecules that interact. In future studies, the movement and exchange

of the proteins within the immunologic tolerogenic synapse will be investi-

gated. Studying the mechanisms of ACAID is important for (1) determining

the type of cells that are involved in the cross talk in the MZ that leads to

tolerance; (2) analyzing the crucial molecules involved in the cross talk, and

(3) determining how the molecules synergize to promote active tolerance and

Treg cells.
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Abstract
Immune-mediated inflammation can be tolerated in many organs, however in the eye it

has devastating consequences, as many of the tissues in the visual axis have limited or no

capacity for regeneration. Multiple mechanisms and anatomical adaptations limit the expres-

sion of immune-mediated inflammation in the eye. Among these is the generation of regula-

tory T (Treg) cells, which act to prevent the induction and expression of  T cell inflammation.

At least four different pathways exist for the development of ocular Treg cells. The redun-

dancy in the generation of Treg cells is a testament to their importance in restricting intraocu-

lar inflammation and preserving vision.

Copyright © 2007 S. Karger AG, Basel

The immune privilege of the anterior chamber (AC) has been recognized

for over a century. It is now well established that immune privilege is also

expressed in the vitreous cavity, subretinal space, and cornea [1–5]. Multiple

factors contribute to ocular immune privilege. Blood-tissue barriers in the reti-

nal pigment epithelium and within the microvasculature of the retina limit

inflammatory cell traffic [6]. The aqueous humor (AH) contains a myriad of

anti-inflammatory and immunosuppressive molecules that inhibit lymphopro-

liferative responses, restrict the generation of pro-inflammatory chemokines

and cytokines, and extinguish immune-mediated inflammation (table 1). The

AH also contains complement regulatory proteins, which limit the expression

and function of the complement system [7–9]. Tight regulation of the comple-

ment cascade within the eye is crucial. Although it is important for resistance to

microbial infections, complement components and the inflammatory granulo-

cytes that they recruit can inflict extensive injury to innocent bystander cells

within the eye.
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Cells that line the AC are bathed in AH and benefit from the buffering

effects that it has on inflammation. However, ocular cells that are not in direct

contact with the AH are potentially vulnerable to immune-mediated injury. To

compensate for this, many ocular cells display cell membrane-bound molecules

that either neutralize or delete inflammatory cells and inflammatory molecules.

Chief among these is Fas ligand (FasL, CD95L), which is widely expressed

throughout the eye and is capable of inducing programmed cell death in neu-

trophils and activated T cells [10]. In addition to their presence in the AH,

complement-regulatory proteins are expressed as cell membrane-bound molec-

ules on numerous ocular cells [7, 9].

One of the unique features that the eye shares with the brain is the feeble

expression or frank absence of MHC molecules. Corneal endothelial cells and

many of the cellular elements of the retina express little or no conventional class

Ia major histocompatibility complex (MHC) molecules [1, 2]. MHC class I

Table 1. Immunosuppressive and anti-inflammatory factors in AH

Factor Effect

TGF-� suppresses activation of T cells, NK cells, and macrophages

induces tolerance-inducing APC

VIP inhibits T cell activation and proliferation 

inhibits DTH

CGRP inhibits elaboration of pro-inflammatory factors by macrophages

�-MSH inhibits DTH and the elaboration of pro-inflammatory 

factors by macrophages 

inhibits activation of neutrophils 

induces generation of CD4� CD25� Treg cells

Somatostatin suppresses IFN-� production by activated T cells 

induces production of �-MSH

MIF suppresses NK cell activity

FasL suppresses neutrophil recruitment and activation

Thrombospondin induces APC to activate latent TGF-�, which is needed for the 

generation of ACAID 

suppresses APC expression of IL-12 and CD40

Complement-regulatory proteins inhibit complement cascade

Idoleamine dioxygenase depletes tryptophan and ‘starves’T cells

CGRP� Calcitonin gene-related peptide; MIF�macrophage migration inhibitory factor; VIP� vasoactive

intestinal peptide.
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molecules serve as restricting elements that facilitate cytolysis of virus-infected

cells by cytotoxic T lymphocytes (CTL). CTL-mediated killing of virus-

infected cells is an effective mechanism for resolving viral infections in many

organs. However, corneal endothelial cells and retinal cells cannot regenerate,

and CTL-mediated elimination of these cells would lead to blindness. Thus, the

absence or low expression of MHC class Ia molecules on these ocular cells pre-

vents their unwitting immune elimination and, as a result, preserves vision.

However, this strategy has a blind spot. Natural killer (NK) cells perceive cells

that lack MHC class I molecules as foreign and are prompted to kill such cells.

This is the basis for the ‘missing self’ hypothesis, which proposes that MHC

class I molecules transmit ‘off’ or inhibitory signals to NK cells [11, 12]. To

compensate for this blind spot, cells in the cornea and retina express nonclassi-

cal class Ib molecules, such as Qa-2 in the mouse and HLA-G in humans [13,

14]. In addition to inhibiting NK cell-mediated lysis, HLA-G also inhibits

transendothelial migration of NK cells, suppresses CD4� T cell proliferation,

and can shift the immune response from a Th1 to a Th2 pathway [15].

Ocular-Induced Regulatory T Cells

Immune-mediated ocular inflammation is also inhibited by Treg cells that

are induced within the eye. There are at least four different pathways whereby

Treg cells can be generated following ocular exposure to antigens. The first path-

way is evoked when antigens are introduced into the AC and it culminates in the

antigen-specific downregulation of delayed-type hypersensitivity (DTH) – 

a phenomenon termed AC-associated immune deviation (ACAID) [5]. The sec-

ond pathway occurs when CD4� T cells come into contact with the pigmented

epithelial cells of the iris and ciliary body [16]. The third route for inducing

ocular Treg cells occurs when T cells are exposed to AH or more specifically, to

somatostatin, which is a constituent of the AH [17]. A fourth pathway that elic-

its the generation of Treg cells occurs when novel antigens are expressed in the

retina in response to transgenes driven by retina-specific promoters [18].

Regulatory T Cells Induced by Anterior Chamber-Associated 

Immune Deviation

The mechanisms and factors mentioned above act to either buffer or inhibit

the expression of immune-mediated inflammation in an antigen-nonspecific

manner. However, the eye has the capacity to promote the generation of Treg
cells that limit the expression of antigen-specific T cell-mediated inflammation.

It has been recognized for almost 30 years that antigens introduced into the AC

of the eye elicit an aberrant spectrum of systemic immune responses that are
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characterized by antigen-specific suppression of Th1 immune responses, such

as DTH, while preserving antibody and CTL responses to many antigens

(ACAID) [5]. Two categories of Treg cells are generated in ACAID, CD4�

afferent-acting regulatory cells and CD8� efferent-acting regulatory cells [2].

CD4� Treg cells inhibit the induction of DTH at the sensitization step and, thus,

act at the afferent arm of the immune response [19, 20]. CD8� Treg cells are

also induced by AC injection of antigen and act to prevent the expression of

DTH by previously sensitized T cells and, therefore, function at the efferent arm

of the immune response and are classified as efferent Treg cells. The generation

of these two Treg cell populations is complex and involves the participation of

several cell populations including: (a) F4/80� antigen-presenting cells (APC)

[21]; (b) B cells [22–24]; (c) �� T cells [25, 26]; (d) NK1.1� T cells [27–29],

and (e) CD25� CD4� T cells [30].

ACAID CD4� Treg cells were first recognized for their capacity to inhibit

T cell proliferative responses to antigens initially introduced into the AC [20].

Subsequent studies demonstrated that AC injection of antigen induced the

development of CD4� T cells that preferentially produced IL-10, but had

diminished production of IFN-� [31]. Kosiewicz and Streilein [32] also showed

that CD8� Treg cells were produced by an MHC class II-restricted peptide,

thereby suggesting an ancillary role for CD4� T cells in the induction of

ACAID. It is becoming increasingly clear that CD4� Treg cells play an impor-

tant role in immune homeostasis [33]. In particular, naturally occurring CD4�

CD25� Treg cells constitute 5–10% of the CD4� T cell population in mice and

humans and play a critical role in controlling both the innate and adaptive

immune responses [33–35]. Removal of CD4� CD25� T cells not only elicits

autoimmunity, but also enhances immune responses to tissue grafts and tumors

[36, 37]. CD4� CD25� Treg cells are characterized by their preferential pro-

duction of two anti-inflammatory cytokines, IL-10 and TGF-� [33]. It is note-

worthy that CD4� T cells isolated from ACAID spleens also express CD25,

produce IL-10, and are required for the development of CD8� efferent Treg
cells [30]. However, unlike conventional CD4� CD25� natural Treg cells, the

CD4� afferent suppressor cells in ACAID do not require direct cell-cell con-

tact to produce their regulatory effects [30]. There are conflicting reports as to

whether the CD4� T cells in ACAID are in fact CD4� NK1.1� T cells [30,

38]. Using an in vitro organ culture model of ACAID, Skelsey et al. [30] found

that CD4�T cell suspensions depleted of NK cells were able to induce the gen-

eration of CD8� efferent ACAID Treg cells. By contrast, Nakamura et al. [39]

found compelling evidence indicating that CD4� NKT cells, but not conven-

tional CD4� T cells, were necessary for the induction of ACAID. Among other

things, these investigators found that ACAID could be induced in MHC class

II�/� mice, which lack conventional CD4� T cells, but still possess CD4�
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NKT cells. However, both studies agree that production of IL-10 is a key func-

tion of the CD4� T cells in the ACAID spleen. Neither study examined the

CD4� spleen cell populations for the expression of the Foxp3 transcription fac-

tor, which is specifically expressed on naturally occurring CD4� CD25� Treg
cells [40, 41].

The presence of CD8� efferent Treg cells has been demonstrated in all

models of ACAID tested to date [2, 5]. The suppression produced by CD8�

efferent Treg cells is antigen specific and inhibits the expression of DTH by pre-

viously sensitized T cells. Suppression can be produced by local adoptive trans-

fer of CD8� Treg cells directly into the tissue site where antigen and DTH

effector cells are deposited or by adoptive transfer via intraperitoneal or intra-

venous injection of CD8� Treg cells. The mechanism whereby CD8� efferent

Treg cells exert their effects remains to be elucidated.

Pigment Epithelium-Induced Regulatory T Cells

The AH contains a potpourri of anti-inflammatory and immunosuppres-

sive factors. Cells of the iris and ciliary body (I/CB) line the AC and are

involved in the secretion of constituents of the AH. Earlier reports documented

the immunomodulatory properties of I/CB cells [42–45]. Supernatants from

cultures of I/CB tissue display immunosuppressive activity, largely due to the

presence of TGF-�, although other immunomodulatory factors are also present

[45]. However, the production of soluble factors alone does not explain the

inhibitory effect of I/CB cells on T cell activity. Yoshida et al. [46] demonstrated

that I/CB pigmented epithelial cells suppressed T cell proliferation and secre-

tion of IFN-� through a contact-dependent mechanism, which was not affected

by neutralizing antibodies to TGF-�, IL-10 or TNF-�. In addition to exerting a

direct immunosuppressive effect on T cells, I/CB cells induce the development

of Treg cells that inhibit anti-CD3-stimulated T cell proliferation and antigen-

specific DTH [16]. The inhibitory effects of the I/CB-induced Treg cells are

mediated by the secretion of active and latent TGF-�. Thus, intraocular inflam-

mation is controlled by multiple mechanisms. The myriad of immunosuppres-

sive and anti-inflammatory molecules in the AH have an immediate impact on

inflammatory cells that enter the eye. T cells that enter the eye via the I/CB

route are directly inhibited by the contact-dependent immunosuppressive

effects of I/CB cells, and the second wave of inflammatory T cells is extin-

guished by the inhibitory effects of the Treg cells induced by I/CB cells.

Regulatory T Cells Induced by Aqueous Humor

One of the many immunosuppressive and anti-inflammatory constituents

of the eye, �-melanocyte-stimulating hormone (�-MSH), suppresses IFN-�

production by activated T cells and enhances T cell production of anti-inflammatory
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cytokines, such as TGF-�1 [47]. �-MSH also converts Th1 cells into CD4�

CD25� Treg cells that suppress antigen-specific DTH [48–50] and mitigate a

Th1-mediated ocular inflammatory disease, experimental autoimmune uveore-

tinitis [48–50]. The induction of CD4� CD25� Treg cells by �-MSH is medi-

ated through the melanocortin 5 receptor that is expressed on primed CD4�

T cells [50]. In addition to �-MSH, vasoactive intestinal peptide and calcitonin

gene-related peptide, another neuropeptide, somatostatin, is found in the AH

[17]. Somatostatin not only suppresses IFN-� production by activated T cells,

but also induces the production of �-MSH, which is involved in the generation

of CD4� CD25� Treg cells [17]. Thus, the neuropeptides in the AH provide yet

one more pathway for the generation of ocular Treg cells.

Regulatory T Cells Induced by Endogenous Retinal Antigens

The induction of ACAID typically involves a single bolus injection of anti-

gen delivered via glass needles or 30-gauge steel needles. Concerns have been

raised about the physiological relevance of this technique. Such injections can

produce significant leakage of the antigenic inocula and result in the deposition

of antigens to the mucosal surface via drainage through the nasolacrimal duct,

which conceivably might lead to the induction of mucosal tolerance. The mild

trauma associated with using 30-gauge needles for AC injection provokes the

local upregulation of TNF-�, which is required for the induction of ACAID

[51]. This raises the question as to whether endogenous ocular antigens present

in an intact, unmanipulated eye will elicit ACAID. With this in mind, Gregerson

and Dou [18] produced transgenic mouse strains in which novel antigens were

encoded by transgenes driven by retina-specific promoters. Endogenous retinal

�-galactosidase expression led to depressed DTH responses to �-galactosidase

and reduced lymphoproliferative responses to �-galactosidase-stimulated

T cells, a phenotype that is reminiscent of ACAID [18]. The endogenous

expression of self-retinal neoantigen (i.e. �-galactosidase) induced the develop-

ment of Treg cells that, when adoptively transferred, suppressed DTH responses

to �-galactosidase in third-party, non-transgenic mice that had been previously

immunized with �-galactosidase. However, the cytokine profile of the Treg cells

induced by endogenous retinal neoantigens departed from that found in ACAID

Treg cells and suggested that yet one more pathway was available for the gener-

ation of ocular Treg cells.

Conclusions

There is remarkable redundancy in the mechanisms and factors that contribute

to ocular immune privilege. Anatomical, physiological, and immunoregulatory
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features of the eye collectively reduce the induction, expression, and persis-

tence of immune-mediated inflammation within the eye. The presence of at

least four different pathways for the development of ocular Treg cells indicates

that in addition to redundancy, there is remarkable plasticity in the eye’s capa-

city to sustain immune privilege. Gaining a better understanding of ocular Treg
cells will provide insights into how and why immune-mediated diseases cir-

cumvent immune privilege.
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Abstract
The host response to pathogenic insults involves complex inflammatory responses and

cellular immune reactions. While these are central to host defense and vital to clearing dan-

gerous invaders, they are often associated with nonspecific injury to nearby tissue. These

localized reactions function to successfully deal with pathogens before they spread to other

areas. They are generally effective since most organ systems can tolerate these responses

without permanent consequences. There are sites, however, that prohibit the spread of

inflammation because these episodes can threaten organ integrity and function. The most

prominent examples of these are the eye, brain, and reproductive organs (testis and ovary)

where even minor bouts of inflammation can have long-term consequences on the survival of

the organism. In these areas, immune responses either do not proceed, or proceed in a man-

ner different from other areas; thus, they are called ‘immunologically privileged’. Studies by

a number of laboratories have determined that there are a number of mediators of ocular

immune privilege. These include locally produced immunosuppressive cytokines, neuropep-

tides, limited expression of major histocompatibility complex class I and class II, complement-

regulatory proteins, immune deviation, natural killer cell inhibitors, and the expression of the

death-inducing ligands Fas ligand (FasL) and tumor necrosis factor (TNF)-related apoptosis-

inducing ligand (TRAIL). The death-inducing molecules are poised to effectively deal with

inflammatory cells once they pass the natural barriers of the eye, and effectively limit the

spread of inflammatory cells and tumor cells within the confines of the eye by inducing

apoptosis. The function of FasL and TRAIL will be the subject of this chapter.

Copyright © 2007 S. Karger AG, Basel

Get your facts first, and then you can distort them as much as

you please

Mark Twain
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The mechanisms traditionally assigned to immune-privileged sites receive

emphasis depending on the investigators and their area of expertise. However,

there are several points that need to be made when considering the mediators of

immune privilege. First, no single mechanism truly defines immune privilege.

Privilege is no more ‘just’ anterior chamber (AC)-associated immune deviation

(ACAID), than it is ‘just’ Fas ligand (FasL). Actually, the original definition was

established based on the success of allografts when these sites were compared to

conventional sites (e.g. the skin). Second, none of the mechanisms of immune

privilege are unique to the eye. All assigned mediators (e.g. FasL, TGF-�, or

immune deviation) are found (or happen) elsewhere. What is unique for the eye

is that these processes have all come together in one site to provide a unique

immunosuppressive microenvironment. Third, the loss of any single mechanism

does not lead to spontaneous inflammation in the eye. Only the loss of FasL or

tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) has

been shown to have consequences [1–3], and this was not revealed until serious

insult to the eye, such as infection or physical trauma, occurred. Consequently,

considering immune privilege from the perspective of one or two mediators does

not give the entire picture. However, this chapter was commissioned to deal with

death-inducing ligands and we will restrict our discussion to these molecules,

keeping in mind that the two molecules reviewed (FasL and TRAIL) are only

part of the picture. A more thorough analysis of all proposed mediators of

immune privilege can be found in any number of recent reviews [4–6].

Death Receptors and the Eye

Dyin’ ain’t no way to make a livin’

Outlaw Josey Wales

Fas Ligand

Overview

In the immune response, apoptosis plays a role in thymic deletion, control

of clonal expansion, and cytotoxic T lymphocyte activity (CTL) activity. This

type of cell death also plays an important regulatory role for the immune

response. One hallmark of death by apoptosis is that any immune response that

might develop against the dead cells, or as a result of the release of cell compo-

nents, is minimized. This is because apoptotic cells can be recognized and

removed without the induction of an inflammatory or immune reaction. It turns

out that apoptotic cells not only inhibit immunity, they also induce immune
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tolerance (see below). Apoptosis is an indispensable part of adaptive immunity,

as the immune system must not only deal with pathogens, it must deal with its

own potentially damaging cells to prevent the formation of self-reactive

responses that could lead to autoimmunity. Many aspects of apoptosis in the

immune system rely on the Fas/FasL system, where peripheral deletion and

control of clonal expansion are regulated by the Fas antigen (CD95) and its lig-

and, FasL (CD178) [7, 8].

FasL is a type II membrane protein belonging to the TNF family. FasL is

expressed primarily on activated T cells, some tumor cells, and immune-

privileged sites such as the eye and the testis [9]. FasL induces apoptosis in cells

expressing the Fas receptor. Fas is a type I membrane protein of the TNF recep-

tor family that was discovered due to the ability of specific antibodies to induce

apoptosis in lymphoid tumor lines expressing the molecule. Two naturally

occurring mutations in mice have emphasized the importance of Fas and FasL

in the control of autoimmunity, the lpr and gld mutations, respectively. These

mice display increased autoimmunity, which is characterized by a generalized

and progressive lymphoproliferation resembling systemic lupus erythematosus.

They suffer from a large accumulation of CD4� CD8� T cells in the spleen

and lymph nodes. Genetic analysis has determined that a retroviral insertion

into the Fas gene causes premature interruption of transcription in lpr mice. A

point mutation in the FasL gene disrupts FasL function, resulting in the autoim-

mune syndrome in gld mice [10]. Recently, it was shown that these mutations,

although they result in autoimmunity, did not result in complete loss of func-

tion. The targeted deletion of either Fas [11] or FasL [12] resulted in more

severe pathology in these strains. Whether this means that data using lpr and gld

mice must be reinterpreted is currently unknown.

The Discovery

The initial demonstration of a role for FasL in ocular immune privilege

was based on two sets of observations: (a) functional FasL is expressed in the

eye, and (b) loss of functional FasL expression exacerbates damage during

immune responses [2]. Constitutive expression of functional FasL in the eye

was shown by culturing murine or human corneas  with target cells, which were

then assessed for apoptosis [13]. Fas� but not Fas� target cells underwent

apoptosis, and in Fas� cells, apoptosis was blocked by soluble Fas (sFasL).

Furthermore, Fas� T cells, but not those from lpr mice, underwent apoptosis

upon injection into the eyes of wild-type, but not gld mice. These data clearly

showed that functional FasL is present in the eye. Subsequently, studies showed

that human retinal pigment epithelial cells induce apoptosis of activated T cells

and the Fas� Jurkat T cell line [14]. A cis-acting element in the FasL promoter

was identified as being responsible for constitutive FasL expression in corneal



Death-Inducing Factors in the Eye 143

endothelial cells [15]. These cells are responsible for the FasL-mediated protec-

tion of the cornea following grafting.

Studies have also shown that introduction of herpes simplex virus into the

eyes of wild-type mice produced a transient inflammation wherein the infiltrat-

ing cells underwent apoptosis [2]. In gld mice, the lack of FasL-induced apopto-

sis in these inflammatory cells resulted in massive inflammatory damage.

Experiments with bone marrow chimeras demonstrated that FasL expression in

parenchymal (not bone marrow-derived) tissues was required for this protection.

In subsequent studies, this effect was not restricted to viral infection as introduc-

tion of Toxoplasma similarly resulted in a transient inflammatory response. In

animals lacking functional FasL, this erupted into immunological damage [16].

Localization

FasL is displayed abundantly in a number of strategic locations throughout

the eye, including the cornea, retina, iris, and ciliary body. It is placed at or near

areas that comprise the blood-ocular barrier, as well as in locations where there

is an opportunity for interaction between ocular tissue and inflammatory cells.

In the cornea, FasL is expressed on the endothelium and epithelium, suggesting

its importance in controlling inflammatory cells that would enter from the con-

junctiva or AC, respectively. In vitro studies with the cornea have revealed that

FasL is readily available to kill cells in the normal eye. Accessible FasL on the

cornea suggests that it is probably fully functional on other ocular structures

within this organ. FasL is expressed on the iris and ciliary body where it can

contact and kill cells entering from the vessels prominent in this tissue [2].

sFasL can be detected in serum [17] and the aqueous humor of uveitis patients

[18]. In addition, sFasL has been shown to be chemotactic for neutrophils and is

inhibitory to the apoptotic functions of FasL, but it remains to be shown if

sFasL has relevance to ocular disease.

In the retina, FasL is expressed on the retinal pigment epithelial (RPE)

cells, which comprise the outermost retinal layer, where it seems to have set up

a barrier to the outside. Interestingly, it is prominently expressed on the pho-

toreceptors (rods and cones) and throughout the neurosensory retina, where it

may play a vital protective role to these cells important to visual transduction. It

is not known if a compromise in FasL expression might lead to severe and

sight-threatening episodes of inflammation [2]. However, FasL on RPE cells

has been shown to be important in laser-induced choroidal neovascularization

(see below).

Corneal Transplantation

FasL expression in the eye is important for the success of corneal trans-

plants [13]. The cornea is the second most common tissue for transplantation in
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humans, and success rates of 80–90% are achieved without the use of systemic

immunosuppressive therapy (or even tissue matching). In a mouse model,

FasL� corneas grafted across a fully allogeneic barrier typically result in a

60–70% acceptance rate. However, when allogeneic corneas from FasL-defective

gld mice were transplanted, graft failure was near 100%. It was also demon-

strated that cells entering the FasL� grafts underwent apoptosis, while cells

infiltrating the FasL� grafts did not. The role of FasL in human corneal trans-

plantation was implicated when it was shown that humans express functional

FasL on the endothelial and epithelial layers of the cornea.

The importance of FasL to corneal integrity and protection from the

immune response was further supported in a system using heterotopic corneal

transplantation [19]. In these studies, fully allogeneic corneas were placed

beneath the kidney capsule. FasL� corneas maintained clarity for several

weeks while FasL� corneas from gld animals were rapidly rejected. As in the

orthotopic graft model, the integrity of the allogeneic cornea was maintained by

FasL expression on the corneal endothelium. Thus, FasL expression on the

cornea is vital to the survival of allogeneic corneal grafts.

Immune Tolerance

Apoptosis (by Fas/FasL and other means) is an important component in

several tolerance pathways [2, 20, 21]. In these systems, apoptotic cells are

thought to enter the cross priming pathway and promote immune tolerance.

Necrotic cells do not have this capacity and can release pro-inflammatory medi-

ators. This difference accounts for the differing ways in which the immune sys-

tem handles necrosis and apoptosis [for discussion, see ref. 6].

The first in vivo demonstration that apoptotic cells were, in fact, tolero-

genic, was done using the HSV-1 ACAID model [22]. When virus was injected

into the AC of the eye in wild-type mice, infiltrating inflammatory cells under-

went apoptosis within 48 h, and tolerance (as measured by systemic delayed-

type hypersensitivity, DTH) developed to the viral antigens. When the same

experiments were done with gld and lpr mice, where HSV-1 infection does not

result in death of inflammatory cells, DTH tolerance did not occur. Tolerance

could be reestablished in lpr mice if cell death was restored by replacing the lpr

lymphoid system with wild-type lymphoid cells, as in wild-type → lpr radiation

bone marrow chimeras. Furthermore, if the eye (containing the dead cells) of

normal mice is removed within the first 3 days of viral injection, tolerance is

not established. These enucleated mice actually become immune by displaying

a normal DTH response to the virus, suggesting that sufficient virus can leave

the eye to induce immunity, but the eye must remain intact for a time so toler-

ance can be established. We believe this allows the dead cells within the eye to

initiate the systemic tolerance response.
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Using the experimental system where trinitrophenyl (TNP)-coupled spleen

cells are injected into the eye, it became clear that cell death had a significant

role in tolerance induction. In this situation where the type of cell injected and

the recipient can be easily controlled, it became evident that the presence of Fas

on the injected cells and FasL on the eye were essential for tolerance to follow.

When either molecule was defective, immune tolerance was not established. A

surprising and interesting finding was that while it was FasL-induced death in

the eye that led to tolerance, it was the process of apoptotic cell death that was

the critical factor. This was readily shown using lpr TNP-coupled spleen cells,

which did not undergo apoptosis or induce tolerance when injected into the AC

of wild-type mice. If apoptotic cell death is initiated in these cells by lethal irra-

diation or heat shock prior to injection, tolerance develops. Death of these cells

by necrotic means, such as freeze-thaw cycles, does not work, nor is tolerance

established if apoptosis is prevented by rapid fixation or overexpression of 

Bcl-XL. The implication from these studies with virus or TNP-coupled spleen

cells was that the FasL-induced dead cells actually performed a function in the

tolerance scheme, overriding (or regulating) the induction of immunity.

Furthermore, the results implied that the presence of an anti-inflammatory

component within the apoptotic event in the eye was manifested through the

inhibition of systemic immune responses [9].

Neovascularization

Angiogenesis is a fundamental process during development and wound heal-

ing. New vessel growth, however, can be detrimental in pathologic conditions

such as retinopathy, inflammatory diseases, and tumor progression. In diabetic

retinopathy, retinopathy of prematurity, and age-related macular degeneration,

vessel growth itself causes retinal detachment and loss of vision. In a mouse

model of age-related macular degeneration (laser-induced choroidal neovascular-

ization), Kaplan et al. [23] showed that vessel growth beneath the retina was exac-

erbated in gldmice compared to wild-type mice. It was further demonstrated that

it was FasL on retinal pigment epithelium that regulated the spread of the new

vessels induced by laser damage. Similarly, in the mouse model of retinopathy of

prematurity, exposure to oxygen induces more severe neovascularization in gld

compared to wild-type mice [24]. Finally, corneal neovascularization, an import-

ant component of graft rejection and corneal disease, is also regulated by FasL

expression [25]. Thus, FasL not only controls invasion of the eye by lymphocytes,

it blocks the growth of blood vessels that can damage the eye and impair vision.

Clearly, the exclusion of a sight-threatening process such as blood vessel growth

shows that the principles of ‘privilege’ extend to other physiological processes.

It is interesting that gld and lprmice have eyes that appear normal [23, 24].

There are no natural abnormalities in these eyes and we have not found
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evidence for increased lymphocytic infiltration in these mice. Thus, Fas and

FasL play no role in vascular development in the eye.

The Microenvironment

One important (and often overlooked) component of FasL-mediated

effects in immune-privileged sites is the site itself. In other words, the microen-

vironment for the Fas-FasL interaction influences the outcome. In the eye, for

example, Fas and FasL interact in the presence of other immunosuppressive fac-

tors, which can contribute to the function of FasL. Complementary mechanisms

known to be operative in the eye involve the constitutive expression of immuno-

suppressive cytokines, e.g. transforming growth factor (TGF)-� and vasoactive

intestinal peptide. The importance of cofactors in FasL-mediated protection of

immune-privileged sites was demonstrated by Chen et al. [26]. These authors

examined the role of TGF-� in FasL mediated tumor surveillance. They

observed that forced expression of FasL in a colon carcinoma resulted in gran-

ulocytic infiltration when the tumor was transplanted subcutaneously. When the

tumors were placed in the eye (where TGF-� and immune-privileged mediators

are abundant), granulocyte infiltration was absent and the tumors grew. Co-

expression of TGF-� and FasL conferred protection on this allograft when

transplanted to the skin. These authors further showed that TGF-� inhibited

neutrophil activation. Thus, the microenvironment consisting of FasL and TGF-

� promoted immune tolerance and graft protection [9].

It was also found that cells resistant to death induced by ocular FasL were

sensitized for Fas-mediated apoptosis by the pro-inflammatory cytokine TNF

[27]. This effect was mediated by the TNF receptor 2, not the conventional

apoptosis-inducing TNF receptor 1. The mechanism for this was downmodula-

tion of anti-apoptotic proteins within the cell, which sensitized the cells for

death. Thus, complicity between FasL and elements of the inflammatory

response exists to control inflammation.

Inducible (Induced?) Immune Privilege

While there are clearly constitutive immune-privileged sites that are pro-

tected because of their importance to survival, this status is extended to other

organs that are just as vital. These sites may want to limit the spread of inflam-

mation, but they would not want to completely prohibit the expression of immu-

nity. The anti-inflammatory effects of constitutive immune privilege might

actually be dangerous to systemic immunity because they are areas of high lym-

phoid traffic. Organs such as the liver, lung, skin, and small intestine would fall

into this category. These organs employ a strategy we call ‘inducible immune

privilege’. Here immunity is vital, lymphoid traffic is high, but out-of-control

immunity could compromise their important physiological functions.
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Induced immune privilege was first observed with superantigen deletion

where FasL expression was increased in response to T cell activation. In this sys-

tem, systemic injection of the superantigen (staphylococcal enterotoxin B) results

in rapid T cell expansion followed by deletion of the reactive cells. Deletion is

defective in lpr and gld mice, and therefore, the Fas-FasL interaction participates

in the removal of these cells [28]. It was assumed that deletion was suicide (or at

least fratricide) of responding V�8� cells. However, when radiation bone marrow

chimeras were made between gld and wild-type mice, it was discovered that

T cells from gldmice were deleted when they were present in normal mice (ruling

out fratricide/suicide). In contrast, wild-type T cells could not be deleted in gld

mice, suggesting that non-lymphoid FasL was responsible for removing Fas�

T cells. This study also showed that immunization induced an upregulation of

functional FasL in the liver and small intestine, and that this required the presence

of activated T cells. This concept was recently extended to TCR transgenic T cells

responding to peptide antigens [29]. Therefore, such inducible, peripheral, non-

lymphoid FasL may be involved in the phenomenon of peripheral deletion.

The skin also uses immune privilege to protect itself from damage. In one

elegant study, FasL induction following UV irradiation of the skin prevented the

accumulation of p53 mutations in the epidermis. This effect was absent in gld

and lpr mice [30]. UV irradiation of the skin also causes an increased FasL

expression in keratinocytes leading to the elimination of T cells in psoriasis

[31]. In these examples, organs use ‘immune privilege’ (and FasL) as a protec-

tive mechanism, but expression is induced, not constitutive.

Pro-Inflammatory Properties 
A scientist will never show any kindness for a theory which

he did not start himself

Mark Twain

The discussion thus far has focused on the anti-inflammatory properties

of FasL and its ability to induce apoptotic cell death in cells invading the eye.

There are, however, situations where FasL expression in the eye appears to

have a pro-inflammatory component. Recently, tumor cells overexpressing

wild-type FasL, membrane-bound FasL, or sFasL were injected into the eyes of

mice [32]. Tumors expressing only wild-type FasL or sFasL failed to trigger

inflammation and grew progressively. Tumors expressing only membrane-

bound FasL induced neutrophil-mediated inflammation and were rejected.

Under these circumstances, the authors concluded that membrane-bound FasL

terminates immune privilege and activates innate immunity. Whether this sug-

gests that the original function of FasL in the eye should be reevaluated or

whether these data emphasize the problems with enforced overexpression of

FasL is not clear. Of note, wild-type FasL did not terminate immune privilege
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or activate innate immunity. Since in the presence of wild-type FasL there is

both sFasL and membrane-bound FasL, this balance may block the pro-inflam-

matory aspect of this protein and promote the anti-inflammatory component.

Maybe this is why the eye expresses a form of FasL that can be soluble and

membrane bound.

Whether the results with tumor cells are physiologically relevant or yet

another example of an overexpression artifact is not clear. However, a recent

study of bacterial endophthalmitis suggests that there may indeed be a pro-

inflammatory role for FasL in bacterial infections of the eye [33]. These authors

observed that mice defective in FasL had difficulty in clearing an intraocular

infection with Staphylococcus aureus. They also observed, in contrast to obser-

vations with viral infection, that a significantly greater number of phagocytes

were recruited to the intraocular infection site in mice expressing FasL com-

pared with either gld or lpr mice. Thus, it was hypothesized that FasL activates

cells, either resident cells or possibly infiltrating neutrophils, to release factors

that attract granulocytes. These results are quite interesting and point to the

complexity of constitutive death ligand expression. Perhaps cells entering in

response to bacterial infections rapidly become resistant to Fas-mediated death.

It is even likely that important cofactors (TGF-� or TNF-�) are regulated dif-

ferently during bacterial infection. Whatever the reason, these interesting obser-

vations certainly do not suffer from the overexpression ‘problem’ from which

many studies of FasL suffer. Elucidation of this mechanism will give important

insights into the function of FasL in the eye.

TNF-Related Apoptosis-Inducing Ligand/Apo-2L
I cannot give any scientist of any age better advice than this:

the intensity of a conviction that a hypothesis is true has no

bearing over whether it is true or not

Peter Medawar

Expression and Receptors

The TNF family of cytokines influences a variety of immunological func-

tions, such as cell activation and death. Programmed cell death, or apoptosis, is

a vital process in the life of complex organisms, and this death is regulated in

situ by many intracellular and extracellular signals. For example, CD40 ligand

(CD40L; CD154) inhibits apoptotic cell death, whereas TNF and FasL function

as inducers of apoptosis in many physiological events, such as autoimmunity,

activation-induced cell death, immune privilege, and evasion of tumors from

the immune system. TRAIL (Apo-2L) is another family member capable of

inducing apoptosis and has recently received great attention because of its ther-

apeutic potential as a tumoricidal agent.
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Early studies identified two unique characteristics of TRAIL. First,

TRAIL-induced apoptosis occurs only in tumor cells or transformed cells and

not normal cells [34]. Analogous to the other death-inducing members of the

TNF family (i.e. FasL and TNF), cells undergoing TRAIL-induced death exhib-

ited many of the hallmarks of apoptosis, including DNA fragmentation, expres-

sion of prophagocytic signals (i.e. phosphatidylserine) on the cell membrane,

and cleavage of multiple intracellular proteins by caspases [34–37]. Soluble

TRAIL was tumoricidal for over 75% of the more than sixty hematopoietic and

non-hematopoietic tumor cell lines tested in vitro, suggesting that TRAIL could

be used as a broad-spectrum, anti-tumor molecule in vivo [34, 35, 38, 39].

TRAIL may be important in activation-induced cell death of T cells during HIV

infection [40]. In humans, peripheral blood T cells express TRAIL after CD3

crosslinking and type I interferon stimulation, perhaps also contributing to the

activation-induced cell death of T cells in the natural setting [41].

Second, human natural killer cells, monocytes, and dendritic cells express

TRAIL following cytokine stimulation, transforming them into potent killers of

tumor cells [42–44]. Recent work has revealed that CpG-containing oligonu-

cleotides are also potent inducers of TRAIL on human peripheral blood mononu-

clear cells (especially monocytes and B cells) via an interferon-�-dependent

mechanism [45]. In contrast to other TNF family members whose expression is

tightly regulated and often transiently expressed, mRNA for TRAIL is detected in

a wide range of tissues, including peripheral blood lymphocytes, spleen, thymus,

prostate, ovary, small intestine, colon and placenta [34].

Unlike FasL and TNF, which interact with a single or pair of receptors,

respectively, TRAIL specifically binds to five distinct receptors: DR4 [46],

DR5/TRAIL-R2 [47–49], TRID/DcR1/TRAIL-R3 [47, 48, 50], TRAIL-

R4/DcR2 [38, 51] (hereafter referred to as TRAIL-R1, -R2, -R3, and -R4,

respectively), and osteoprotegerin (OPG) [52]. Both TRAIL-R1 and TRAIL-R2

contain a cytoplasmic death domain, and crosslinking by TRAIL or receptor-

specific monoclonal antibodies activates the apoptosis signaling pathway in

sensitive cells [37, 46–49]. In contrast, neither TRAIL-R3 (which is glycosyl-

phosphatidyl inositol linked) nor TRAIL-R4 (which is a type I membrane pro-

tein) contains a complete cytoplasmic death domain, and neither can mediate

apoptosis upon ligation [38, 47, 48, 50, 51]. OPG is a soluble receptor capable

of binding to TRAIL in vitro and blocking TRAIL-induced apoptosis [52].

Because TRAIL-R3, TRAIL-R4, and OPG bind to TRAIL without directly sig-

naling for cell death, it was initially proposed that these receptors inhibit

TRAIL-induced apoptosis by acting either as membrane-bound or soluble

antagonistic receptors [47, 48, 50, 52] or via transduction of an anti-apoptotic

signal [38]. Therefore, the presence or absence of TRAIL-R3, TRAIL-R4,

and/or OPG was thought to determine whether a cell is resistant or sensitive,
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respectively, to TRAIL-induced apoptosis [47, 48, 51, 52]. Further investigation

of many tumor cell lines, however, disproved this theory as the sole mechanism

regulating TRAIL sensitivity and resistance [36, 44].

Immune Privilege
An animal’s eyes have the power to speak a great language

Martin Buber 

The importance for FasL in maintaining immune privilege was highlighted

by studies in the eye, testis, and placenta [2, 22, 53, 54]. Because of its ability to

kill activated lymphocytes and having the highest homology with FasL, investiga-

tion into the potential of the TRAIL-TRAIL receptor system to protect these same

sites from immune attack was also explored. Indeed, TRAIL performs many of

the same functions within the eye and placenta. Within the eye, TRAIL is consti-

tutively expressed on numerous ocular structures, including the cornea and retina

[3], suggesting a role for TRAIL in tumor surveillance within the eye. Ocular

expression of TRAIL may also explain the paucity of clinical cases of ocular

tumors; however, it is unknown whether TRAIL plays any role in the success of

corneal transplants. Studies investigating the expression of TRAIL in first

trimester placentas found prominent expression in syncytiotrophoblasts, where it

was localized primarily to the apical brush border [55]. In addition, TRAIL was

present on villous stroma and stromal cells, particularly the Hofbauer cells (pla-

cental macrophages), amnion epithelial cells, and maternal decidual cells.

Expression was low to absent in fibroblastic mesenchymal cells and endothelial

cells. In addition to the high level of TRAIL expression, trophoblasts also

expressed significant levels of the nonsignaling TRAIL receptor, TRAIL-R3.

Based on the expression of these two molecules, it was concluded that TRAIL

may be an important contributor to immune tolerance during pregnancy.

Examination of TRAIL in the mouse eye reveals several findings relevant to

immune privilege. It was found that TRAIL mRNA and protein are constitutively

expressed on numerous ocular structures, including the cornea and retina [3]. The

pattern of expression for TRAIL in the eye is remarkably similar to that of FasL,

where these ligands are positioned at sites of interaction between the internal struc-

tures of the eye and the ‘outside’ world. FasL/TRAIL expression on the corneal

epithelium can prevent cells from entering from the conjunctiva, while expression

in vascularized iris can prevent entry of cells via iris blood vessels, whereas

expression on the corneal endothelium protects this very important single layer of

non-regenerating cells essential to the maintenance of corneal integrity and clarity.

Expression on the RPE cell forms a barrier between the photoreceptors and the

vascularized choroid. It is interesting to note that most ocular tumors take up resi-

dence in the choroid, just outside the barrier formed by TRAIL and FasL. Recently,

TRAIL receptor was documented on ocular melanomas, suggesting that TRAIL
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may be a potential target for these tumors. However, these data were derived

from analysis of long-term cultured cell lines. Thus, the importance of the

TRAIL/TRAIL-R system to primary ocular melanomas is uncertain.

Most importantly, ocular tissue displays functional TRAIL as determined

by in vitro killing of TRAIL-sensitive tumor cell lines. When TRAIL-sensitive

tumors (that were not FasL sensitive) were injected into the AC of the eye, the

growth of these cells was significantly inhibited compared to TRAIL-insensitive

cells [3]. The relative contribution of TRAIL and FasL for tumor cell killing in

the eye was also examined. It was found that ocular tissue can kill cells via either

ligand. This suggests that a compensatory mechanism between TRAIL and FasL

might exist. This may help explain why FasL-defective gld mice or TRAIL�/�

mice do not show spontaneous inflammation. When gld � TRAIL�/�mice are

generated, this question can be more directly addressed. Whether TRAIL serves

any function in corneal transplantation, the induction of systemic tolerance, or

the regulation of herpes simplex virus replication is currently unknown.

However, there is good physiological evidence for ocular TRAIL expression, and

a role for this molecule in tumor surveillance in an immune privileged site.

Conclusions

A conclusion is the place where you got tired thinking

Martin Henry Fischer

The protection of the visual axis by inhibitors of inflammation is well doc-

umented. It is clear that the constitutive expression of inhibitory cytokines,

inhibitory neuropeptides, the blood-ocular barrier, FasL, and TRAIL provide a

basis for immune privilege. Studies examining how these mediators collaborate

to ensure immune privilege is the challenge for the future.
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Abstract
The immune-privileged status of the anterior chamber of the eye is altered in experi-

mentally induced intraocular inflammation and in the pigment dispersion syndrome of

DBA/2J mice. However, the eye has developed multiple mechanisms to maintain ocular

immune privilege even in the presence of intraocular inflammation.

Copyright © 2007 S. Karger AG, Basel

Ocular immune privilege depends upon the integrity of the anatomical and

biochemical structures of the eye and is important in preventing the loss of

vision from the innate and adaptive immune responses to potential ocular

pathogens [1]. It was assumed that ocular immune privilege and inflammation

could not coexist and that intraocular inflammation would damage and elimi-

nate immune privilege. In the past 6 years, we have tested this assumption and

systemically analyzed how intraocular inflammation can alter ocular immune

privilege. Our results indicate that the eye has developed multiple mechanisms

to maintain ocular immune privilege with a new mechanism used to establish

immune privilege when the old mechanism is destroyed.

Indicators of Ocular Immune Privilege

There are at least four signs that ocular immune privilege may exist in the

anterior chamber (AC) of the eye: (1) integrity of the blood-aqueous humor

(AH) barrier [2]; (2) the immunosuppressive microenvironment of the eye; (3)

the capacity of the eye to support AC-associated immune deviation (ACAID)

Immune-Mediated Ocular Diseases
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[6, 7], and (4) survival of a foreign tissue graft in the AC. (1) The tight epithe-

lial junctions of the iris and ciliary body prevent the leakage of plasma proteins

and the infiltration of leukocytes from the circulation into the eye. (2) AH has

the capacity to suppress the function of both innate immunity (e.g. macro-

phages) and adaptive immunity (e.g. T cells) [3]. The ocular immunosuppres-

sive microenvironment can be analyzed in vitro by studying the capacity of AH

to suppress T cell proliferation stimulated by anti-CD3 monoclonal antibody

(2C11) [4]. Small neuropeptides and latent transforming growth factor (TGF)-

� are present in native AH. Since most of the TGF-� is in its latent form and

must be activated to have biological effects, it is believed that small neuropep-

tides are the major source of immunosuppression in native AH [5]. (4) Survival

of a foreign tissue graft in the AC is direct evidence of immune privilege [8]. A

conventional measurement is the survival of DBA/2-derived mastocytoma P815

tumor cells in the AC of BALB/c mice. DBA/2 and BALB/c mice share the

same major histocompatibility complex but differ in minor histocompatibility

antigens. P815 tumor cells are rejected and never form a tumor if they are

placed in a conventional immunological site, such as the subcutaneous space, in

BALB/c mice. However, P815 cells survive and form tumors if they are placed

in the AC of BALB/c mouse eyes. Survival of P815 tumor in the BALB/c

mouse eye is a direct indicator of ocular immune privilege. Similarly, survival

of the BALB/c-derived, chemically induced colon carcinoma cell line

CT26.WT [9] in the AC of DBA/2J mice is direct evidence of ocular immune

privilege.

Animal Models of Intraocular Inflammation

The immune-privileged status of the eye has been analyzed in the follow-

ing models of intraocular inflammation.

Experimental autoimmune uveitis (EAU) [10, 11] was induced by immu-

nizing subcutaneously B10.A mice with the ocular autoantigen interphotore-

ceptor binding protein in complete Freund’s adjuvant (CFA). This form of

intraocular inflammation is a Th1-mediated disease that persisted for more than

28 days. AH protein levels increased and peaked at 11 days (4–5mg/ml) and

then decreased at 28 days. Leukocytes began to appear in the AH at 11 days and

continued to increase so that on day 28, the AH leukocyte count reached 140/�l.

Endotoxin-induced uveitis (EIU) was induced by systemically administer-

ing a large amount (200�g) of lipopolysaccharide (LPS; systemic EIU) [11,

12] in C3H/HeN mice. Systemic EIU lasted for 2 days after LPS administra-

tion. The intraocular inflammation reached a peak at 12 h with AH protein lev-

els at 6mg/ml and leukocyte counts at 70/�l. The presence of ACAID was not
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tested in these animals because the large amount of LPS received by these mice

prevented the development of delayed-type hypersensitivity (DTH).

EIU was also induced by intravitreal injection of a tiny amount (1 ng) of

LPS (local EIU) [4]. In order to produce an intense intraocular inflammation in

BALB/c mice without influencing the systemic immune system, one ng of LPS

was injected into the vitreous cavity of the BALB/c mouse. This intravitreal

LPS-induced uveitis lasted 48 h. AH protein levels reached a peak at 6 h

(35mg/ml) and AH leukocyte counts peaked at 9 h (3500/�l) after injection.

P815 tumor cells inoculated into the AC demonstrated the existence of ocular

immune privilege since uveitis was induced in BALB/c mice.

Mycobacterium tuberculosis (MT) adjuvant-induced uveitis (MTU) [13]:

intravitreal injection of 15�g of MT adjuvant induced severe inflammation in

BALB/c mouse eyes. The uveitis lasted for 8 days after injection. AH protein

levels peaked after 9–24 h (18–23mg/ml) and AH leukocyte counts peaked at

12 h (6,830/�l).

Pigment dispersion syndrome (PDS) [14]: DBA/2J mice spontaneously

developed PDS and intraocular inflammation as they aged. The inflammation

lasted more than 6 months. The blood-aqueous barrier was compromised when

the mice were 4 months old and AH protein levels continued to increase

through 10 months. Leukocytes began to appear in the AC after 6 months,

reached a peak at 7 months, and then decreased by 10 months [15].

Influence of Inflammation on the Ocular Immunosuppressive

Microenvironment

AH humor harvested from eyes with EAU [11] and systemic EIU [16, 17]

transiently lost their capacity to suppress T cell proliferation. The AH contained

IL-6, which is mitogenic to T cells, and the loss of the AH capacity to suppress

T cell activation correlated with the production of IL-6. Furthermore, blocking

IL-6 activity in the AH with neutralizing antibodies enabled the AH to re-

acquire its capacity to suppress T cell activation. TGF-� was activated in the

AH from eyes with EAU and systemic EIU, and was responsible for the return

of the capacity of the AH to suppress T cell activation after IL-6 activity was

neutralized. The capacity of the AH to suppress T cell activation in EAU eyes on

days 17 and 28, when IL-6 was no longer detectable, was also dependent on

active TGF-�. Although normal AH inhibits T cell activation, it is the small

neuropeptides, such as vasoactive intestinal polypeptide, which are responsible

for T cell suppression since most of the TGF-� in the AH is in its latent form.

Therefore, a secondary immunosuppressive microenvironment was reestab-

lished in these inflamed eyes by transforming latent TGF-� to its active form.
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The reappearance of T cell suppression activity in the AH preceded resolution

of EAU, a self-limited, autoimmune intraocular inflammatory disease.

AH collected from eyes with local EIU and MTU never lost its capacity to

suppress T cell activation even though the AH also contained IL-6 [4, 13]. The

injection of LPS or MT adjuvant directly into the eye induced a large increase in

AH protein levels, which was able to neutralize the mitogenic activity of IL-6.

Of particular interest is the failure of AH from DBA/2J mice with PDS to

suppress T cell activation [15]. In DBA/2J mouse AH, the capacity to suppress

T cell activation was lost already at 2 months of age when there were no clinical

signs of intraocular inflammation or pigment dispersion. The T cell-suppressive

capacity of the AH never appeared in DBA/2J mice, even though intraocular

inflammation and pigment dispersion from the iris and ciliary body continued

to progress, leading to the destruction of ocular tissues, the blockage of AH

outflow drainage pathway, an increase in intraocular pressure, and the develop-

ment of glaucomatous optic neuropathy. It seems that eyes that experience a

self-limited, autoimmune disease, such as EIU, and eyes that have progressive

destruction from inflammation, such as PDS, differ in their capacity to reestab-

lish an intraocular immunosuppressive microenvironment.

Influence of Inflammation on the Induction of ACAID

Soluble ovalbumin (OVA) was injected into the inflamed AC of the mouse

eye to study the capacity of an inflamed eye to support ACAID induction. One

week later, the mouse was immunized subcutaneously with OVA plus CFA,

then after another week, OVA was injected into the ear dermis and DTH (ear

thickness) was measured at 24 h. Injection of OVA into the AC of the EAU eye

[11] on day 17 after immunization with interphotoreceptor binding protein

failed to suppress DTH, indicating loss of the capacity to induce ACAID by the

EAU eye. In contrast, injection of OVA into the local EIU [4] eye induced

ACAID even though the eye was experiencing a much more intense intraocular

inflammation, as documented by the amount of total protein and number of

leukocytes in the AH. These results suggest that ACAID can be induced in an

eye with a severely compromised blood-aqueous barrier and intense intraocular

inflammation. Furthermore, the type of intraocular inflammation and not the

intensity of inflammation is the determining factor.

EAU is mediated by Th1 effector cells which produce IFN-�. It has been

reported that the local intraocular production of IFN-� by transgenic mice also

failed to support ACAID induction [18]. It is possible that only the eye with a

Th1 immune response cannot induce ACAID. To test this hypothesis, we used

the model of MTU. MT organisms in CFA induce T cells to differentiate down
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the Th1 pathway. Injection of CFA into the vitreous cavity of BALB/c mouse

eyes induced the production of IL-12 [13]. Injection of OVA into the AC of

these eyes, 3 h after intravitreal adjuvant, failed to induce ACAID and corre-

lated with the production of intraocular IL-12. Furthermore, MTU eyes recov-

ered their capacity to induce ACAID when OVA was injected on day 8 when

there was no IL-12 in the AH. Whether intraocular IL-12 is responsible for the

failure of MTU eyes to support ACAID induction will require further study

using neutralizing antibodies.

Pigment continues to be released from the iris and ciliary epithelium as

DBA/2J mice age. These melanin particles float in the AH, and adhere to the

surface of the lens, iris, and cornea [14]. Melanin particles are known to have

adjuvant activities that enhance Th1-mediated DTH. IL-18, also known as IFN-

�-inducing factor, is a major stimulant of Th1 differentiation. A significant

increase in IL-18 gene expression and IL-18 protein production were detected

in the iris, ciliary body, and AH of DBA/2J mouse eyes as they aged, suggesting

the existence of Th1 immunity in these eyes. Injection of OVA into the AC of 2-

month-old DBA/2J mice marginally suppressed DTH. However, the injection of

OVA into 4- and 6-month-old DBA/2J mouse eyes failed to induce ACAID.

These results strongly support the hypothesis that ACAID cannot be induced in

eyes with Th1 type immunity (IL-12, IL-18, and IFN-�) – i.e. Th1 immunity-

destroyed ACAID induction.

Surprisingly, the injection of OVA into 7-month-old DBA/2J mouse eyes

induced ACAID (fig. 1) even though Th1 intraocular inflammation was ongo-

ing. It is possible that the aged DBA/2J mice might have developed an alterna-

tive mechanism to regain the ability to induce ACAID in the presence of a Th1

immune response. Interestingly, it was reported that the density of nerve termi-

nals in the iris and ciliary body, containing calcitonin gene-related peptide,

increased as the mice aged and that these nerve terminals surrounded the

F4/80� antigen-presenting cells within the eye [19]. Subcutaneous injection of

calcitonin gene-related peptide was observed to overcome Th1-mediated skin

DTH [20], possibly through an IL-10-dependent mechanism [21], or through

the secretion of Th2 cytokines, such as IL-4 [22]. Whether 7-month-old

DBA/2J mouse eyes used calcitonin gene-related peptide or other neuropep-

tides as an alternative mechanism to re-establish ACAID requires further study.

Influence of Inflammation on Ocular Immune Privilege

Immune privilege can be assessed directly by observing the survival of

minor histocompatibility-incompatible tumor cells in the AC of mouse eyes.

Despite the intense intraocular inflammations of local EIU and MTU in



Mo/Wang/Kaplan 160

BALB/c mouse eyes, DBA/2-derived mastocytoma P815 tumor cells survived

and formed tumors in those inflamed eyes, and the growth of P815 tumor in

these inflamed eyes was comparable to that in normal, uninflamed BALB/c

eyes. Thus, it appeared that immune privilege was not lost in eyes with local

EIU or MTU [4, 13]. The results suggested that multiple mechanisms are devel-

oped by the eye to maintain immune privilege, and that an intact, anatomical

blood-aqueous barrier is not required for immune privilege.

In 7-month-old DBA/2J mouse eyes, the blood-aqueous barrier was

breached, the AH humor failed to suppress T cell activation [15], and ACAID

induction was only recently restored (fig. 1). BALB/c-derived CT26.WT tumor

cells were injected into the AC of 7-month-old DBA/2J eyes to test immune

privilege. The transplanted CT26.WT cells survived although tumor growth

was delayed compared to 2-month-old DBA/2J mice, implying a compromised

immune privilege in these eyes. However, these tumors continued to grow, and

eventually completely filled the AC, indicating that immune privilege was only

Fig. 1. Induction of OVA-specific ACAID in 7-month-old DBA/2J mice. OVA was

injected (50�g in 2�l HBSS) into the AC of one eye of 7-month-old DBA/2J mice; 7 days

later, these mice were immunized with 100�g s.c. OVA emulsified 1:1 in CFA (total volume

100�l). Positive control mice received subcutaneous immunization without any previous

exposure to OVA. After another 7 days, 200�g/10�l OVA were injected intradermally into

one ear pinna, and swelling of the injected ear was assessed 24 h later using an engineer’s

micrometer (Mitutoyo 227-101). Negative controls received only intrapinna injections of

OVA. Ear swelling is expressed as: 24-hour measurement of the ear – 0-hour measurement of

the ear. *p � 0.01 vs. positive control.
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temporarily compromised. Thus, a disrupted blood-aqueous barrier did not

interfere with either the ability to maintain an immunosuppressive microenvi-

ronment (i.e. induce ACAID) or immune privilege in the 7-month-old DBA/2J

mouse eye.

Neural Control of Ocular Immune Privilege and Inflammation

The eye is extensively innervated by sensory and autonomic nerves,

including sympathetic and parasympathetic nerves [23]. These nerve terminals

contain neuropeptides that have immune-modulating capability. The corneal

surface is innervated by the trigeminal nerve entering from the limbus and

extending toward the central cornea [24]. Stimulation of the corneal surface

elicits a local ocular stress response in which the blood-aqueous barrier breaks

down [25] and plasma proteins, including inactive proenzyme proteins such as

plasminogen, leak into the AH, and intraocular pressure increases. Corneal

stimulation also induces a systemic stress response through the trigeminal path-

way, activating the sympathetic nervous system, leading to an increase in heart

rate, arterial pressure, and plasma concentrations of adrenocorticotropin, epi-

nephrine, and norepinephrine [26].

Ocular sympathetic innervation appears to regulate ocular immune privi-

lege. Although most of the TGF-� in normal AH is in a latent form, a small

amount of active TGF-� is still detectable indicating an ongoing mechanism

that continuously transforms latent TGF-� into its active form. Superior cervi-

cal ganglionectomy of mice effectively eliminated sympathetic innervation of

the eye, significantly lowered the amount of active TGF-� in the AH [27], and

abrogated immune privilege for P815 tumor cells. Apparently, the sympathetic

nervous system contributes to the maintenance of intraocular immune home-

ostasis by activating a small amount of TGF-� and is essential for the support of

ocular immune privilege.

Corneal innervation also contributes to the existence of ACAID within the

eye. A circumferential, non-penetrating cut of the cornea eliminated nerve

axons on the corneal surface and stroma extending from the limbus [28]. These

eyes lost their capacity to support ACAID when an antigen was injected into the

AC, suggesting that afferent neural stimuli from the cornea were important for

this phenomenon. Since introduction of antigen into the AC is accompanied by

penetrating trauma to the cornea, we analyzed the effect of a simple corneal

injury on ACAID. Scratching of the central cornea, using the tip of a 30-gauge

syringe needle, induced an immediate disruption of the blood-aqueous barrier,

causing plasma proteins to enter the AC (fig. 2). Accordingly, the amount of

active TGF-� in the AH rapidly increased and reached a peak in 30min. It
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seems that the eye responds to corneal trauma by immersing ocular tissues with

active TGF-� that establishes a new immunosuppressive microenvironment.

The mechanism by which the latent form of TGF-� in the AH was activated

is not known. It has been established that neurons in the iris and ciliary body

contain large amounts of tissue plasminogen activator [29]. Since tissue

plasminogen activator was released into the AH upon sympathetic stimulation

Fig. 2. Total proteins and active TGF-� activity in AH after corneal injury. A scratch

was placed on the central cornea with the tip of a 30-gauge syringe needle of 2-month-old

BALB/c mice under systemic anesthesia. AH was collected and pooled from eyes at different

times after the scratching. Total protein content in the AH was analyzed using the BCA pro-

tein assay kit. TGF-� activity in the AH was analyzed by a bioassay using mink lung cells.
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[30], it is reasonable to postulate that activated plasminogen within the trauma-

tized eye formed plasmin, and that plasmin split products converted the latent

TGF-� into its active form [31]. Consistent with this mechanism is our recent

observation that after the injection of OVA into the AC, active TGF-� can be

found in the AH [32]. In vitro experiments have shown that active TGF-� can

transform macrophages into ACAID-inducing antigen-presenting cells [33]. The

induction of ACAID after the injection of antigens into the AC may be a sec-

ondary ocular stress response to the trauma involving the activation of TGF-�.

In summary, it appears that there are multiple mechanistic layers to the

preservation of immune privilege in the eye. The first layer involves an intact

anatomical blood-ocular barrier and immunosuppressive neuropeptides in

native AH. The second layer relies on the ability of the eye to re-establish an

immunosuppressive microenvironment by activating latent TGF-� and reestab-

lishing ACAID. The third layer involves a mechanism that is not yet identified,

but that has the ability to overcome a Th1 intraocular immune response and to

reestablish ACAID, as shown in 7-month-old DBA/2J mice. Understanding

these mechanisms should help us to develop new treatments to prevent damage

to the eye from inflammation that is a protective response against pathogens

that present a danger to the integrity of the eye.
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Abstract
Allergic conjunctivitis is a response to environmental allergens, as well as a genetic

predisposition of the patient. It is classified as either acute (seasonal allergic conjunctivitis)

or chronic (perennial allergic conjunctivitis, vernal keratoconjunctivitis, atopic keratocon-

junctivitis and giant papillary conjunctivitis). The immune mechanism of these diseases will

be discussed, as well as the allergic response to contact lens wear.

Copyright © 2007 S. Karger AG, Basel

Typical eye allergy develops when pollen and dust come into contact with

the eye and activate mast cells in the conjunctiva leading to mast cell degranu-

lation and, thus, the release of histamine, prostanoids, kinins, proteases and

other pro-inflammatory mediators. Acute allergic conjunctivitis is a type I IgE-

mediated response while chronic conjunctivitis is a mixed cell response, mainly

consisting of eosinophils and basophils [1, 2]. The main symptoms of allergic

conjunctivitis are burning, itching, and a watery and ropy discharge; the main

signs are redness, chemosis of the conjunctiva, and edema of the lids. Due to

the chronic nature of atopic and vernal keratoconjunctivitis, there is frequently

vision loss due to corneal involvement [3].

Mechanism of Ocular Allergy

In all forms of allergic eye disease, the clinical response is due to mast cell

activation either directly via antigen-mast cell linkage, or by T cell activation of

mast cells, resulting in mast cell release of inflammatory factors and cytokines.

In the milder forms of allergic eye disease, such as seasonal allergic conjunc-

tivitis (SAC) and perennial allergic conjunctivitis (PAC), mast cell numbers
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alone are increased, while in vernal keratoconjunctivitis (VKC) and atopic ker-

atoconjunctivitis (AKC), mast cell and T cell numbers are increased [4, 5]. In

the normal subject, there are few conjunctival T cells, and those that are present

are naïve; in chronic allergic conditions, i.e. AKC, VKC and giant papillary

conjunctivitis (GPC), there is an increase in CD4 memory T cells. In VKC and

GPC, 50% of T cells co-express CD45RO and CD45RA suggesting that T cells

may be produced locally. In contrast, these cell surface markers are rare in

AKC, a disease associated with systemic atopy, suggesting that these T cells are

recruited from circulating memory T cells [6, 7].

Conjunctival mast cells exist in two forms, characterized by their staining

pattern to the proteases tryptase and chymase. The MCTC form (found in the

skin) contains both tryptase and chymase, and the MCT form (found in mucus

membranes and increased in aero-allergen-driven disease) contains tryptase

only [8]. The latter is increased in allergic eye disease.

The Role of Mast Cells

Mast cell activation results from a multivalent allergen cross-linking cell

surface IgE with high affinity Fc�RI mast cell receptors [9]. Conjunctival mast

cell activation leads to the release of histamine and locally synthesized media-

tors, e.g. prostaglandin D2, leukotriene C4, tryptase, chymase, carboxypeptidase A,

cathepsin G, and platelet-activating factor, a powerful eosinophil chemotactic

agent and other eosinophil and neutrophil chemoattractants. Allergen challenge

in atopic patients leads to an early phase response, which is maximal at 20min,

with increased tear levels of histamine, the mast cell protease tryptase,

leukotrienes and eosinophils [10].

At 6 h there is a dose-dependent late phase response, with a second peak in

tear concentrations of histamine and eosinophil cationic protein levels. Tryptase

is not increased, suggesting that either mast cells are still degranulated, or that

other cells such as basophils, whose conjunctival numbers are increased at this

stage, are involved. The tissue adhesion molecules E-selectin and ICAM-1, but

not VCAM-1, are increased at 6 h consistent with the increased conjunctival

levels of granulocytes and eosinophils [11]. IgE is produced in the conjunctiva,

under mast cell control, and most patients with allergic eye disease have a posi-

tive family history of atopy with raised serum and tear levels of allergen-

specific IgE. Mast cells induce B cell IgE production independently of T cells,

suggesting that mast cells may be involved in the autoregulation of IgE produc-

tion through the CD40/CD40 ligand [12].

The clinical effectiveness of the histamine H1 receptor antagonist emedastine

supports the involvement of mast cells in allergic eye responses; emedastine
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potently inhibited histamine-induced secretion of interleukin (IL)-6, IL-8 and

granulocyte-macrophage colony-stimulating factor, as well as the topical mast

cell stabilizers, e.g. sodium cromoglycate, lodoxamide [13, 14] and nedocromil

[15], which reduce tear concentrations of tryptase. Topically applied antihista-

mines (e.g. levocabastine [16]) and systemic histamine H1 receptor antagonists

(e.g. astemizole, terfenadine and loratadine) are also effective in the treatment

of SAC and PAC [17].

Mast cell release of histamine and leukotrienes contributes to the inflam-

matory response by the recruitment of eosinophils and neutrophils. Eosinophil

numbers are also increased in the chronic forms of allergic eye disease [18]. In

AKC and VKC, they are not only increased in the deep layers of the conjunctiva

(lamina propria) but also migrate into the epithelium [19]. In VKC, there are

increased tear levels of eosinophil cationic protein, eosinophil granule major

basic protein and Charcot-Leyden crystal protein. Eosinophil granule-derived

proteins have been localized to the base of vernal ulcers [20]. Neutrophil num-

bers are also increased in the conjunctiva of atopic subjects after allergen chal-

lenge [17]. Histamine, through H1 receptors in the conjunctiva, appears to

couple to inositol phosphate, increasing intracellular calcium, and results in the

development of pruritus. Histamine stimulation of H2 receptors on the ocular

surface causes vasodilation [11].

Cytokine Responses

How does the mast cell influence the conjunctival allergic response apart

from the release of inflammatory factors? The mast cell has been shown to

store, release and synthesize the cytokines IL-4, IL-5, IL-6, IL-8, IL-13 and

tumor necrosis factor (TNF)-� [21]. Recent work has shown that the two types

of conjunctival mast cells are heterogeneous with respect to cytokine storage

[22]. In SAC, IL-4 and IL-13 are predominately localized to MCTC cells while

IL-5 and IL-6 are localized to MCT cells. IL-4 promotes T cell growth, induces

the switching of B cells from IgM to IgE production and directs Th2 differenti-

ation. In the mast cell, there are two types of IL-4. One form is contained in

granules throughout the cytoplasm (i.e. the stored form) and found in inactive

SAC, and the other is found in increased amounts only in the cell membrane in

active SAC [23].

In situ hybridization techniques using riboprobes to IL-4 mRNA have

demonstrated the production of IL-4 within the mast cell [24]. The adhesion

molecule VCAM-1 is under the regulatory influence of IL-4 and is strongly

expressed in VKC but not in SAC [25]. It has been shown that there is a corre-

lation between the level of adhesion molecule expression, the activity of the
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allergic eye disease and the different types of inflammatory cell infiltrates

encountered [26]. There is a positive correlation between ICAM-1 and 

E-selectin levels with granulocyte and lymphocyte infiltration, and VCAM-1

expression with eosinophil infiltration [27]. Thus, VCAM-1 levels are higher in

VKC than in SAC, and the conjunctival levels of CD4�T cells and eosinophils

are increased in VKC but not SAC.

Stem Cell Factor and TNF-�

Stem cell factor (SCF) is an essential growth factor for mast cells, and

enhances IgE-dependent mast cell mediator release, as well as cytokine genera-

tion and release, and is a chemoattractant for mast cells [28]. It has recently

been shown that the mast cell not only stores but also manufactures SCF, and

there is a fourfold increase in SCF in SAC giving the mast cell the potential for

its own autoregulation [11].

TNF-� is an early mediator of the conjunctival allergic response. The mast

cell may be a source of TNF-� with its release following the activation of IgE

[29]. It is also produced by lymphocytes, neutrophils and eosinophils and

upregulates endothelial cell adhesion molecules leading to the recruitment of

inflammatory cells. Conjunctival tissue levels of TNF-� have not been found to

be significantly increased in SAC.

Seasonal and Perennial Allergic Conjunctivitis 

The symptoms and signs of SAC and PAC include burning, itching, watery

discharge, conjunctival redness, chemosis and fine follicles. The follicles result

from the release of mediators such as histamine, leukotrienes and prostaglandins.

This early phase reaction is followed by a late phase reaction in which eosinophils

and T lymphocytes are the predominant cells.

Mast cells have been discovered as a source of Th2-type helper cytokines,

IL-4, IL-5, IL-6 and IL-13 [12]. MCTC secrete IL-4 and IL-13 while MCT
release IL-5 and IL-6 [30]. The latter is the predominant type in ocular allergy.

The release of such cytokine mediators from mast cells helps in eosinophil

recruitment, activation and inflammatory cell mediator release [30]. High

levels of TNF-� upregulate intracellular adhesion molecules on conjunctival

epithelial cells, which in turn mediate the epithelial leukocyte interaction with

an increase in IL-5. There is also a decrease in IL-10, which has anti-inflammatory

properties [27].
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Using the presence of the neutral protease tryptase as an immunohisto-

chemical marker, mast cell numbers have been found to be raised in SAC and

PAC. IgE is the activator of mast cells and is bound to high affinity receptors

Fc�RI on the cell surface. There are raised levels of allergen-specific IgE in

patients with a history of atopy [29, 31]. The symptomatology of SAC and PAC

relates to the number of mast cells present in the conjunctiva. SCF regulates

mast cell growth and maturation. It is a chemoattractant for mast cells and

enhances IgE-dependent mast cell mediator release and cytokine generation.

Pro-inflammatory cytokines IL-4 and IL-5 are stored in the eosinophils and are

essential for the growth and differentiation of eosinophils [29].

As mast cells and eosinophils are the main cells observed in the conjuncti-

val allergic response, the role of IL-4 in the allergic response is very important.

It is involved in the switching of B cells from IgM to IgE, T cell growth and Th2

differentiation. The IL-4 gene cluster is on chromosome 5 which includes IL-3,

IL-4, IL-5 and IL-13 [32].

The medical treatment of SAC and PAC includes topical vasoconstrictors

and the H1 receptor blocker, olopatadine. The combined treatment with both of

these agents provides greater relief. The mast cell stabilizer sodium cromogly-

cate is used for prevention rather than treatment, inhibiting the initial release of

inflammatory mediators. The use of steroids remains limited to serious symp-

toms and its long-term use could result in cataract and glaucoma.

Vernal and Atopic Keratoconjunctivitis 

VKC and AKC are the most severe atopic disorders because of their chronic-

ity and their potential to involve the cornea and subsequently impair vision. The

role of genetic and environmental factors remains unclear. Vernal disease is com-

monly seen in pediatric patients and it is characterized by intense pruritus and

copious mucus secretion, giant papillae in the upper tarsus and the presence of

gelatinous nodules around the limbus, with or without Trantas dots [1].

Although the pathogenesis of this disorder remains unknown, there is a

contribution of both type I and type IV hypersensitivity reactions [33]. There is

a genetic predisposition to this disease leading to an imbalance between Th2

and Th1 cells, which favors IgE synthesis [34].

AKC is found in atopic dermatitis patients and is the most severe of the

allergic conjunctival diseases [34, 35]. Occasionally, these patients may have

episcleritis, scleritis and even uveitis – whether these disorders are related to

atopy or are just chance associations remains unknown. Individuals suffering

from generalized allergic disorders are at a greater risk of contact lens-induced

allergy.
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Local Contact Lens-Induced Allergic Conjunctivitis

Contact lens-induced papillary conjunctivitis (GPC) appears to be an aller-

gic response to the contact lens, to the preservatives in the contact lens solution

or to deposits on the contact lens [36].

Giant Papillary Conjunctivitis 

GPC is a chronic inflammatory process leading to the production of giant

papillae (�0.3mm) on the tarsal conjunctiva lining the upper eye lids (fig. 1).

The condition occurs in patients who wear soft contact lenses, an ocular pros-

thesis or have unburied sutures after surgery [37]. The etiology is uncertain

and probably multifactorial, but the clinical picture resembles that of VKC

[38]. It seems to be a delayed-type hypersensitivity reaction. The symptoms

are pseudoptosis, redness, irritation, mucoid discharge, blurring of vision,

tearing and photophobia. The eye is dry and the upper eye lid will show the

characteristic giant papillae on the tarsal, and sometimes in the forniceal,

conjunctiva (fig. 1). Mucous, cell debris and microorganisms are frequently

found on the lenses and play a pathogenic role in GPC [39]. The immune priv-

ilege of the eye may reduce the incidence of intraocular inflammation.

However, the lens produces a continuous antigenic stimulus evoking a local-

ized allergic reaction in the upper tarsal conjunctiva [40]. Hard contact lenses

wearers are rarely affected and GPC appears to occur after longer periods, up

to 8 years [38]. Allergic and dry eye symptoms improve by switching to a

disposable form of soft contact lenses [41]. The condition is more common in

patients with a history of asthma, rhinitis or hay fever-type allergic reaction

(SAC).

Fig. 1. a Upper tarsal conjunctiva in a contact lens-wearing patient showing giant pap-

illary reaction. b Upper fornix (double eversion of upper lid) showing giant papillary con-

junctival reaction.

a b
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Pathogenesis of Giant Papillary Conjunctivitis

GPC is due to a combination of mechanical irritation and hypersensitivity

[42]. A history of generalized allergy and/or allergy to disinfectant solutions is

relatively frequent [43]. The allergy correlates with high levels of IgE and IgG

in tears, IgM deposits on lenses and conjunctival infiltration by eosinophils. An

increase in eotaxin levels in tears also correlates with GPC [44]. A high level of

mucosal mast cells and a significant increase in tear concentrations of

leukotriene C4 levels have been found in patients with contact lens-associated

GPC [45]. Thus, leukotriene-inhibitory therapy may be beneficial to patients.

The presence of neutrophil chemotactic factors in the tears of patients with

GPC is also important, as the release of these factors from the injured conjunc-

tiva may play an important role [46]. The reduction in lactoferrin levels in tears

would favor microbial deposition on the contact lens [47].

The lens coatings from GPC patients induced a tear IgE response and cel-

lular infiltration at the epithelial-stromal junction in tarsal conjunctival biopsy

specimens [48]. Such allergic responses in the eye are late phase reactions, and

increased levels of IL-1 have been found [49]. Contact lens wear can cause a

change in corneal physiology which can lead to epithelial, stromal and endothe-

lial compromise [50].

The inflammatory response in allergic disease is caused by the recruitment

of leukocytes by chemokines and the upregulation of adhesion factors. IL-1

increases chemokine production, adhesion factors, macrophage infiltration and

activity, and lymphocyte proliferation [50]. The presence of eosinophils at the

site of allergic reactions is due to increased levels of RANTES, eotaxin and

macrophage inflammatory protein-1�. These chemokines are also chemotactic

for activated T cells, eosinophils, basophils and monocytes/macrophages [51, 52].

Eotaxin has a potent and selective chemotactic effect for eosinophils. All of

these soluble factors are known to interact through a CC chemokine receptor

(CCR3), which is mainly expressed on eosinophils, basophils and Th2 cells [53].

Other Forms of Contact Lens-Related Allergy

Contact lens-related allergic conjunctivitis can also occur from preservatives

in the lens care solutions or eye drops. This allergic reaction is secondary to the

antigen deposit on the surface of the contact lens [54, 55]. Rarely, subepithelial,

nummular peripheral opacities may be seen in allergic conjunctivitis [49]. The

signs and symptoms are the same as in other forms of allergic conjunctivitis.

Contact lens preservative solutions such as chlorhexidine, thimerosal, ben-

zalkonium chloride and ethylenediamine tetraacetate can bind on the plastic

material of the soft contact lens causing delayed-type hypersensitivity reactions
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[56–58]. Preservative deposits build up on the lens surface with time and con-

tain minerals, organic material, e.g. mucin, lipid and protein, and micro-

organisms. These deposits also become barriers to the permeation of oxygen

and carbon dioxide [59].

In the case of contact lens wear, the immune privilege of the eye may be

compromised as a result of changes in the conjunctiva and cornea. Minimization

of the risk of corneal infection and a hypersensitivity reaction can be achieved by

the safe use of contact lenses and related products. As the use of contact lenses

for refractive, cosmetic and therapeutic purposes is increasing, the prevalence of

these allergic disorders of the conjunctiva should be found to increase.
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Abstract
Over the past 20 years it has become clear that dry eye syndrome (DES) or keratocon-

junctivitis sicca (KCS) is a complex multifactorial disease characterized by an immune and

inflammatory process that affects the lacrimal glands and ocular surface. In this paradigm,

inflammation is seen as both the cause and consequence of conjunctival and corneal cell

damage. In this chapter, we identify the unique characteristics of the lacrimal gland, the role

of epithelial cells, regulatory T cells, and cytokines in maintaining ocular surface homeosta-

sis and tear secretion function. We analyze the factors inducing loss of the lacrimal gland

homeostasis and its consequences, and in so doing hope to provide a picture of the role of the

immune system in the pathophysiology of KCS and useful information to help understand

the complexity of DES.

Copyright © 2007 S. Karger AG, Basel

Dry eye syndrome (DES), or keratoconjunctivitis sicca (KCS), affects tens

of millions of people worldwide, including the US, representing one of the most

common ocular pathologies [1]. The term ‘dry eye syndrome’ includes different

forms of dry eye. The National Eye Institute/Industry Workshop on Clinical

Trials in Dry Eyes produced a classification which essentially separates DES

into two major types: (a) tear-deficient (including Sjögren’s syndrome and non-

Sjögren’s tear-deficient) and (b) evaporative forms [2].

Even while it is not presently known what triggers the pathogenic mecha-

nisms that lead to dry eye, a growing body of evidence suggests that chronic

KCS is characterized by an inflammatory process affecting the functional unit

of the lacrimal gland-ocular surface [3]. Sjögren’s syndrome, representing the

classic form of exocrine (lacrimal) deficiency associated with KCS, is charac-

terized by a chronic inflammatory infiltration of the lacrimal and salivary
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glands. All the forms of dry eye are characterized by variable degrees of ocular

surface inflammation [4]. In fact, inflammation is the key mechanism of

corneal and conjunctival cell damage, which is responsible for many of the

symptoms reported by patients and for the signs of ocular surface pathology.

Here we review the immunological aspects of the lacrimal gland and the

ocular surface, and how the loss of local immunohomeostasis can lead to KCS.

Lacrimal Gland Inflammation

The lacrimal and salivary glands of many patients with primary or sec-

ondary (e.g. to rheumatoid arthritis) Sjögren’s syndrome, and similarly graft-

versus-host disease, have signs of autoimmune disease evidenced by focal

periductal and perivascular lymphocytic infiltrates, which consist primarily of

CD4� T cells and B cells. The infiltrates usually begin around a high endothe-

lial venule, a vascular structure expressing adhesive molecules that facilitate

homing of lymphocytes. Lacrimal gland biopsies from Sjögren’s syndrome

patients show a marked expression of intercellular adhesion molecule-1

(ICAM-1), which interacts with its receptor lymphocyte function-associated

antigen (LFA-1), and plays an important role in lymphocyte transmigration into

inflammatory sites [5]. The activated immune cells in the inflammatory infil-

trate release pro-inflammatory cytokines, such as interleukins IL-1� and IL-2,

interferon-� and tumor necrosis factor-�, which lead to the destruction of the

secretory architecture of the glands and dysfunction of the surviving tissue,

thereby contributing to a significant decrease in fluid production, and induce

the symptoms and signs of KCS. Another sign of autoimmune disease is the

presence of antibodies to a number of different autoantigens in the sera of

Sjögren syndrome patients, including Ro/SSA, La/SSB, 120-kDa �-fodrin, and

the M3 muscarinic acetylcholine receptor (M3AchR) [6]. Autoantibodies are

also present in the serum of the nonobese diabetic and MRL/lpr mouse models

of Sjögren’s syndrome, even though the pattern of expression may be different

compared to that observed in man [7]. The presence of secretory and intracellu-

lar proteins in the sera leads to the question of how they get exposed to the

immune system in order to initiate and maintain an autoimmune response

which generates lacrimal gland infiltrates.

Recently, Zhu et al. [8] induced an autoimmune disease in rabbits resem-

bling Sjögren’s syndrome by injecting into the lacrimal gland autologous

peripheral blood lymphocytes stimulated in culture with epithelial cells

obtained from the contralateral excised gland. Interestingly, the histopathologi-

cal picture of the lacrimal glands so treated was similar to the findings in Sjögren

patients, showing predominantly CD4� T cells infiltrates. A continuous
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decrease in tear production and stability and an increase in rose Bengal staining

of the ocular surface were recorded in eyes injected with activated lymphocytes,

and in the contralateral lacrimal gland-excised eyes by 2 weeks, indicating a

generalized autoimmune phenomenon. Even if an important remaining point to

verify in this model is whether the acinar cell preparation [the putative antigen-

presenting cells (APCs) of this model] is completely devoid of any professional

bone marrow-derived APCs, which can stimulate the T cells, the epithelial cells

seem to have an important role in the immunohomeostasis of the lacrimal

gland.

In non-Sjögren’s dry eye, the lacrimal gland dysfunction is attributed to

senile atrophy with lobular and periductal fibrosis, resulting in part from loss of

hormonal support, in particular to low levels of androgens. However, in a study

of lacrimal glands obtained at autopsy, lymphocytic infiltration was observed to

increase with age and to be accompanied by fibrosis and acinar atrophy [9].

Such finding suggest that the tear volume and protein content changes observed

with aging are not due only to senescent atrophy but also to immune dysfunc-

tion of the lacrimal gland.

Understanding the mechanisms of the homeostasis of the lacrimal gland

and its failure will provide a rationale approach to pathophysiological and ther-

apeutic studies of the different forms of DES.

Immunohomeostasis of the Lacrimal Gland

The lacrimal gland normally contains small populations of plasma cells,

T lymphocytes (with a ratio of 2:1 of CD8�/CD4� cells), and a limited array of

dendritic cells, macrophages, and B cells. The normal population of T lympho-

cytes includes regulatory cells of CD8� and CD4�, which play a critical role

in maintaining the local immunohomeostasis. In fact, it has been demonstrated

that lacrimal gland epithelial cells from healthy rabbits can be induced to begin

expressing major histocompatibility complex (MHC) class II molecules when

they are isolated and placed in primary culture, and lacrimal glands from

human cadaver frequently contain large numbers of MHC class I-expressing

acinar cells [10]. Class II molecules traffic through a system of endomembrane

compartments that contain autoantigens, i.e. La/SSB, and enzymes capable of

proteolytically processing autoantigen, i.e. cathepsins B and D [11]. All of these

observations together with the fact that epithelial cells come in contact with

lymphocytes, suggest that epithelial cells constitutively process and expose

potentially pathogenic autoantigens in the same way that professional APCs

process and present antigens. This confirmation comes from the work of Zhu

et al. [8] who have shown that lacrimal gland acinar cells can stimulate lympho-

cyte proliferation when cocultured with peripheral blood lymphocytes from the

same rabbit [12].
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The fact that lacrimal glands are primed for an autoimmune response that

normally does not occur is due to regulatory processes including regulatory

lymphocytes and immunomodulatory factors such as TGF-�.

The Role of Regulatory T Cells

‘Suppressor’ or regulatory T cells (Treg) are potent immunoregulatory cells

that suppress T cell receptor-induced proliferation of CD4� and CD8� T cells

in vitro by a cell contact-dependent mechanism. The modern era of regulatory

T cells began with the observation by Asano et al. [13] that the adoptive transfer

of CD4� CD25�-depleted T cells induced several organ-specific autoimmune

diseases in recipient immunodeficient animals. CD4� CD25�T cells also pre-

vented the development of organ-specific autoimmunity observed when certain

strains of mice were thymectomized on day 3 of life. Taken together, these stud-

ies demonstrate that CD4� CD25� Treg cells play an important role in the gen-

eration and maintenance of peripheral self-tolerance. Piccirillo and Shevach

[14] proposed two general categories of CD4� CD25� Treg cells which differ

in their origin, antigen specificity and effector mechanism. One Treg subset

develops during the normal process of T cell maturation in the thymus, resulting

in the generation of a naturally occurring population of CD4� CD25� Treg
(nTreg) cells that survive in the periphery poised to prevent potential autoim-

mune responses. The second subset of induced CD4� CD25� Treg (iTreg) cells,

whose precursor is also thymically derived, develops as a consequence of

ex vivo peripheral activation of classical naive CD4� CD25� T cell populations

under different stimulatory conditions including antigen in the presence of

immunosuppressive cytokines, such as IL-10 and TGF-�1, vitamin D3 and

dexamethasone, CD40-CD40L blockade or immature dendritic cell populations

[14]. Currently, it is not clear whether nTreg and iTreg cells preferentially func-

tion alone or in synchrony in the autoimmune lacrimal gland and ocular surface

disease. Additionally, it is important to emphasize that other cell subsets (e.g.

CD8� or �� T cells) may also function as regulatory cells. However, further

studies are necessary to clarify their role in Sjögren’s syndrome.

The Role of TGF-�

TGF-� seems to play a crucial role in maintaining local immunohomeosta-

sis in the lacrimal gland. Mice homozygous for a nonfunctional TGF-�1 gene

develop inflammatory lesions, predominantly lymphocytic, in the lacrimal

glands between the ages of 2 and 4 weeks, disrupting their structure and func-

tion and severely limiting their ability to generate tears [15]. In anterior chamber-

associated immune deviation, CD4� Treg cells, termed Th3, are a possible

source of TGF-� in the lacrimal gland, which could induce APCs to become

TGF-�-secreting cells that prevent lymphocytes from differentiating into effector
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cells, and may direct them to differentiate into regulatory cells, as hypothesized

by Mircheff [16]. Sex hormones can significantly influence TGF-� production.

In a mouse model of Sjögren’s syndrome, the MRL/lpr, Rocha et al. [17]

demonstrated that subcutaneous administration of dihydrotestosterone

increased TGF-� expression by lacrimal epithelial cells in the lacrimal gland,

elicited a dramatic suppression of the inflammation, and increased the func-

tional activity of the lacrimal gland.

Loss of Immunohomeostasis of the Lacrimal Gland

According to Mircheff [16], the loss of immunohomeostasis in the lacrimal

gland could be caused by environmental or physiological perturbations, which

lead epithelial cells to begin exposing or presenting epitopes that formerly were

cryptic, or to a decrease in regulatory cell numbers. The potential exposure of

cryptic antigens by epithelial cells has been shown by studies reporting that the

autoantigens Ro/SSA and La/SSB can be expressed on the surface membrane

after viral infection, cytokine stimulation, or oxidative stress [18]. Overcoming

the relative crypticity has not been elucidated so far – this may be due to

increased rates of apoptosis, alterations in basal-lateral endomembrane traffic,

or by MHC class II direct presentation of autoantigen epitopes to CD4�T cells

[17].

Apoptosis is a rare physiological process in the normal lacrimal gland.

Apoptotic bodies containing Ro/SSA, La/SSB, M3aChR and fodrin are processed

by macrophages and dendritic cells and presented to CD4� T cells. This

process is controlled by androgens and estrogens, which maintain low levels of

apoptosis. In animal models, the decrease in sex hormones induced by ovariec-

tomy can trigger lacrimal gland apoptosis as well as lymphocytic infiltration,

while treatment with androgen and estrogen seems to play a role to maintain

lacrimal gland structure and function.

Lacrimal gland epithelial cells secrete IgA2 and a number of tear proteins

which are subject to a complex basal-lateral membrane/endomembrane traffic.

The secretory process can be influenced by various physiological and environ-

mental factors. Chronic muscarinic receptor stimulation with carbachol, for

example, causes secretory products to reflux in endosomes and could be a

source of secretion of autoantigens to the interstitial space. Decreases in neural

stimulation and viral infection with Epstein-Barr virus, hepatitis C, or human T

cell leukemia virus type 1, have been hypothesized to have a similar effect on

lacrimal gland epithelial secretion.

Further studies are necessary to clarify the mechanisms of the loss of

immunohomeostasis in the lacrimal gland, but the use of Treg cells and the mod-

ulation of TGF-� may have important effects on the treatment of Sjögren’s

syndrome.
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Ocular Surface Inflammation

The ocular surface acts as an anatomical and functional unit able to keep

an immunosilent environment in continuously challenging environmental con-

ditions. Even after stimulation with pathogens, the intracellular expression of

Toll-like receptors (TLR-2 and -4) by corneal epithelial cells has not been

demonstrated [19].

Recently, a growing body of evidence has suggested that DES is associ-

ated with variable degree of ocular surface inflammation, and immunomodula-

tory drugs such as cyclosporine and steroids have been found to reduce

markers of inflammation, and to improve symptoms and signs of KCS. The

exact pathogenesis of inflammation has not been firmly established. The first

step in the generation of inflammation is an inciting stimulus which can alter

ocular surface homeostasis. A desiccating environmental stress, alterations in

the tear film compositions secondary to lacrimal gland inflammation, inter-

ruption of neuronal stimulation for tear secretion, hyperosmolarity, and micro-

trauma from eyelids during blinking are some of the factors which could play

a role in inducing loss of ocular surface immunohomeostasis and triggering

DES.

Loss of Immunohomeostasis of the Ocular Surface

In DES, ocular surface inflammation at the tissue level is characterized by

vascular engorgement and variable degrees of matrix edema, accompanied by

extravasation of protein and fluid from leaky vessels, and loss of epithelial bar-

rier function. At the molecular level, ample data demonstrate enhanced expres-

sion of pro-inflammatory cytokine (e.g. IL-1, IL-6, IL-8, and TNF-�) and

chemokine (e.g. IL-8) mRNA and protein by the ocular surface epithelium and

tear film [20]. Epithelial cell proliferation, impaired epithelial surface produc-

tion of mature protective surface molecules, including the membrane-spanning

mucin, MUC-1, keratinization, and angiogenesis can result from an increased

concentration of these proinflammatory cytokines. Furthermore, in an experi-

mental dry eye model, increased expression of matrix metalloproteinase-9 in

tear fluid and corneal and conjunctival epithelia has been reported [21]. This

enzyme could break tight junction proteins, and therefore the corneal epithelial

barrier responsible for fluorescein staining of the cornea, a diagnostic sign of

DES.

Another set of molecules recently implicated in the ocular surface disease

of patients with dry eye are chemokines. Chemokines are proteins of low mole-

cular weight that play a crucial role in leukocyte activation and recruitment, and

as such play a critical role in homeostatic mechanisms as well as regulation of

inflammatory responses. In vitro studies have shown that stimulation of human
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conjunctival epithelial cells with TNF-�, IL-1� and IFN-� induces the release

of RANTES and IL-8, chemokine ligands that are critical for the recruitment of

T cells and neutrophils, respectively. Interestingly, recent data from our labora-

tory have shown that conjunctival epithelial cells of patients with various forms

of dry eye uniformly overexpress a CC chemokine receptor (CCR5), implicat-

ing epithelial cells in the regulation of bone marrow-derived cell recruitment in

dry eyes [22].

KCS has also been associated with a significantly increased level of HLA-

DR and ICAM1 expression by conjunctival epithelial cells, as demonstrated by

histological and flow-cytometric analysis [23]. Recently, Gao et al. [24] demon-

strated that conjunctival epithelial cells not only express ICAM-1, but they are

capable of synthesizing ICAM-1 mRNA and protein, thereby emphasizing their

active role in DES inflammation. These epithelial cells may acquire antigen-

presenting capability, and the immunologically activated epithelial cells may be

the target of lymphocytes or they may participate directly in the recruitment of

inflammatory cells, thus perpetuating inflammation and immune responsive-

ness. However, to date, there is no conclusive proof in the literature of a possi-

ble role of ocular surface epithelial cells serving as ‘non-professional’ APCs

and priming CD4� T cells, as has been shown for lacrimal gland epithelia.

Although the inflammatory features of DES are similar to other ocular surface

diseases, such as atopic diseases or cicatrizing conjunctivitis, a causal role for

inflammation in DES has still to be elucidated.

T-lymphocytic infiltration has been observed in conjunctival biopsy speci-

mens of patients with moderate-to-severe Sjögren’s syndrome [25], and DES

has been related to a delayed-type hypersensitivity reaction (type IV hypersen-

sitivity). This is supported by the observation that T cells are predominantly

CD4�with increased expression of CD11a� and CD23�, indicating an activated

phenotype. CD4� TH1 cells recognize antigenic peptides in association with

MHC class II molecules on the surface of APCs, and release pro-inflammatory

cytokines that increase vascular permeability and recruit other inflammatory

cells to the site of injury. One critical area for further studies in DES is to deter-

mine the role of professional (bone marrow-derived) APCs of the ocular surface

in activating T cells. As demonstrated by Hamrah et al. [26], the cornea is

endowed with several resident distinct subpopulations of (mostly monocytic

CD11b�) CD45� bone marrow-derived cells whose numbers increase during

ocular surface inflammation and who acquire an activated phenotype (high

MHC class II antigen expression). Preliminary data from our laboratory [27]

have shown that in an experimental model of dry eye the cornea demonstrates a

significant increase in the number of activated CD45� CD11b� monocytes,

suggesting that not only the conjunctiva but also the cornea plays a pivotal role

in the immunopathogenesis of KCS.
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Conclusion

Lacrimal gland and ocular surface inflammation are certainly important

factors in DES pathophysiology. Considerable work remains to be done to elu-

cidate the interface between immunity and ocular surface in DES. Further stud-

ies in human and animal models of DES incorporating both intrinsic (immune,

endocrine, and neuronal) and extrinsic (environmental) factors will offer impor-

tant advances in the field.
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Abstract
Pseudomonas aeruginosa is a common organism associated with bacterial keratitis,

especially in extended wear contact lens users. Recent advances in the field have been made

using animal models, including inbred murine models that are classed as resistant (cornea

heals) versus susceptible (cornea perforates). Overall, studies with these inbred mice provide

a better understanding of the mechanisms of innate immune responsiveness and abrogation

of immune privilege operative after P. aeruginosa corneal infection.

Copyright © 2007 S. Karger AG, Basel

Microbial keratitis, which has been associated with complications due to

extended wear contact lens usage, has an incidence of 25,000–30,000 cases

annually. Treatment cost is approximately USD 15–30 million, a considerable

economic and medical impact [1]. Pseudomonas aeruginosa is a Gram-

negative pathogen that induces keratitis and typically requires corneal injury for

invasion [2]. Animal models are produced by topical application of bacteria

after epithelial abrasion, intrastromal inoculation, or placement of a contami-

nated suture or contact lens on the cornea [3–6]. These approaches have

increased understanding of innate immune mechanisms and alterations in

immune privilege in the bacterially infected cornea.

Microbial Keratitis

MIP-2, IL-1, and PMN

The innate immune response often includes local polymorphonuclear neu-

trophil (PMN) recruitment, essential to control bacterial replication and host
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survival, but PMN persistence is also associated with pathology, and, in the

cornea, includes stromal scarring and perforation [7–9]. PMN infiltration into

inflamed tissue is controlled largely by local production of inflammatory medi-

ators. In the mouse, two members of the CXC family of chemokines – macrophage

inflammatory protein-2 (MIP-2), a functional homologue of human interleukin

(IL)-8, and KC, the murine homologue of GRO� – are potent chemoattractants

and activators of PMNs. In corneal infections, MIP-2 is the major chemokine

that attracts PMNs into the P. aeruginosa-infected cornea, and persistence of

PMNs in the susceptible (cornea perforates) C57BL/6 (B6) mouse cornea cor-

relates with higher chemokine levels (mRNA and protein) [10].

IL-1, which is produced by macrophages, monocytes and resident corneal

cells [11, 12], also influences PMN influx into tissues [13, 14]. When tested, IL-

1� and -1� (mRNA and protein) were elevated in B6 (susceptible) and BALB/c

(resistant) mice, and levels peaked 1 day after infection. Significantly greater

amounts of IL-1 protein were detected in B6 versus BALB/c mice 1 and 3 days

after infection, and 5 days after infection, IL-1� and -1� (mRNA and protein) lev-

els remained elevated in B6 but began declining in BALB/c mice. Neutralization

of IL-1� in infected B6 mice [15] reduced disease severity, evidenced by a reduc-

tion in PMNs in the cornea (MPO assay), bacterial load, MIP-2 mRNA and pro-

tein. The data confirmed IL-1 as important in P. aeruginosa keratitis [15].

CD4� T Cells and Genetic Susceptibility to P. aeruginosa

The role of T cells in P. aeruginosa corneal infection was first studied in

inbred B6 wild-type and �2-microglobulin knockout mice (B6 background,

knockout of CD8� T cells) [16]. Corneas of both groups perforated by 7 days

after infection, and histopathology was similar with infiltration of PMNs within

24h after infection. After infection, CD4� and CD8� T cells were present in

the cornea of wild-type mice by 3 days; by 5 days, activated (IL-2R and CD25�)

cells were positively immunostained. Corneas of wild-type mice depleted of

CD4� T cells and infected with P. aeruginosa did not perforate 7 days after

infection in contrast to mice depleted of CD8�T cells (i.e. the �2-microglobulin

knockout mice) or treated with an irrelevant antibody. Antibody neutralization of

interferon (IFN)-� before infecting B6 mice also prevented perforation and was

associated with a lower delayed-type hypersensitivity response over B6 mice

similarly treated with an irrelevant antibody. These data support the notion that a

CD4� T cell (Th1)-dominant response following P. aeruginosa infection is

associated with genetic susceptibility and corneal perforation in B6 mice [16]

and provided initial evidence that CD4� T cells are important in keratitis.

Mice favoring a Th1 (B6, C57BL/10, and B10.D2/nSn) versus Th2

(BALB/c, BALB/cBy, BALB.B, and BALB.K) response [17] were also evalu-

ated after P. aeruginosa infection [18]. Mice favoring a Th1 T cell immune
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response exhibited a similar course of disease, and the infected eyes of all mice

perforated in the week following infection. In contrast, mice favoring a Th2 T

immune response exhibited a milder disease course and no corneal perforation.

These in vivo studies corroborated that mice favoring Th1-type responses are

susceptible (cornea perforates) while mice favoring Th2 responses are resistant

(no corneal perforation). Gene array studies confirmed the Th1 versus Th2 bias

of B6 versus BALB/c mice [19], but whether T cells similarly contribute to the

pathogenesis in human disease remains unknown.

MIP-1a Regulates CD4� T Cell Chemotaxis

MIP-1� (CC chemokine) is produced by activated T cells, macrophages,

Langerhans cells (LCs), PMNs, and B cells [20]. In vitro chemotaxis and MIP-

1� receptor studies suggest that the chemokine attracts T and B cells,

macrophages [21, 22], and PMNs [23, 24] to inflammatory sites. Ribonuclease

protection assay data suggested that mRNA expression levels for MIP-1� were

significantly upregulated after P. aeruginosa infection in outbred mice [25]. In

susceptible (B6) over resistant (BALB/c) mice, greater amounts of MIP-1�

(mRNA and protein) were also detected in the infected cornea 1–5 days after

infection. BALB/c mice treated with recombinant MIP-1� protein (injected

subconjunctivally or systemically) had exacerbated disease associated with a

significant increase in PMNs in the cornea. This treatment also induced recruit-

ment of activated (CD25�) CD4� T lymphocytes into the cornea, converting

the resistant to a susceptible (cornea perforates) phenotype [26]. In recombinant

MIP-1�-treated BALB/c mice, depletion of CD4� T cells versus sham deple-

tion significantly decreased PMNs in the infected cornea suggesting that T cells

regulate PMN persistence. In complementary studies, B6 mice given a MIP-1�

neutralizing antibody showed reduced corneal PMNs and less pathology.

Corneal mRNA levels for MIP-2 and IL-1� were also reduced 5 days after

infection (1.7- and 2-fold), collectively providing evidence that MIP-1� directly

contributed to CD4� T cell chemotaxis into the infected cornea and that it also

indirectly participated in PMN persistence through regulation of IL-1 [15] and

MIP-2 [10].

IL-12 and IFN-g in C57BL/6 Mice

Th1 response development depends upon IL-12 and the ability of T cells to

respond [27, 28]. IL-12 may modulate the progress of an infection including pro-

duction of other immunoregulatory cytokines such as IFN-� [29, 30]. Therefore,

studies investigated whether IL-12 is associated with IFN-� production and the

susceptibility response of B6 mice after P. aeruginosa challenge. IL-12 knockout

mice (B6 background) were also tested to examine disease progression in the

absence of endogenous cytokine. When tested, both groups of mice were susceptible
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to corneal challenge with P. aeruginosa, and corneal perforation was observed

5–7 days after infection. Semiquantitative RT-PCR and ELISA analyses con-

firmed that IL-12 message and protein levels were elevated after infection in the

wild-type cornea compared to knockout mouse cornea [31]. Immunostaining for

IL-12 p40 in wild-type B6 mice revealed that stromal PMNs were the cytokine

source [31]. Knockout mice showed a significant decrease in corneal IFN-� (and

tumor necrosis factor-�) mRNA and had a significant increase in bacterial load

5 days after infection over wild-type mice, suggesting that with or without IL-12,

B6 mice remain susceptible. Data suggest that in the presence of IL-12, its own

augmentation and upregulation of IFN-� production contributes to disease

pathogenesis; without IL-12, insufficient amounts of IFN-� allow unchecked

bacterial growth in the cornea and corneal perforation.

IL-18, IFN-g and NK Cells in BALB/c Mice

IL-18, which is produced by macrophages and dendritic cells, is released

as an inactive precursor, requiring cleavage by IL-1�-converting enzyme for

maturation [32, 33]. IL-18 provides costimulation, with IL-12, for IFN-� pro-

duction and may act synergistically to drive Th1 T cell development [34, 35].

The role of IL-18 and IFN-� in the resistance response of BALB/c mice was

tested. Semiquantitative RT-PCR detected IFN-� expression levels in the

cornea of infected mice 1–7 days after infection. Cytokine levels were signifi-

cantly upregulated compared with control uninfected normal corneas [36].

Constitutive IL-18 mRNA was detected similarly in the normal, uninfected

cornea, and levels were significantly elevated 1–7 days after infection. To test

whether IL-18 regulated IFN-� production, mice were injected with an anti-IL-

18 monoclonal antibody. Treatment decreased corneal IFN-� mRNA [36] lev-

els, and both bacterial load and disease severity increased when compared to

IgG-injected mice. These data provide evidence that IL-18 is critical to the

resistance response of BALB/c mice by induction of IFN-� and that IFN-� is

required for bacterial killing/stasis in the cornea [4, 37]. Its killing effect was

found to be indirect through regulation of nitric oxide levels [38].

Further study of the resistance response in BALB/c mice examined the

role of the neuropeptide, substance P in IFN-� production. Natural killer cells

were required to produce IFN-�; the cells expressed the neurokinin-1 receptor

(the major substance P receptor); they directly regulated IFN-� through this

receptor [39] suggesting a unique link between the nervous system and devel-

opment of innate immunity in the cornea (fig. 1).

Antigen Presentation: Langerhans Cells and Costimulation

LCs are antigen-presenting cells that constitutively express major histo-

compatibility class II antigen. Numerous stimuli, including infectious [40, 41],
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noninfectious [42], and experimental extended wear contact lens usage [43] initiate

their centripetal migration from the conjunctiva into the cornea. To test the con-

sequences of LCs in the cornea before infection with P. aeruginosa, LCs were

induced centripetally by sterile bead application onto the wounded cornea [44]

of susceptible B6 and resistant BALB/c mice [45]. We detected no difference in

disease response in bead- versus sham-treated B6 mice after infection. However,

significant differences leading to corneal perforation were observed in infected,

bead-treated BALB/c mice and included an increased number of ADPase-stained

[46] LC in the central cornea and enhanced B7-1 co-stimulatory molecule expres-

sion. Remarkably, the presence of LCs in the BALB/c cornea before infection

was also associated with the presence of activated CD4� T cells. The cell infil-

trate in the stroma of bead- versus sham-treated corneas also differed and was

characterized by macrophages [45]. Further study examined the role of LCs and

signaling through the B7/CD28 co-stimulatory pathway in the P. aeruginosa-

infected cornea [47]. Mature, B7 positive-stained LCs in the cornea and

Pseudomonas antigen-associated cells in draining cervical lymph nodes

increased after infection in susceptible versus resistant mice. When B6 mice

were treated (subconjunctivally and systemically) with neutralizing B7 (B7-

1/B7-2) antibodies, disease severity was reduced, and the number of B7-positive

Fig. 1. A working diagram of cell, cytokine and neuropeptide interactions in the

infected cornea resulting in resistance (corneal healing). iNOS � Inducible nitric oxide syn-

thase; M� � macrophages; NK-1R � neurokinin-1 receptor.
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cells, as well as the recruitment and activation of CD4� T cells in the cornea,

were significantly decreased. B6 mice endogenously lacking CD28 also exhib-

ited a less severe disease response (no perforation) when compared with wild-

type mice, supporting a critical role for B7/CD28 costimulation in the

susceptibility to P. aeruginosa ocular infection. To test whether lymph nodes

(cervical) were required as the site of antigen presentation by LCs to naïve T

cells and whether the subsequent T cell response in the cornea was antigen spe-

cific, draining cervical lymph nodes [48] were removed in B6 mice followed by

challenge with P. aeruginosa and subsequent immunostaining for CD4� T cells

in cornea. Whether or not lymph nodes were present (sham surgery) or surgically

removed, CD4�T cells that were activated (CD25�) remained detectable in the

cornea suggesting that T cells in the conjunctiva migrate into the cornea where

they are activated locally and at least, in part, nonspecifically.

Macrophages in Innate Response to P. aeruginosa Ocular Infection

Macrophages are essential for host defense [49, 50], participating in innate

and acquired immunity. Macrophages from Th1 (e.g. B6) T cell responder mice

appear more easily activated than those from Th2 (e.g. BALB/c) strains [51,

52], and the cells express distinct metabolic programs [49]. The role of the

macrophage in the host response to P. aeruginosa ocular challenge was tested in

B6-susceptible (cornea perforates) and -resistant (cornea heals) BALB/c mice

by cell depletion before infection using subconjunctival injections of clodronate

liposomes [53]. This increased the onset and/or severity of disease in both

mouse strains. B6 corneas perforated earlier, and eye shrinkage in the

macrophage-depleted group was exacerbated. In BALB/c mice, the corneas of

macrophage-depleted mice perforated within 7 days after infection, changing

their response to susceptibility.

We tested whether depletion of macrophages affected other inflammatory

cell populations, such as the PMNs. PMNs were quantitated by the myeloper-

oxidase (MPO) assay in the cornea of both mouse strains after injection of

clodronate liposomes or PBS liposomes. In B6 mice, no difference in PMN

number was observed 1 day after infection, but by 3 days after infection, the

cornea of clodronate liposome-injected mice had significantly elevated MPO

levels. In BALB/c mice, MPO assays showed that after macrophage depletion,

PMN number was significantly elevated 1 and 3 days after infection, suggesting

that macrophages participate in regulating the number of PMNs in the cornea in

both mouse groups but that regulation is reduced/delayed in B6 mice. Depletion

of macrophages also resulted in dysregulation of cytokines that attract PMNs

into the cornea in both mouse groups, confirming that cytokine production is at

least one mechanism by which the macrophage regulates PMN influx into the

bacterially infected cornea.
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Increased expression levels for IFN-� were detected in the cornea of

BALB/c mice injected with clodronate liposomes 3 and 5 days after infection.

However, no difference was seen in mRNA expression levels for TNF-� or IL-4

in the macrophage-depleted versus PBS liposome-injected group. In contrast,

mRNA expression levels of IL-10 were significantly lower in the cornea of

BALB/c mice treated with clodronate liposomes 1–5 days after infection. IL-10

protein levels paralleled the molecular data, were significant 5 days after infec-

tion, and supported a biologically functional role for IL-10 in balancing corneal

pro-inflammatory cytokine levels.

Toll-Like Receptors in Bacterial Keratitis

The Toll family of receptors (TLR), conserved throughout evolution from

flies to humans, is central in initiating innate immune responses. This family of

receptors, composed of transmembrane molecules, links the extracellular com-

partment where contact and recognition of microbial pathogens occurs and

the intracellular compartment, where signaling cascades leading to cellular

responses are initiated. Gene array data showed that the expression of TLRs and

related molecules – including CD14, soluble IL-1 receptor antagonist, TLR-6,

and IL-18 receptor accessory protein – were significantly elevated in suscepti-

ble versus resistant mice [19]. In a sterile keratitis model [1], when C3H/HeJ

(TLR-4 point mutation) versus control mice were treated with lipopolysaccha-

ride from P. aeruginosa, a significant increase in stromal thickness and haze

was seen in the cornea of control mice but not in TLR-4 mutant mice; the sever-

ity of disease coincided with PMN stromal infiltration. Another study showed

that the corneal epithelium has functional TLR-2 and -9 and that TLR-2, -4 and

-9 signal through myeloid differentiation factor 88 [54]. In human corneal

epithelial cells, TLR-5, that recognizes bacterial flagellin, was detected at the

corneal cell surface of deeper but not superficial epithelial cells [55]. TLR-5

signaling elicits an epithelial response by activating NF-�B signaling, produc-

ing pro-inflammatory cytokines such as IL-6 and IL-8.

Overall, these and other animal studies have provided provocative clues as

to the mechanisms operative in the abrogation of immune privilege by a bacter-

ial pathogen such as P. aeruginosa. The significance of these data, particularly

their correlation with human disease, awaits resolution.
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Abstract
Autoimmune disorders of the ocular surface represent a clinically heterogeneous

group of conditions where acute and chronic autoreactive mechanisms can cause signifi-

cant damage to the eye. When severe and affecting the epithelium and substantia propria of

the conjunctiva, cicatrization can ensue, leading to significant mechanical alterations as a

result of the fibrosis. These conditions, though generally infrequent, can be the cause of

profound pathology and visual disability, and often need systemic immune modulation for

therapy.

Copyright © 2007 S. Karger AG, Basel

The ocular surface faces the unique and perpetual challenge of defending

the eye against invasion of exogenous substances on one hand, and quenching

vigorous vision-threatening inflammatory responses on the other. The balance

is maintained by the presence of two immunologically diverse tissues located

side by side: the immunologically active conjunctiva with an extensive presence

of blood vessels, lymphatics and immune cells (including T cells) located adja-

cent to the immune-privileged cornea. However, the proximity of the peripheral

cornea to the conjunctiva comes with a price: blood vessels derived from the

anterior conjunctival and deep episcleral arteries extend 0.5mm into the clear

cornea [1]. These vessels, along with the adjacent subconjunctival lymphatics

that drain into the regional lymph nodes, provide a route for the afferent arc

of corneal immune reactions. The vasculature also allows for diffusion of

immunoglobulins and complement components into the cornea. By virtue

of higher molecular weight, IgM and C1 are present in higher concentrations in

the corneal periphery [1]. Furthermore, the antigen-presenting cells (APCs),

namely corneal epithelial Langerhans cells and stromal macrophages and den-

dritic cells, are present in higher numbers in the periphery compared to the
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central cornea, with a majority expressing an activated phenotype in the periph-

ery [2]. These factors make the peripheral cornea more susceptible to break-

down of immune privilege leading to a variety of autoimmune disorders such

as Mooren’s ulcer and the collagen vascular diseases discussed below.

Furthermore, the cornea as a whole can get secondarily affected by cicatrizing

diseases of the conjunctiva, due to their anatomical proximity. This chapter dis-

cusses the immunopathogenesis of Mooren’s ulcer and peripheral ulcerative

keratitis (PUK) as illustrative examples of the two most common autoimmune

diseases of the peripheral cornea, and ocular cicatricial pemphigoid (OCP), the

prototype cicatrizing disorder of the conjunctiva.

Mooren’s Ulcer

Mooren’s ulcer is a chronic, progressive, painful, idiopathic ulceration of

the peripheral corneal stroma and epithelium that can lead to extensive corneal

vascularization and fibrosis. The ulcer starts in the periphery of the cornea and

spreads both centripetally and towards the sclera. Evidence suggests that it is an

autoimmune disease although the exact mechanism is unknown. The possible

autoimmune mechanisms involved in the pathogenesis of Mooren’s ulcer are

discussed below.

The process may be initiated by alterations in corneal antigens by a sys-

temic disease, infection or trauma stimulating both humoral and cellular

responses [3]. A cornea-associated autoantigen, identical in sequence to human

neutrophil calgranulin [4], has been detected in the corneal stroma [5], and

autoantibodies to this autoantigen have been found in the sera of the affected

patients [4]. Furthermore, it has been shown that pro-inflammatory cytokines

IL-1 and TNF-�, that are produced in response to trauma or inflammation, can

upregulate calgranulin gene expression by corneal stromal keratocytes [5].

Hence environmental insults may lead to the expression of autoantigens in the

cornea as an early step in the breakdown of corneal immune privilege in genet-

ically susceptible individuals. HLA-DR17 (3) and/or DQ2 may increase genetic

susceptibility to Mooren’s ulcer [6].

A large number of infiltrating macrophages and CD4� T lymphocytes

are reported in the affected cornea and adjacent conjunctiva [7]. Recently,

bone marrow-derived multipotential progenitor cells have been reported in the

cornea, especially in the superficial stroma [8]. Strong expression of CD34

(marker of hematopoietic progenitor cells and endothelium), c-kit (marker of

hematopoietic and stromal progenitor cells) and STRO-1 (a differentiation

antigen present on bone marrow fibroblast cells) has been reported in the effected

corneas and may be involved in the disease pathogenesis by synergizing with
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other factors to amplify autoimmune destructive reactions and contributing to

the regenerative process [8]. There is also an aberrant expression of major his-

tocompatibility complex (MHC) class II (HLA-DR antigen) by a large number

of keratoconjunctival epithelial cells and corneal stromal keratocytes [9]. Both

macrophages and corneal keratocytes can act as APCs, and the upregulation of

MHC class II molecules on their surface suggests an activated phenotype for

antigen presentation (presumably the autoantigen described above) to the

CD4� T helper cells and subsequent T cell priming and proliferation. Cell-

mediated immunity against the corneal antigens has been demonstrated by

cytokine production (macrophage migration inhibition factor) in response to

corneal antigens presented to lymphocytes from Mooren’s ulcer patients [3].

Foster [3] has also demonstrated blastogenic transformation and lymphocytic

proliferation in response to normal corneal stroma in a patient with the dis-

ease.

Humoral immunity has also been implicated. Patients with the disease

have been reported to have circulating IgG antibodies to human corneal and

conjunctival epithelium, elevated serum IgA levels, circulating immune com-

plexes, and antibodies and complement bound to conjunctival epithelium [3]. It

is postulated that unregulated T helper cell response (as manifest by systemic

decrease in the number of suppressor T cells relative to the number of T helper

cells in Mooren’s ulcer patients) leads to T helper cell-mediated activation and

proliferation of B cells, antibody overproduction, and subsequent immune com-

plex deposition and complement activation [10]. The perpetuation of the ulcer-

ative process may occur when complement activation leads to neutrophil

chemotaxis and degranulation, release of collagen and proteoglycan-degrading

matrix metalloproteinases (MMPs), further altering and exposing corneal anti-

gens, leading to a vicious cycle of antigen recognition, presentation and

destruction until the target autoantigen is nearly consumed [11]. Indeed, acti-

vated degranulating neutrophils and high levels of collagenases are reported in

the ulcerating cornea suggesting that neutrophils are the source of proteases and

collagenases [3].

The immune privilege of the cornea is dependent upon several factors such

as avascularity of the normal cornea, reduced expression of MHC class II anti-

gens by resident corneal APCs [2], and expression of apoptosis-inducing Fas

ligand on corneal epithelium and endothelium [12]. The extensive vasculariza-

tion and upregulation of MHC class II by APCs seen in corneal ulcers are

examples of loss of immune privilege. Furthermore, inflammatory cells such as

neutrophils and activated T cells are especially vulnerable to apoptosis induced

by Fas ligand [12]. The inflammatory damage done by the activated T cells and

neutrophils present in corneal lesions is another instance of breakdown of

immune privilege.
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Peripheral Ulcerative Keratitis Associated with 

Systemic Immune-Mediated Diseases

PUK refers to a crescent-shaped destructive inflammation of the juxtalim-

bal corneal stroma associated with an epithelial defect, stromal degradation and

inflammatory cell infiltration often with concomitant conjunctival, scleral and

episcleral inflammation. Autoimmune PUK is seen in patients with collagen

vascular diseases/vasculitides, and often occurs in association with rheumatoid

arthritis (RA) but may also be seen in Wegener’s granulomatosis, systemic

lupus erythematosus, polyarteritis nodosa, and other inflammatory diseases.

Although the exact pathogenesis of corneal ulceration in PUK is unknown,

the possible mechanisms involved are discussed below in the context of 

RA-associated PUK.

RA is characterized by the formation of IgM antibodies against IgG

(rheumatoid factor). These rheumatoid factors lead to immune complex forma-

tion and deposition in the joints and vessels (a type III hypersensitivity reac-

tion), with complement/macrophage activation and the resultant secretion of

pro-inflammatory cytokines, particularly IL-1 and TNF-� [13]. Convincing

experimental evidence of one single joint-specific endogenous antigen in the

synovial lesions is still lacking, and the finding of disease predisposition in

HLA-DR4� individuals lends support to the notion that RA is caused by recog-

nition of self-antigen [14].

The pathogenesis of scleral and corneal inflammation may be the same as

that for the joint disease [15]. IgG antibody may be produced in response to an

unknown antigenic stimulus by the cells associated with synovial tissue (and by

analogy scleral or corneal collagen). The IgG antibody may be altered, leading

to the development of autoantibodies and immune complexes with the abnor-

mal IgG, and the subsequent deposition of immune complexes in the synovium

(or sclera and limbus) [15]. These complexes activate the complement cascade

that attracts neutrophils and macrophages. The corneal ulcers in patients with

RA-associated PUK have been shown to have infiltrating APCs, mainly

macrophages, with an activated phenotype (HLA-DR�) [16]. Upregulation of

gene expression of pro-inflammatory cytokines TNF-� and IL-6 have also been

reported in corneal keratocytes surrounding the ulcer [17], suggesting that

corneal keratocytes, which may potentially serve as nonprofessional APCs, are

also activated in this condition. These cytokines can cause MMP production

causing collagenolytic corneal damage. Activated MMP-1 (the enzyme that

hydrolyzes fibrillar type 1 collagen, the major component of corneal stroma)

has been found in ulcerating corneas, presumably produced either by infiltrat-

ing macrophages or activated corneal keratocytes, along with reduced or absent

tissue inhibitor of metalloproteinases [16]. Furthermore, accumulation of
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MMP-9 in tears (produced by infiltrating granulocytes), and MMP-2 overex-

pression by cultured keratocytes from perforated corneas have been reported

[18]. Activated MMP-2 and MMP-9 target type IV basement membrane colla-

gen and may initiate perforation by breaching the corneal basement membranes

(epithelial cell and Descemet’s) [19]. Apparently O� and NO� may be gener-

ated by activated macrophages and neutrophils, as a result of immunological

responses to pro-inflammatory cytokines, and these free radicals may activate

MMPs, inactivate tissue inhibitors of metalloproteinases, and breach epithelial

cell barriers if these cells were already the target of an inflammatory cell attack

in systemic disease [18]. Given the evidence that corneal epithelial cell surface

proteins may be targeted by circulating antibodies in RA patients [20], the

authors suggest that once the corneal basement membranes have been disrupted

by activated MMP-9/MMP-2, the corneal stroma may be freely invaded by

macrophages which freely liberate matrix-degrading MMP-1 that causes PUK

progression [18].

The presence of activated APCs, MMPs and pro-inflammatory cytokines

in the cornea with PUK is an example where autoimmunity may cause break-

down of immune privilege in the cornea causing extensive corneal meltdown.

Cicatrizing Conjunctivitis

Having discussed the two common autoimmune diseases of the cornea, we

now turn our attention to a spectrum of clinical disorders that causes conjuncti-

val fibrosis and scar formation, collectively called chronic cicatrizing conjunc-

tivitis (CCC). The list of autoimmune causes of CCC is exhaustive and include,

among others, OCP, linear IgA disease, Stevens-Johnson syndrome and graft-

versus-host disease. Although the conjunctiva is not an immune-privileged site

per se, in many cases the end stage of CCC causes corneal scarring and hence

may lead to blindness. We therefore discuss the immunopathogenesis of OCP

below as a prototype CCC and the sequence of immune events ultimately

affecting the immune-privileged cornea.

Ocular Cicatricial Pemphigoid

OCP is a chronic progressive inflammatory disease that causes bilateral

progressive subconjunctival fibrosis eventuating in a blind scarred eye in

untreated cases. It is characterized by autoantibodies, most commonly IgG, that

bind to corneal epithelial basement membrane zone (BMZ) autoantigens,

namely �4 protein of the �6�4 integrin [21] and epiligrin [22]. The autoantibody
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formation may be triggered in genetically predisposed individuals by environ-

mental triggers such as ocular exposure to epinephrine, idoxuridine, and phos-

pholine iodide [23]. The HLA-DQB1*0301 gene (DQw7) confers an increased

genetic predisposition to OCP possibly by having a role in T cell recognition of

basement membrane antigens, resulting in anti-BMZ autoantibody production

[23]. Binding of autoantibody to the target autoantigen at the epithelial BMZ

leads to the development of a type II hypersensitivity reaction involving comple-

ment activation, deposition and inflammatory cell infiltration [23]. The conjunc-

tiva of OCP patients has been shown to be infiltrated with predominantly T cells

(activated phenotype; surface IL-2 expression), with a 3-fold increase in the

epithelium and a 20-fold increase within the substantia propria [24], along with

an increased number of macrophages, dendritic cells and neutrophils [24].

The infiltrating macrophages and conjunctival fibroblasts have been impli-

cated in subepithelial fibrosis, which is a key event in the extensive conjunctival

cicatrization seen in this disease. Fibrogenic and angiogenic cytokines, such as

TGF-�, platelet-derived growth factor, and basic fibroblast growth factor are

produced by the conjunctival macrophages which leads to fibroblast migration

and proliferation, as evident by the abnormally hyperproliferative conjunctival

fibroblasts of patients with OCP [25]. These activated fibroblasts produce an

abnormal new extracellular matrix and collagen, thus causing the subepithelial

fibrosis that characterizes OCP [23].

Progression of subepithelial conjunctival fibrosis in OCP leads to the for-

mation of symblepharon (fibrotic bands between palpebral and bulbar conjunc-

tiva) and ankyloblepharon (fusion of the lower eyelid to the bulbar conjunctiva)

resulting in restriction of ocular mobility. Scarring also causes trichiasis and

distichiasis due to alterations in eyelash follicle orientation, and this together

with severe dry eye due to scar-induced blockage of tear gland openings causes

damage to the corneal epithelium. Advanced OCP is hence accompanied by

blinding keratopathy, corneal neovascularization, pseudopterygium formation,

and progressive thinning and perforation. Bacterial superinfection follows due

to several factors including use of topical steroids, bandage contact lenses,

chronic irritation due to trichiasis, meibomitis and lagophthalmos. OCP is an

example of an immune-mediated disorder with the primary pathology in the

conjunctiva with collateral damage to the neighboring cornea and adnexa as

extensive cicatrization spills over into the neighboring structures.

Conclusion

Maintenance of ocular surface homeostasis is essential for corneal clarity

and normal vision. Immune-mediated ocular surface disorders constitute a
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challenging and heterogeneous group of disorders, with a common end-stage

denominator: loss of corneal transparency clinically, and loss of corneal

immune privilege at the cellular and molecular levels. Whatever the inciting

stimulus might be, once the immune system is challenged to mount an inflam-

matory attack against its own tissue, a vicious cycle ensues, ultimately resulting

in compromise of the ocular surface integrity. Much needs to be explored

regarding the exact immunopathogenesis of various ocular surface autoimmune

diseases, which is fundamental to preventing blindness in these patients.
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Abstract
Properties of the cornea such as a lack of blood and lymphatic vessels, a lack of profes-

sional antigen-presenting cells, and exposure to immunosuppressive factors in the aqueous

humor contribute to a relative state of immune privilege. Ironically, corneal damage and the

accompanying visual morbidity following herpes simplex virus type 1 (HSV-1) infection

does not results from uncontrolled viral replication, but from an immunoinflammatory

process referred to as herpes stromal keratitis (HSK). This review highlights changes in

the immune-privileged status of the cornea following HSV-1 infection that contribute to

HSK.

Copyright © 2007 S. Karger AG, Basel

Role of T Cells

Good vision is critically dependent on the clarity of the cornea and other

tissues that comprise the visual axis. Among the factors that contribute to

corneal clarity is an optimal geometric arrangement of collagen fibrils in the

corneal stroma, an absence of blood vessels, and a relative lack of hematopoie-

tic cells within the corneal stroma. However, the angiogenesis and edema that

typically accompany inflammatory responses can transiently disrupt corneal

clarity through neovascularization and disorganization of collagen fibrils.

Moreover, inflammatory mediators can effect changes in the keratocytes that

produce the extracellular matrix of the corneal stroma, leading to scarring and

permanent loss of vision. To avoid these causes of transient or permanent opa-

city, the cornea has adopted a variety of active and passive mechanisms to

inhibit inflammation.
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Most of our knowledge on the mechanisms that give rise to corneal

immune privilege is derived from studies of corneal transplantation. Indeed,

corneal grafts that are placed on an avascular corneal bed enjoy a very high rate

of acceptance without the aid of tissue typing and systemic immunosuppres-

sion. Although our understanding of these mechanisms remains somewhat rudi-

mentary, it appears that immune responses in the cornea are inhibited by

immunosuppressive factors, including transforming growth factor-� (TGF-�),

�-melanocyte-stimulating hormone, and Fas ligand (CD95L) expression on

corneal cells. Additionally, the lack of blood and lymphatic vessels and antigen-

presenting cells (APC) in the normal cornea limits antigen presentation to the

immune system. Together, these features of the cornea inhibit immunoinflam-

matory reactions by limiting the afferent delivery of antigens from the cornea to

the lymphoid organs and by neutralizing T cell effector mechanisms within the

cornea.

Given the impressive array of anti-inflammatory mechanisms employed by

the cornea, and its direct interface with the environment, one might predict that

this tissue would frequently fall prey to a variety of environmental pathogens.

This is clearly not the case. Moreover, when corneal infections do occur,

immunopathology rather than immune deficiency is often the primary cause of

the permanent tissue destruction associated with the infection. In this chapter

we will discuss one such example involving infection of the cornea with herpes

simplex virus type 1 (HSV-1), and the ensuing immunopathologic process that

is referred to as herpes stromal keratitis (HSK). We will emphasize how many

of the aforementioned aspects of corneal immune privilege are overcome dur-

ing HSV-1 corneal infections, but will also document distinct differences in the

way the immune system handles the virus in the cornea and other tissues.

HSV-1 corneal infection in mice causes a transient epithelial lesion, result-

ing from HSV-1 replication in and destruction of epithelial cells. These lesions

typically heal within 1 week of infection concomitant with elimination of repli-

cating virus from the cornea. The high regenerative capacity of the corneal

epithelium permits rapid healing of these lesions with no permanent visual

compromise. However, within a week of infection HSK develops in the corneal

stroma and is characterized by neovascularization and corneal opacity.

While replicating in the corneal epithelium, HSV-1 gains access to the ter-

mini of sensory neurons and is transported by retrograde axonal transport to the

neuronal nuclei within the ophthalmic branch of trigeminal ganglia. A brief

period of viral replication occurs 2–8 days after corneal infection, followed by

establishment of a latent infection. During latency, one or more copies of HSV-

1 genome are retained in sensory neurons but no infectious virions are pro-

duced. Once latency is established, latent viral genomes are retained within

neurons for the life of the individual. However, in some individuals, HSV-1
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periodically reactivates from latency in a limited number of infected neurons,

and virion components are transported down the nerve axons for assembly and

release at the cornea. The recurrent disease experienced by certain individuals

results not from re-infection from an external source but rather from reactiva-

tion of latent virus in sensory ganglia. Periodic shedding of virus in the cornea

can give rise to recurrent bouts of HSK with progressive scarring and visual

compromise.

Murine models have provided most of our current understanding of the

immunologic involvement in HSK. HSK begins approximately 7 days after

HSV-1 infection of mouse corneas, progresses through 21 days after infection,

and corneal opacity and neovascularization persists at least through 40 days

after infection. Seminal studies by Metcalf et al. [1] established that T cells play

a critical role in HSK since T cell-deficient nude mice did not develop disease

following corneal infection. Subsequent studies showed that CD4� T cells

orchestrated HSK following corneal infection of BALB/c mice with the RE

strain of HSV-1 [2, 3]. Several studies have demonstrated that in HSV-1-

infected corneas of BALB/c mice, CD4� T cells greatly outnumber CD8�

T cells. The reason for the preferential infiltration or retention of CD4� T cells

in the cornea is not clear. Involvement of the corneal microenvironment is sug-

gested by an equivalent infiltration of CD4� and CD8� T cells in the infected

trigeminal ganglia of mice that exhibit a predominantly CD4� T cell corneal

infiltrate. Thus, even when corneal immune privilege is overcome, marked dif-

ferences in the composition of the inflammatory infiltrate are observed.

Antigen Presentation 

As noted above, corneal immune privilege is thought to derive in part from

a lack of professional APCs in the cornea. Although macrophage-like cells have

been described in the normal mouse cornea, most lack detectable major histo-

compatibility complex (MHC) class II and their APC function is questionable

and untested [4]. The presence of CD11c-positive dendritic cells (DCs) in the

normal cornea is contentious, and even when observed, these cells were found

to be abnormal in that they lacked detectable MHC class II [4–6]. Thus, the

concept that the normal cornea is devoid of professional APCs remains tenable

despite the presence of a network of F4/80-expressing macrophage-like cells.

However, the limbal region between the cornea and conjunctiva is heavily popu-

lated with Langerhans cells (a type of DC), and these cells have been shown to

migrate into the central cornea following a variety of insults including HSV-1

infection [7]. Thus, any potential immune privilege that derives from a lack of

corneal APCs is rapidly lost following HSV-1 infection. Studies from several
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laboratories have established an important role for corneal DCs in HSK.

Studies in which Langerhans cells were eliminated from the surface of one eye

by exposure to ultraviolet light followed by bilateral corneal infection revealed

a role for DCs not only in the inductive phase of the T cell response in lymphoid

organs, but also in the effector phase of the response within the infected cornea

[7]. The latter conclusion was based on the observation that HSK developed

normally in the eye with Langerhans cells, but failed to develop in the

Langerhans cell-depleted cornea. Replicating HSV-1 was eliminated normally

(by day 5 after infection) from the Langerhans cell-depleted corneas and the

corneas appeared normal thereafter. Thus, the capacity of HSV-1 infection to

induce DC migration into the cornea can rapidly convert immune privilege to

immunopathology.

The possibility that DCs might influence the preferential accumulation of

CD4� over CD8�T cells arose from studies comparing HSK induction by two

different laboratory strains (KOS and RE) of HSV-1 in A/J mouse corneas [3].

HSK resulting from KOS HSV-1 infection had a low incidence (50%), tended to

be milder, and was characterized by a predominantly mononuclear infiltrate in

which CD8� T cells outnumbered CD4� T cells by a 2:1 ratio. In contrast,

HSK induced by RE HSV-1 was characterized by a high incidence (80–100%),

a predominantly neutrophilic infiltrate, and a preponderance of CD4� over

CD8�T cells. An important observation in that study was that KOS HSV-1 was

a poor inducer of Langerhans cell migration into the cornea. Moreover, when

Langerhans cell migration into the cornea was induced prior to infection, KOS

HSV-1 induced a high incidence of HSK that was characterized by a predom-

inantly neutrophilic infiltrate in which CD4� T cells greatly outnumbered

CD8� T cells. Though not conclusive, these findings suggest that the early

infiltration of Langerhans cells into the HSV-1-infected cornea favors CD4�

T cell accumulation. The mechanism of this putative preferential attraction of

CD4�T cells by Langerhans cells is not clear but would likely involve a unique

set of chemokines and/or homing receptors. These possibilities are currently

under investigation.

Cytokines 

Following RE HSV-1 corneal infection, CD4� T cells regulate the migra-

tion of neutrophils into the cornea, resulting in damage to the corneal architec-

ture and progressive opacity. Neutrophilic infiltration is regulated in part by the

Th1 cytokines interleukin (IL)-2 and interferon (IFN)-�, which are preferen-

tially produced by CD4� T cells in the infected cornea [8, 9]. How these

cytokines regulate neutrophilic infiltration into the cornea is not entirely clear.
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IFN-� appears to favor neutrophilic extravasation from corneal blood vessels by

increasing the expression of platelet endothelial cell adhesion molecule-1 on

corneal blood vessels [9]. IL-2 appears to orchestrate neutrophil migration into

the central cornea following extravasation into the perivascular space in the

peripheral cornea and regulates their survival within the cornea [8].

In contrast to the detrimental role of Th1 cytokines in HSK, there is evi-

dence that Th2 cytokines may play a role in the resolution of disease. For

instance, IL-10 and IL-4 appear to be expressed during late stages of HSK con-

cordant with diminishing inflammation [10]. Moreover, IL-10-deficient mice

exhibit more severe HSK [11], and HSK is alleviated by topical administration

of recombinant IL-10 [11, 12].

Other cytokines with known roles in HSK include tumor necrosis factor

(TNF)-�, IL-1, IL-6, IL-12, and IL-17. TNF-� and IL-1 are pluripotent

cytokines that influence several aspects of HSK [13], including the infiltration

of neutrophils, MHC class II-positive DCs and T cells following HSV-1 infec-

tion. Their infiltration is directed by chemokines that are produced in response

to IL-1 and TNF-� by both corneal cells (epithelial cells and stromal kerato-

cytes) and by infiltrating bone marrow-derived cells. While these cells appear

to be important in the initial elimination of the virus from the infected cornea,

they may also create a microenvironment that is conducive to the subsequent

development of HSK. Recent studies established that IL-17 is expressed in

human corneas with HSK, and that the IL-17 receptor is constitutively

expressed by corneal fibroblasts [14]. IL-17, TNF-�, and IFN-� synergistically

induced production of IL-6, the neutrophil-attracting chemokines IL-8 and

macrophage inflammatory protein (MIP)-1�, and the DC chemokine MIP-3�

by cultured human corneal fibroblasts. IL-17 also synergistically induces the

production of the matrix metalloproteinase (MMP)-1 by corneal fibroblasts,

which results in the degradation of the collagen matrix of the cornea. Thus, the

combined effect of IFN-�, TNF-�, and IL-17 might produce a microenviron-

ment within the infected cornea that would favor the infiltration of neutrophils

and DCs, and damage the corneal stroma architecture leading to opacity and

ultimately to scarring during the remodeling process.

Angiogenesis

Among the important elements of corneal immune privilege is the avascu-

lar nature of the normal tissue. The lack of blood and lymphatic vessels limits

access of the cornea to both the afferent and efferent limbs of the immune

response. However, HSK is characterized by a rapid ingrowth of blood vessels

into the previously avascular cornea, which appears to be a requisite step in the
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development of HSK in mice [15]. The proximal mediators of neovasculariza-

tion in mouse corneas with HSK include vascular endothelial growth factor,

angiogenic chemokines, and MMP-9. The production of vascular endothelial

growth factor and MMP-9 is regulated by the cytokines IL-1 and IL-6 [16].

Neovascularization is also regulated through a balance of the angiogenic

chemokines IL-8 and MIP-2, and angiostatic chemokines such as CXCL10.

Once the cornea is exposed to the efferent arm of the immune system

through neovascularization, any immune privilege it previously enjoyed is rapidly

lost. Thus, controlling angiogenesis in the cornea might be a useful approach to

treating patients with necrotizing HSK. However, the complex interaction of

angiogenic and angiostatic factors will render such approaches quite challenging.

Disease Models 

At least three hypothetical mechanisms for the involvement of CD4�

T cells in HSK have been advanced and supported by published data. These

include: (1) bystander activation of CD4� T cells by cytokines that are pro-

duced in the cornea in response to infection [17–19]; (2) autoimmune reactivity

to corneal tissue resulting from molecular mimicry by a viral protein [20–23],

and (3) virus-specific activation. Bystander activation of CD4 T cells as a

mechanism for HSK development is supported by data obtained from mice

expressing a transgenic T cell receptor specific for ovalbumin. Although the

CD4� T cells of these mice were incapable of recognizing viral antigens, the

mice developed severe corneal inflammation following HSV-1 infection. CD4

T cells expressing the ovalbumin-specific T cell receptor were recovered from

the HSK lesions, and CD4� T cell depletion abrogated inflammation [24].

These studies provided proof of principle that HSK-like disease can develop in

the absence of HSV-1-reactive CD4� T cells. However, important aspects of

the model system employed prevent a direct assessment of the involvement of

bystander activation in HSK. For instance, in the absence of an HSV-1-specific

adaptive immune response, HSV-1 was never cleared from the corneas, and the

mice died at a time when HSK has not fully developed. In fact, when HSV-1

replication was controlled in the corneas of these mice with antiviral drugs,

inflammation did not develop [17]. Thus, while bystander activation of CD4�

T cells by cytokines produced in response to uncontrolled virus replication can

induce inflammation similar to that seen in HSK, it appears that HSV-1-specific

CD4�T cells are required to trigger the inflammation when virus replication is

controlled in corneas of immunologically normal mice. Nonetheless, it remains

quite possible that bystander activation of CD4� T cells contributes to chronic

inflammation in HSK.
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The potential involvement of an autoaggressive CD4� T cell attack on

corneal tissue during HSK was suggested by studies from the laboratory of

Cantor [20–23]. In this model, the HSV-1 UL6 coat protein contains an epitope

in common with a normal corneal protein. It is proposed that CD4�T cells reac-

tive to the UL6 epitope (and cross-reactive to a corneal protein) are generated

during infection. These autoreactive CD4� T cells then infiltrate the infected

cornea and mediate tissue destruction. For an as yet unexplained reason, this

autoimmune involvement in HSK occurred after corneal infection with the KOS

but not the RE strain of HSV-1. Moreover, a study by another group failed to

confirm cross-reactivity between the UL6 protein and corneal proteins or the

capacity of UL6-specific CD4�T cells to induce HSK [25]. Additionally, analy-

sis of the specificity of T cell clones isolated from human corneas with HSK has

not revealed reactivity to either UL6 or corneal antigens [26]. Thus, the involve-

ment of molecular mimicry-induced autoimmunity in HSK remains contentious.

A view favored by our group and others is that HSV-1-specific CD4�

T cells play a requisite role in the induction and progression of HSK. HSV-1-

specific CD4� T cell clones have been isolated from human [26] and mouse

[our unpublished observation] corneas at various stages of HSK. Perhaps the

best evidence for an involvement of HSV-1-specific T cells in HSK came from

studies in which mice were tolerized to HSV-1 antigens. Injection of HSV-1 into

the ocular anterior chamber induces a deviant form of immunity referred to as

anterior chamber-associated immune deviation [27]. Preferential inhibition of

CD4�T cell functions, such as delayed-type hypersensitivity and production of

Th1 cytokines, characterizes this immune deviation [28]. Induction of cell-

mediated immune tolerance of HSV-1 antigens at the time of HSV-1 corneal

infection was found to protect the cornea from HSK [29].

Conclusion

It is somewhat ironic that within the immune-privileged cornea, immuno-

pathology is the most devastating manifestation of HSV-1 infection. One might

predict that the restrictions placed on the immune system within the cornea

would instead result in uncontrolled viral cytopathology. Perhaps because the

cornea imposes restrictions on the adaptive immune response, the innate

immune system appears to operate effectively to eliminate HSV-1 from the

cornea. Unfortunately, some of the key components of corneal immune privilege

(e.g. lack of blood vessels and professional APCs) are altered during the course

of viral elimination, setting the stage for subsequent immunopathology.

The resulting inflammation is a complex process. What drives the chronic

inflammation is not clear. If HSV-1-specific CD4�T cells drive the inflammation,
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what is the source of viral antigens? In the mouse model, HSV-1 is eliminated

from the cornea by day 7 after infection but inflammation progresses through

21 days after infection and can persist for months. Do APCs that infiltrate the

cornea during virus replication maintain antigen presentation for prolonged

periods? Are undetectable levels of virus or viral antigens constantly or inter-

mittently shed into the cornea from sensory neurons? Alternatively, does initial

virus-specific T cell activation give way to persistent activation by cytokines or

autoantigens? Although many such questions await answers, the available evi-

dence suggests that immunology-based therapy is feasible. Despite the complex

nature of HSK, it appears that individual modulation of certain components of

the immunopathological process can dramatically reduce inflammation in the

infected cornea. Neutralizing the Th1 cytokines IL-2 and IFN-� [8, 9], inhibit-

ing production of the chemokines MIP-1� and MIP-2 [30, 31], and blocking B7

[32] and 4-1BB [33] costimulation can each dramatically reduce inflammation

in the infected cornea. Perhaps a combination of these treatments will be effec-

tive in reducing inflammation in corneas with HSK, and reestablish the

immune-privileged nature of the tissue.
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Abstract
Uveitis is a general term for inflammatory disorders of the uveal tract and encompasses

a wide range of underlying etiologies. It may be idiopathic, associated with systemic diseases

or result from a variety of infectious agents. Uveitis is responsible for over 2.8% of blindness

in the United States. Each year, 17.6% of active uveitis patients experience a transient or per-

manent loss of vision. Anterior uveitis (AU), which refers to inflammation within the anterior

segment of the eye, is the most common form of uveitis. Experimental autoimmune AU

(EAAU) is an organ-specific autoimmune disease of the eye, which serves as an animal model

of idiopathic human AU. Recently, type I collagen was identified as the target autoantigen in

EAAU. Thus, human AU may be an example of autoimmunity to local ocular collagen.

Copyright © 2007 S. Karger AG, Basel

Uveitis

Uveitis is a general term for inflammatory disorders of the uveal tract and

encompasses a wide range of underlying etiologies. It may be idiopathic, associ-

ated with systemic diseases or result from a variety of infectious agents. Until

recently, although uveitis was proposed to be frequently an autoimmune disease,

repeated attempts to induce experimental uveitis with uveal antigens met with

failure. Additionally, the early work of Wacker et al. [1] and Wacker [2], in which

it was demonstrated that retinal antigens were effective immunopathogens,

unfortunately focused research on the cause of autoimmune anterior uveitis

(AU) to novel retinal antigens instead of iris and ciliary body (CB) antigens.

With the discovery of the type I collagen �-2 chain as the target of the immune

response in experimental autoimmune AU (EAAU) in rodents [3], the suspicion

that acute AU was an autoimmune collagen disease has been confirmed.
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Epidemiology and Classification of Uveitis

Uveitis is responsible for over 2.8% of blindness in the United States. Each

year, 17.6% of active uveitis patients experience a transient or permanent loss

of vision, with 12.5% developing glaucoma [4]. The incidence and prevalence

of uveitis has been difficult to determine because the disease is not reportable to

the health authorities and is treated in an ambulatory setting. More recently, the

epidemiology of the disease in the US has been affected by the aging of the

population, racial diversity and an increasing incidence of autoimmune disease.

Historically, an incidence rate of 17/100,000 person-years and a prevalence

ratio of 204/100,000 over a 10-year period has been reported [5]. However, a

recent report from the Northern California Epidemiology of Uveitis Study [6]

suggested a higher disease rate for the older population, particularly women,

with a higher incidence of chronic disease. Recurrence rates after an initial

episode of uveitis in Great Britain showed that 11.3% of patients had at least

one recurrence within 5 years, with 2.5% experiencing a second recurrence dur-

ing this period [7].

In an attempt to more precisely clarify this group of diseases, the

International Uveitis Study Group proposed both an anatomic and etiologic

classification of uveitis, as well as other descriptive terms of the disease [8].

The location of the primary focus of inflammation, taking into account

spillover either to the anterior or posterior segment of the eye, is used to

describe the inflammation as anterior (e.g. iritis and iridocyclitis), intermediate

(e.g. pars planitis), posterior (e.g. toxoplasmosis) or panuveitis (e.g. diffuse).

Other ocular on non-ocular findings do not influence the anatomic classifica-

tion of uveitis. Important descriptive terms to accurately describe uveitis

include the duration of the disease – i.e. acute, �3 months in duration, or

chronic, �3 months in duration – and the recurrence of the disease – i.e. with

multiple episodes; the term recurrence is used to signal the return of intraocular

inflammation after a period of quiescence.

Uveitis is etiologically classified as either infectious or non-infectious. The

predominant form of the disease is felt to be non-infectious – specifically,

autoimmune for AU. HLA-B27-associated acute AU is the most common form

of non-infectious uveitis that occurs in genetically predisposed individuals.

This allele is frequently associated with acute AU in conjunction with a spondy-

loarthropathy, such as anklyosing spondylitis. Although the B27 AU is felt to be

autoimmune in origin, there is some evidence that a microbial trigger for the

disease may exist – specifically, certain species of Klebsiella, Salmonella,

Shigella, Yersinia and Chlamydia trachomatis have been implicated [9]. This

has recently focused attention on the role of Toll-like receptors (TLRs) within

the eye and the pathogen-associated molecular patterns on these and other
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microorganisms [10]. For example, the resistance of C3H/HeN mice to

endotoxin-induced uveitis (EIU) by lipopolysaccharide (LPS) resides in a point

mutation within the coding region of the Tlr4 gene, which results in a functional

disruption of Tlr4 signalling [11, 12].

Infectious causes of uveitis include viruses, bacteria, protozoa, parasites

and rickettsiae. Typical organisms involve Toxoplasma gondii, Histoplasma

capsulatum, Toxocara canis, cytomegalovirus, Borrelia burgdorferi, and

Mycobacterium tuberculosis, for example. Most recently, a presumed viral eti-

ology (i.e. rubella) for a form of AU, namely Fuchs heterochromic cyclitis, has

been reported [13]. There is a lingering suspicion that many cases of AU are the

result of infection with a pathogen that has not been recognized or is difficult to

identify.

Anterior Uveitis 

As mentioned, AU is a term which refers to inflammation within the ante-

rior segment of the eye and can be further subdivided anatomically into either

iritis and/or iridocyclitis. It is the most common form of uveitis and accounts for

approximately 75% of cases. Inflammation occurs in either the iris or the CB,

with spillover of vitreous inflammatory cells into the space behind the lens.

Retinal involvement is not a component of AU [14, 15]. A single episode of AU

does not cause permanent visual loss. It may be uncomfortable for the patient

but rarely results in significant visual damage. However, it is the recurrent nature

of many of the forms of AU, which ultimately results in the loss of vision sec-

ondary to cataract, cystoid macular edema, or glaucoma [14, 15]. The major

signs of AU are keratitic precipitates, as well as inflammatory cells and protein

flare within the aqueous humor. Most of the disorders associated with AU are not

differentiated by the clinical appearance of inflammation within the anterior

chamber (AC), but rather by their associated systemic findings – e.g. ankylosing

spondylitis, juvenile rheumatoid arthritis, and Kawasaki syndrome. However, the

most common form of AU is of unknown (i.e. idiopathic) etiology [6].

Animal Models of Uveitis

Several animal models of uveitis have been reported in the literature [1,

16–38]. The most studied model of intraocular inflammation is experimental

autoimmune uveoretinitis (EAU). In EAU, the disease is induced in inbred

rodents with various retinal proteins, such as retinal soluble antigen, inter-

photoreceptor retinoid binding protein, rhodopsin or phosducin [1, 18, 19].
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Unfortunately, EAU induced by soluble retinal proteins does not have the clini-

cal characteristics of EAAU. Although the severity of EAU can be altered by the

dose of retinal protein used for sensitization, as well as the accompanying adju-

vant, the inflammation produced is primarily confined to the posterior segment

of the eye [1, 18, 19].

Animal Models of Anterior Uveitis

EIU and EAAU serve as the most frequently studied animal models of AU.

Endotoxin Induced Uveitis 

EIU is an animal model of acute AU [22–25]. EIU can be induced in

rodents, rabbits and guinea pigs and is characterized by leakage of proteins and

infiltration of polymorphonuclear cells into the AC of the eye. The inflamma-

tion peaks 24 h after the endotoxin injection and resolves by 48 h [22–25].

EIU can be induced by local or systemic injection of endotoxin. Lipo-

polysaccharide is a major cell wall component of Gram-negative bacteria and is

implicated in their uveitogenicity in EIU. Several factors including E and

P selectins have been reported to play an important role in EIU [39]. Tlr4 has

been shown to be expressed in the anterior uveal tract and is believed to be

responsible for the sensitivity of the iris and CB to bacterial endotoxin, as

observed in animal models of EIU [40].

Collagen-Induced Anterior Uveitis – Experimental 

Autoimmune Anterior Uveitis 

EAAU is an organ-specific autoimmune disease of the eye, which serves

as an animal model of idiopathic human AAU [3, 28–38]. It was originally

described by Broekhuyse et al. [28] in 1991. Bora et al. [33] have extensively

characterized this model and have shown that severe inflammation occurs in the

anterior segment of the eye of Lewis rats after the foot pad injection of the anti-

gen isolated from bovine iris and CB [3, 33, 34, 36–38]. In EAAU there is no

damage to the retina. Thus, EAAU is representative of human AAU in contrast

to EAU. EAAU is characterized histologically by lymphocytic infiltration in the

iris and CB. Antigen-specific CD4�T cells can adoptively transfer disease into

naïve syngeneic recipients and are the predominant inflammatory cells within

the uvea [3, 37]. Study of the cytokine profile of the host during EAAU
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suggests that the inflammation is mediated by both Th1- and Th2-type CD4�

T cells [38].

Recently, the pathogenic antigen in EAAU has been purified to homogene-

ity by Bora et al. [3]. The uveitogenic antigen is a 22-kDa fragment of bovine

type I collagen �-2 chain and was referred to as CI-�2 (22 kDa) in this report.

This antigen was pathogenic only when CI-�2 chain underwent proteolysis and

if the bound carbohydrates were intact. Thus, it was suggested that the patho-

genic antigen in EAAU is tissue specific because the peptide sequence and/or

the posttranslational modification of CI-�2 is novel within the eye. Although

human AU has been historically characterized as a collagen disease [41], this

was the first time collagen was identified as the target autoantigen in uveitis. It

has been suggested that local ocular disease involving collagen may occur with-

out systemic disease – namely, without involvement of systemic collagen [3].

Idiopathic AAU may be an example of autoimmunity to local ocular collagen.

Experimental Melanin Induced Uveitis (EMIU)

Chan et al. [32] and Broekhuyse et al. [35] proposed the term experimental

melanin protein-induced uveitis (EMIU) to replace the previous term EAAU

for their rodent model of intraocular inflammation. Although this disease,

EMIU, is induced by sensitization to a melanin-associated antigen derived from

choroid, it is different from EAAU, which is produced by immunization with

the melanin-insoluble fraction of the iris/CB. Specifically, EAAU is predomi-

nantly AU (i.e. iritis) with mild choroiditis [3, 33, 34, 36–38], whereas EMIU is

a panuveitis associated with a severe choroiditis, as well as an iritis [32, 35].

The human disease, AAU, most closely resembles EAAU, while panuveitis is

more like EMIU. Further evidence of the difference in both animal disease

models is the spontaneous recurrence which is observed in EMIU within

1 week of resolution [32], whereas EAAU is not associated with recurrent dis-

ease unless the host is reexposed to the pathogenic antigen [33].

Tolerance Induction for the Treatment of Anterior Uveitis

The AC of the eye is an immune-privileged site [42]. The immune privilege

of the AC has been shown to be the result of a number of protective mechanisms

including the immunosuppressive properties of ocular cells and immunosup-

pressive factors in ocular fluid [42]. AC-associated immune deviation [43], ini-

tially described by Kaplan and Streilein [44, 45] as F1 lymphocyte immune

deviation, refers to the deviant systemic immune response resulting in the
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generation of antigen-specific suppressor T cells and suppression of delayed-

type hypersensitivity after the introduction of antigen into the AC of the eye.

The clinical importance of AC-associated immune deviation is unknown; how-

ever, animals immunized through the AC with retinal autoantigens (e.g. S-antigen

or interphotoreceptor retinoid binding protein) are protected from experimental

autoimmune uveitis [46, 47]. Suppression of immunological responsiveness by

single or multiple doses of autoantigens via oral, intranasal and intravenous

routes has been demonstrated to suppress uveitis in rodent models [48–51].
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Abstract
Glaucoma is a chronic neurodegenerative disease of the optic nerve, in which apoptosis

of retinal ganglion cells (RGCs) and progressive loss of optic nerve axons result in structural

and functional deficits in glaucoma patients. This neurodegenerative disease is indeed a lead-

ing cause of blindness in the world. The glaucomatous neurodegenerative environment has

been associated with the activation of multiple pathogenic mechanisms for RGC death and

axon degeneration. Growing evidence obtained from clinical and experimental studies over

the last decade also strongly suggests the involvement of the immune system in this neurode-

generative process. Paradoxically, the roles of the immune system in glaucoma have been

described as either neuroprotective or neurodestructive. A balance between beneficial immu-

nity and harmful autoimmune neurodegeneration may ultimately determine the fate of RGCs

in response to various stressors in glaucomatous eyes. Based on clinical data in humans, it

has been proposed that one form of glaucoma may be an autoimmune neuropathy, in which

an individual’s immune response facilitates a somatic and/or axonal degeneration of RGCs

by the very system which normally serves to protect it against tissue stress.

Copyright © 2007 S. Karger AG, Basel

Aberrant T Cell Immunity

Growing evidence supports an aberrant activity of the immune system in

glaucoma patients [1–3]. In fact, glaucomatous injury sites, namely the retina

and the optic nerve, are ‘immune privileged’ as are other tissues in the central

nervous system (CNS). This requires the deletion and active regulation of

immune responses for the control of potentially damaging and sight-threatening

autoimmune diseases [4, 5]. Similar to the anterior segment of the eye [6],

apoptotic elimination of T cells is likely an essential protective mechanism to

prevent inflammation and antigen encounter in the retina and optic nerve.
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Despite immune privilege, however, autoreactive T cells are able to enter nor-

mal, uninjured brain with an intact blood-brain barrier [7] as part of the consti-

tutive immune surveillance [8]. Although there is no evidence of T cell

accumulation in the retina or optic nerve head tissues of glaucomatous eyes,

which may be due to the transitory nature of sentinel T cells, episodic disrup-

tions of the blood-eye barrier may facilitate their access into these tissues. The

site-specific stromal recruitment of T cells may initially play an important role

as a protective mechanism, since it allows early contact of the immune system

with cellular debris, destruction of damaged cells, and the removal of patho-

genic agents from the CNS. This elicits what has been called ‘protective immu-

nity’, in which the recruited T cells mediate the protection of neurons from

degenerative conditions by providing a source of cytokines, including IFN-�

and possibly neurotrophins [9–11]. Protective immunity has been suggested to

occur as a homeostatic response to injury to reduce the secondary degeneration

of retinal ganglion cells (RGCs). This has been induced experimentally in

rodents by active or passive immunization with self-antigens [12, 13].

While T cell-mediated immune responses may initially be beneficial and

even necessary to optimally limit neurodegeneration as evidenced in rodents,

compelling evidence in humans obtained during the past decade suggests the

conversion of protective immunity or self-limited inflammatory responses into

the chronic autoimmune neurodegeneration seen in glaucoma. Despite the neuro-

protective features of the immune system, an autoimmune component, resulting

from a failure to properly control an aberrant, stress-induced immune response,

likely accompanies the progression of neurodegeneration in a cohort of glau-

coma patients. This occurs primarily in glaucoma patients in whom the intraocu-

lar pressure is in the ‘normal’ range (i.e. so-called ‘normal pressure’ or ‘low

tension’ glaucoma). The presentation of neuronal antigens to the immune system

may initiate further immune responses followed by the expansion and secondary

recruitment of circulating, pathogenic T cells that may lead to antigen-mediated

neurotoxicity through an ‘autoimmune neurodegenerative disease’.

Support for such a T cell-mediated component of the neurodegenerative

immune response in glaucoma is evidenced by abnormal T cell subsets in many

glaucoma patients [14]. Recent experimental studies have also provided evi-

dence that antigen-stimulated T cells may directly be cytotoxic to RGCs, mostly

through the Fas/Fas ligand-dependent pathway. Although retinal microglia are

involved in the apoptotic elimination of T cells from the retina and optic nerve

head, similarly via Fas/Fas ligand interactions, RGCs progressively undergo

apoptosis in antigen-immunized animals, which results in a pattern of neuronal

damage similar to human glaucoma [Tezel and Wax, unpublished data]. These

data suggest that T cell-mediated neurodegeneration not only depends on aber-

rant activation of autoreactive T cells but may also reflect a dysfunction in the
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apoptotic termination of the T cell response in the retina and a loss of immune

privilege in this site.

Humoral Immune Response

The evidence that the humoral immune response also favors the onset

and/or progression of neurodegeneration in some glaucoma patients is found in

studies of autoantibodies in glaucoma patient sera or tissues and studies of

autoantibody-mediated toxicity to RGCs in experimental models. For example,

there is an increased prevalence of monoclonal gammopathy [15] and elevated

serum titers of autoantibodies to many optic nerve [16] and retinal antigens

[17–20] in patients with glaucoma. There is also evidence of immune globulin

deposition in the glaucomatous retina [21]. It has been proposed that peripapil-

lary chorioretinal atrophy, commonly present in glaucomatous eyes [22], may

be the site for a facilitated access of serum antibodies to the retina [21], since

the blood-retina barrier is disrupted in these areas. Increased autoantibodies in

the serum of glaucoma patients include those to heat shock proteins, e.g. hsp60,

hsp27, and �-crystallins [18, 19]. The increased titers of serum autoantibodies

may reflect a response to tissue stress and/or injury in glaucomatous eyes.

However, direct application of antibodies against small heat shock proteins to

retinal neurons, at similar concentrations to that found in the serum of many

glaucoma patients, has resulted in the apoptotic death of these neurons, in vitro

and ex vivo [19, 23, 24]. This apoptotic effect has been found to be associated

with the diminished protective abilities of native heat shock proteins, including

the attenuation of the ability of native hsp27 to stabilize retinal actin cytoskele-

ton [24]. These findings suggest that heat shock protein autoantibodies have

direct pathogenic potential to facilitate RGC death in glaucoma and that their

presence is not just an epiphenomenon. This is further supported by a clinical

study in which serum titers of autoantibodies to heat shock proteins did not dif-

fer depending on the degree of glaucomatous damage in either American or

Japanese patients [25]. On the other hand, antibody-mediated neuronal damage

in glaucoma may also occur indirectly by way of a ‘mimicked’ autoimmune

response to a sensitizing antigen [17, 18, 26]. Molecular mimicry as a potential

causal mechanism of glaucomatous neurodegeneration is supported by findings

of elevated autoantibodies to bacterial heat shock proteins, including hsp60

[18], as well as the increased expression of HLA-DR/CD8 on circulating T cells

of normal pressure glaucoma patients [14]. In addition, epitope mapping

revealed that the immunogenicity of rhodopsin antibodies in these patients

is shared by epitopes of proteins found in common bacterial and viral

pathogens [26].



Tezel/Wax 224

Additional recent reports from several laboratories of elevated serum anti-

bodies against neuron-specific enolase [27] or phosphatidylserine [28], and

complex patterns of serum antibodies against retina and optic nerve antigens

[29] in glaucoma patients also support the association of serum autoantibodies

with glaucomatous neurodegeneration.

Tissue Stress in Glaucoma

What seems to be the most important parameter for the modulation of the

immune system in glaucoma is that the retina and optic nerve head are under

widespread and long-term tissue stress in glaucomatous eyes. In addition to the

clinical evidence of elevated intraocular pressure in glaucoma patients, there is

also evidence of hypoxic [30] and oxidative tissue stress [31] in glaucomatous

eyes. The tissue stress in glaucoma is best represented by increased expression

of stress proteins, including heat shock proteins, in the retina and optic nerve

head [32]. While heat shock proteins function as endogenous protectants of reti-

nal neurons in response to a variety of stressors, including those associated with

glaucoma [24, 33], they also have the ability to elicit an activated immune

response. For example, heat shock proteins are known to be highly antigenic,

and immune responses to heat shock proteins are implicated in the development

of a number of human autoimmune diseases as a consequence of molecular

mimicry [34, 35].

Tissue stress is probably a major force that drives a resting immune system

over the threshold of antigen-specific activation, since several stress-associated

costimulatory factors are required for the activation of resting antigen-presenting

cells, including glial cells [35–37]. Glial major histocompatibility complex

class II expression is indeed induced under stress conditions [38, 39]. Similarly,

optic nerve head and retinal glia, including both macroglia and microglia,

prominently respond to glaucomatous tissue stress by exhibiting an activated

phenotype [40], which includes the activation of their antigen-presenting abil-

ity. Major histocompatibility complex class II molecules on glial cells are

upregulated in glaucomatous eyes [41]. Microglial cells [42], and also glial fib-

rillary acidic protein-positive astrocytes, exhibit HLA-DR immunolabeling in

glaucomatous human donor eyes [41]. Thus, glial cells not only function in the

innate immune response (by clearing the debris and the deleterious breakdown

products from degenerating RGCs and their axons), but are also involved in

adaptive immunity through antigen presentation. In addition, despite their many

neuroprotective functions, glial cells may also be directly cytotoxic to RGCs

through the increased production of neurotoxic cytokines [43]. Due to their

diverse functions, glial cells have been implicated in traumatic injuries and
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chronic neurodegenerative diseases of the CNS [44–47]. The prominent and

persistent activation of glial cells in glaucomatous eyes, including the activation

of their antigen-presenting ability, point out a similar role of these cells in the

activation of an autoimmune neurodegenerative process in glaucoma.

Conclusion

The onset, progression, and termination of tissue-specific immune responses

are largely determined by the interactions between the tissue-infiltrating T cells,

stromal cells of the CNS (in the case of glaucoma, RGCs, astrocytes, and

Müller cells), and tissue macrophages (microglia). Whether the outcome of

immune system activity is deleterious or beneficial for tissue integrity and

function depends on complex interactions between these cells [48]. Although

protective autoimmunity may govern the retina and optic nerve environment

under homeostatic conditions, it is proposed that an adverse neurodegenerative

component resulting from a failure to properly rectify the initial injury-induced

immune response, accompanies neurodegeneration in some glaucoma patients.

Tissue stress present in glaucomatous eyes seems to be decisive for the balance

between protective immunity and the progression of neurodegeneration by

autoimmunity. Alterations in neuron-glia-T cell interactions under glaucoma-

tous stress conditions, along with the increased antigenicity in the damaged tis-

sue and the increased antigen-presenting ability of resident glial cells, appear to

be important factors determining the role of the immune system in glaucoma.

Continued efforts to better understand the role of the immune system in glau-

coma should allow for both the identification of biomarkers that may signal the

most advantageous time to intervene in order to minimize disease progression,

as well as the development of immunomodulatory strategies that could be uti-

lized for such therapeutic gain.
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Abstract
Sight-threatening intraocular inflammation affecting the posterior segment of the eye

may be predominantly located in the peripheral retina and vitreous (intermediate uveitis) or

postequatorially where it manifests as inflammation of the retina, retinal vessels and/or optic

nerve with cellular infiltration of the choroid and retina and edema particularly at the mac-

ula. Involvement of the macula is the main cause for visual loss. Experimental models of

posterior uveitis have revealed much concerning the mechanisms of inflammatory cell dam-

age to the retina, implicating CD4 T cells, effector macrophages and pro-inflammatory

cytokines. In particular, transgenic and gene deletion models of inflammation have allowed

an understanding of how immune privilege in the posterior segment of the eye is disrupted.

Importantly, this has led to the development of new treatments with novel immunosuppres-

sants and ‘biologics’ and the promise of cell-based therapies which may allow customized

therapies tailored to the individual’s inflammatory profile.

Copyright © 2007 S. Karger AG, Basel

The classification of intraocular inflammatory disease has traditionally

presented conceptual difficulties. The uvea (from the Greek uvea meaning

grape, described as such by early anatomists because of its resemblance to a

black grape after dissection of the sclera from the intact globe) is the lympho-

vascular layer of the eye and becomes engorged after any intraocular inflamma-

tory stimulus. Remarkably, the range of inflammatory processes often respects

anatomical boundaries. Thus, anterior inflammation is restricted to the iris and

ciliary body (synonyms: anterior uveitis, iridocyclitis, and anterior segment

intraocular inflammation) and posterior inflammation is frequently restricted to

the choroid (synonyms: choroiditis, chorioretinitis, and posterior segment

intraocular inflammation). The difficulty arises when the inflammation crosses

boundaries and particularly so when it is restricted to an area of the posterior

ciliary body and the anterior or peripheral retina. Clinically, this is recognized
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by many ophthalmologists by the term intermediate uveitis, and may include a

subset of conditions termed specifically pars planitis, since the locus of the dis-

ease is predominantly the pars plana ciliaris. In addition, there may be involve-

ment of other ocular sites such as the optic nerve or the sclera and retina in

different types of posterior segment intraocular inflammation and to avoid con-

fusion it may be simpler to consider two broad categories of intraocular inflam-

mation: anterior and posterior.

Anterior uveitis is generally considered to present as iridocyclitis (Bora

and Kaplan, pp 213–220) while posterior uveitis can be considered to include

many different forms of posterior segment intraocular inflammation, of which

one subdivision is intermediate uveitis. Related presentations of posterior

uveitis include for instance multifocal choroiditis, retinal vasculitis, and vitritis

amongst many others (table 1). In addition, central retinal vasculitis and papilli-

tis may be difficult to differentiate from classical optic neuritis due to demyelin-

ating disease, but usually the clinical entities are quite discrete.

Categorization of the many clinical forms of non-infectious posterior seg-

ment intraocular inflammation may be based on a relatively simple scientific

paradigm, centered on an autoimmune etiology. This notion is drawn from the

fact that many of the conditions seen clinically can be reproduced by immu-

nization of a range of animal models with a single autoantigen [1]. Thus differ-

ent human clinical phenotypes can be mimicked with the same antigen by

modifying the conditions such as the animal species and strain, the dose of

antigen, the type of adjuvant used and the immune status of the recipient.

Clearly not all forms of posterior uveitis can be grouped together in this way,

and there are several important specific diseases, e.g. Vogt-Koyanagi-Harada

disease (VKH), which have defining features, but as an aid to the management

of these diseases this concept is helpful since the protocols for immunosuppres-

sion frequently depend on the severity of the disease and the threat to sight

rather than the specific diagnosis.

The following sections will demonstrate the scientific underpinning of the

clinical approach to diagnosis and management of posterior uveitis.

The Clinical Problem

Infectious versus Non-Infectious Disease

Since many of the posterior uveitic conditions present with a somewhat

restricted set of overlapping clinical signs and symptoms, the major clinical

dilemma is to decide whether the disease is infectious or non-infectious (table 1).

This has important therapeutic implications since many infectious diseases can

be worsened by inappropriate use of immunosuppressants, while on the other
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hand early control of non-infectious, immune-based uveitic disease can pre-

serve vision. Examples of the former conditions include herpes simplex retini-

tis or cytomegalovirus retinitis, in which the use of immunosuppressants may

sharply exacerbate the disease. In contrast, some infectious diseases may

induce ocular tissue damage due to the associated immunological reaction and

thus the correct treatment would be the combined use of antibiotics and

immunosuppressants. Examples of this form of uveitic disease would be mil-

iary tuberculosis and ocular toxoplasmosis.

Once the condition has been confirmed to be non-infectious, and is pre-

sumptively autoimmune or at least immune mediated, two major questions pre-

sent themselves: what is the specific diagnosis and is there a significant threat

to vision? In some cases these two questions are linked since the pattern of dis-

ease frequently will predict its course. For instance, some diseases such as bird-

shot retinochoroidopathy (one of the white dot syndromes) carry a poor

Table 1. Classification of posterior segment intraocular inflammation

Infectious

Endophthalmitis

Bacterial infections

Tuberculosis, leprosy, Lyme disease, syphilis, and opportunistic 

infections (e.g. Pneumocystis carinii)

Parasitic infections

Toxoplasmosis, toxocariasis, cysticercosis, diffuse unilateral subacute neuroretinitis

Viral infections

Acute retinal necrosis (herpes simplex), herpes zoster (peripheral outer retinal necrosis), 

cytomegalovirus, HTLV-1, others

Fungal (Candida, Aspergillus, others)

Non-infectious

Involving eye alone

Pars planitis

Idiopathic vitritis

Idiopathic retinal vasculitis

Idiopathic multifocal retinochoroiditis

Sympathetic ophthalmia

White dot syndromes

Histoplasmosis-like disease

Associated with systemic disease

Behçet’s disease

Sarcoidosis

Vogt-Koyanagi-Harada disease

Connective tissue diseases
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prognosis despite both the insidious nature of the disease and attempts to inter-

vene with systemic immune suppression. Other disorders such as low-grade

pars planitis have a good prognosis and merely require careful clinical observa-

tion provided there is no maculopathy. In other cases, the specific diagnosis

may be difficult to identify and a careful assessment of the threat to vision is

essential. This requires targeted investigation including fundus imaging, elec-

trophysiology and other ocular function tests as well as systemic evaluation of

general health to determine the risk of side effects from therapy should

immunosuppression be required. These general principles are described in

detail in recent monographs and guidelines [2, 3].

Non-Infectious Uveitis: Is Posterior Uveitis One or Several Diseases?

A question testing many ophthalmologists is whether the various clinical

forms of non-infectious posterior uveitis represent discrete clinical entities or

whether the condition is a single disease entity of varying severity reflecting the

initial insult or inciting factors and the immune status of the patient at the time

of disease onset. Most ophthalmologists adhere to the former view and recog-

nize many disease entities, each with a site of origin in a specific ocular tissue

component with a clear disease pattern and prognostic outcome. For example,

pars planitis originates in the pars plana ciliaris and its hallmark is ‘snow bank-

ing’ in the retinal periphery. Snow banking is a clinical term for a dense amor-

phous exudate incorporating the vitreous base, retina and choroid and is

composed of inflammatory cells, degenerating tissue debris and hyaline mater-

ial [for review see ref. 4]. Sympathetic ophthalmia is a well-recognized condi-

tion of autoimmune inflammatory disease in which the second eye develops

uveitis following penetrating injury to the first eye. It is characterized by gran-

ulomatous inflammation at the level of the outer retina (Dalen-Fuch’s nodules)

but is considered to spare the choriocapillaris layer [for review see ref. 4].

Serpiginous choroiditis is a spreading inflammation at the level of the retinal

pigment epithelium which occurs in the apparent absence of significant inflam-

matory cell involvement in the vitreous. Recent indocyanine green studies of

choroidal inflammatory diseases have allowed a new classification of ocular

inflammatory disease, but lack definitive clinicopathological correlative evi-

dence to support each disease entity [5].

In contrast, an alternative view has been proposed that the posterior seg-

ment of the eye has a limited set of responses to inflammatory insult, namely:

[a] inflammatory cell infiltration of the vitreous (vitreous haze); [b] chorioret-

inal infiltration (granulomatous deposits, subretinal infiltrates of cells and/or

neovascular membranes); [c] inflammation of the retinal vessels (retinal vas-

culitis); and [d] edema, which is frequently focal and centered on the macula

(macular edema) but may be extensive as in the localized detachments of VKH
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or predominantly involve the optic nerve (optic nerve swelling) [1, 6, 7]. As

indicated above, this view is based on data from experimental models using

defined retinal autoantigens.

Experimental Models

Historical Overview

Uveitis has long been considered to have an autoimmune basis [8].

Because of the marked involvement of uveal tissue it was assumed that the

autoimmune target would reside in the uveal tract. In the first half of the 20th

century, experimental models of autoimmune disease were established in many

systems using tissue extracts emulsified in various adjuvants, particularly

Freund’s adjuvant with mycobacterial extract. Janeway [9] has called this the

immunologist’s ‘dirty little secret’, since activation of innate immune cell

receptors, particularly Toll receptors, was essential to induce a response to

inoculated antigen. Models of disease included myelin basic protein-induced

experimental autoimmune encephalomyelitis, collagen-induced experimental

autoimmune arthritis, and thyroglobulin-induced experimental autoimmune

thyroiditis. In all cases, a tissue-specific autoantigen was identified and used to

induce the disease [for reviews see ref. 10–12].

Similar studies were performed in uveitis, and initial attempts to extract

autoantigen were directed towards uveal tissue. However, inoculation of ani-

mals with uveal tissue extracts was not very effective at inducing uveitis. In

1965, Wacker [13] reported that inoculation of guinea pigs with retinal extracts

resulted in reproducible uveoretinitis in guinea pigs and this led to the identifi-

cation of the first retinal autoantigen in 1977 [reviewed in ref. 13]. Since then

several other autoantigens have been identified which produce experimental

autoimmune uveoretinitis (EAU) in various animal models [for reviews see ref.

14–18] and variations of the basic model (e.g. acute, chronic, and recurrent

EAU) system can be used depending on the experimental question under study,

similar to the situation in experimental autoimmune encephalomyelitis.

Not all antigens with the ability to induce retinal inflammation are located

in the retina. For instance, models of VKH, in which the target cell is thought to

be the melanocyte, have shown that the tyrosinase-related protein 1 (Trp 1) can

induce a posterior uveitis in rats with similarities to the human disease [19, 20].

In addition, uveal melanin-associated extract contains proteins which can

induce experimental models of autoimmune uveitis centered on the anterior

segment (experimental autoimmune anterior uveitis, EAAU). Recent studies

indicate that the major antigen in this extract is in fact type 1 collagen [21].

In general however, the central theme surrounding autoimmune intraocular
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inflammation defaults to the notion that eye-restricted autoantigens can lead to

variations in the expression of intraocular inflammation which have wide simi-

larity to the range of clinical phenotypes in human disease and importantly that

these models are in the main eye specific.

Development of Spontaneous Models of Uveoretinitis

Despite contemporary views that infectious agents may underlie autoim-

mune disease pathogenesis, a criticism of adjuvant-induced experimental mod-

els of disease is that they do not resemble closely enough autoimmune disease

in humans in which disease develops in the apparent absence of an inciting

stimulus. For trials of disease-modifying agents, spontaneous models of EAU

or ocular inflammation would be greatly advantageous. Spontaneous uveitis

occurs in veterinary practice particularly in horses, and valuable information

has been obtained from immunopathological studies of equine uveitis [22, 23].

However, in practical terms rodent models are necessary to conduct investiga-

tive work.

Most models of spontaneously occurring uveoretinitis have been produced

in immunologically or genetically modified animals. An early report described

the development of spontaneous uveoretinitis in nude (nu/nu) mice reconsti-

tuted at 4 weeks of age with rat embryonic thymus [24]. The pathology showed

progressive retinal destruction which appeared to be T cell mediated since

adoptive transfer of CD4� T cells from affected mice induced similar disease

in syngeneic animals. Interestingly these mice were shown to have antibodies to

interphotoreceptor retinoid binding protein but not to retinal S antigen. This has

considerable resonance with later findings relating to the now-recognized

expression of peripheral antigens in the thymus and their correlation with cen-

tral tolerance to autoantigens. In a number of studies it has been shown that sus-

ceptibility to autoimmune disease correlates inversely with thymic expression

of the peripheral tissue antigen, and some elegant quantitative work has

revealed this effect in relation to rodent susceptibility to retinal S antigen vs.

interphotoreceptor retinoid binding protein [25] and to some extent this has

been supported by similar work in humans [26]. These later data would support

the view that the spontaneous model of uveoretinitis induced by rat embryonic

thymus [24] is interphotoreceptor retinoid binding protein specific.

The role of thymic tolerance in protecting against the development of

organ-specific disease and in particular uveoretinitis (EAU) has been further

demonstrated in mice in which the autoimmune regulator (AIRE) gene has been

deleted [27]. Patients with a rare immunodeficiency disorder, the autoimmune

polyendocrinopathy-candidiasis-ectodermal dystrophy syndrome, have defects

in the AIRE genes with a tendency to several autoimmune diseases [28]. Mice

with the AIRE deletion also have these features, including uveoretinitis. Recent



Forrester 234

studies have shown that expression of the AIRE gene by thymic medullary

epithelial cells is important not only for permitting peripheral antigen expres-

sion in the thymus but also for promoting effective antigen presentation by

these cells [29].

Szpak et al. [30] earlier developed a spontaneous model of uveoretinopa-

thy in mice in which the susceptibility HLA gene (HLA-A29) was inserted into

the mouse genome. Disease developed late usually, after about 12 months, but

was present in the majority of A29� animals (around 80%). The clinical fea-

tures closely resembled human birdshot retinochoroidopathy. Interestingly, the

pathology indicated that there was evidence of retinal vasculitis and inflamma-

tory cells in the inner retina, in addition to the expected granulomatous infil-

trate in the choroidal layers. In addition, there were features of retinal pigment

epithelial cell migration into the retina with focal areas of serous retinal detach-

ment. These latter findings resemble more closely the severe end-stage pheno-

type of human birdshot retinochoroidopathy in which subretinal macular edema

and exudation can occur [31] and indicate that while the predominant clinical

manifestation of the disease can occur at one site, the evolution of the disease

can progress to involve most of the intraocular tissues.

Other attempts to develop models of spontaneous uveitis have involved the

transgenic expression of foreign antigen in ocular tissues and crossing the sin-

gle transgenic mice with mice transgenic for the T cell receptor specific for a

defined peptide epitope of the foreign antigen [32, 33]. Alternatively, disease

was induced by adoptive transfer of antigen-specific T cells similar to T cell

transfer models using cell lines to the native antigen (see below).

Examples of this type of model include expression of �-galactosidase in

the retina under the rhodopsin, glial fibrillary acidic protein or arrestin pro-

moter to provide varying levels of antigenic expression [34–37]. This has pro-

duced evidence to support a role for antigen sequestration in mediating

tolerance to retinal antigens [35]. Interestingly, expression of the foreign anti-

gen, hen egg lysozyme, under control of the �A-crystallin promoter has permit-

ted development of a model of spontaneous intraocular inflammation in which

there is not only significant damage to lens structure but also a marked retinitis

[33]. It has previously been shown that �A-crystallin is present in the retina

[38], which may provide an explanation of targeting of this tissue. Crystalllins

act as heat shock proteins to control stress responses in non-lens tissues, and the

reduction in their content may reflect aging changes in the retina [38].

Spontaneous models of uveoretinitis not only permit investigation of basic

immunological mechanisms but also provide good test systems for the evalua-

tion of disease modifiers which can be introduced during active disease without

the difficulties of controlling for persisting deposits of autoantigen at sites of

antigen inoculation.
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Site of Initiation of Disease

An unanswered question in many autoimmune diseases is where and how

the disease is initiated. In clinical uveoretinitis, it is assumed that the disease is

initiated systemically by some ill-understood mechanism involving molecular

mimicry or bystander activation in which autoreactive T cells are activated dur-

ing invasion of the organism by infectious foreign agents (viruses or bacteria).

In some respects this is modelled by specific peptide-adjuvant-induced EAU in

which retinal antigen-specific T cells are activated in the secondary lymphoid

tissues. The question that follows then is how do these activated T cells find

their target antigen. Several studies have addressed this question, mostly using

adoptive transfer of in vitro activated antigen-specific T cells rather than active

immunization. Initial studies indicated that EAU is CD4� T cell mediated and

requires a certain T cell frequency to mediate inflammation. Prendergast et al.

[39] suggest that there is ready access of antigen-specific and non-antigen-

specific T cells to the retinal tissues through the retinal vasculature but only

antigen-specific T cells are retained, probably due to antigen recognition in situ

[40, 41]. In contrast, Xu et al. [40, 41] indicated that T cells, including activated

antigen-specific T cells, cannot cross the blood-retinal barrier unless there has

been some systemic signal, specific or nonspecific, which renders the retinal

endothelial cells susceptible to T cell transmigration. Entry of cells into the

retina requires prior upregulation of adhesion molecules on the retinal endothe-

lium and specific interactions between ligand receptor pairs such as intercellu-

lar adhesion molecule-1 and lymphocyte function-associated antigen [42].

Furthermore there is preferential recruitment of Th1 T cells in this initial stage

of EAU via P-selectin glycoprotein ligand-1 binding [42]. Entry of cells is via

the postcapillary venules and is initiated focally in the extreme retinal periphery

(pars ciliaris) and around the optic nerve [Xu et al., in preparation]. This has

many counterparts in human disease such as the many white dot syndromes

which clinically develop lesions around the optic nerve and in the early signs of

intermediate uveitis around the retinal periphery.

Mechanism of Tissue Destruction

As the disease progresses, many additional cells are recruited to the retina

including nonspecifically activated T cells, granulocytes, macrophages and

dendritic cells (DCs) [43]. As indicated above, EAU is CD4�T cell-mediated but

macrophages play a central role in tissue damage. This has been demonstrated

in macrophage depletion studies and also in studies in which T cells continue to

infiltrate the tissue but the macrophage is disabled and tissue damage is attenu-

ated [for review see ref. 17]. Recent studies have revealed the heterogeneity of

macrophage populations, one set of which are pro-inflammatory while another,
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the alternatively activated macrophage, may have a role in modifying the

inflammatory response. Other macrophages, particularly the resident macrophage,

may have a scavenging role in clearing dead and dying cells in the absence of a

marked inflammatory response [44].

In EAU, infiltrating myeloid cells consist of DCs and activated monocytes

many of which express major histocompatibility complex class II antigen. In

the later stages of the disease, macrophages lose their major histocompatibility

complex class II but express other activation markers such as sialoadhesin [43],

Fc� and CD68. During the peak of EAU, macrophages release large quantities

of nitric oxide, one of the mediators inducing tissue damage [45].

The factors regulating macrophage activity are not known. Interferon

(IFN)-� and tumor necrosis factor (TNF)-�, both pro-inflammatory cytokines,

are known to be involved in macrophage activation in inflammation generally.

However, while transgenic expression of IFN-� in the rodent eye is associated

with increased inflammation [46], IFN-�-deficient mice also develop EAU

through a deviated immune response [47]. Recent studies on accessory

molecules involved in antigen presentation, such as CD40 and CD137,

indicate a definitive requirement [48, 49], while molecules involved in mono-

cyte adhesion and trafficking, e.g. the chemokine macrophage inflammatory

protein-1�, are required at least for T cell entry into the retina [50]. In

addition, interleukin (IL)-12 produced by antigen-presenting cells (DCs and

macrophages) is central to the development of EAU, although its role as a

promoter of inflammation has been undermined by recent data [for review see

ref. 15].

Several questions remain, including the nature of the signals which medi-

ate myeloid precursor cells trafficking across the endothelium and the decision

to progress towards either a DC or macrophage phenotype; about whether

monocytes undergo apoptosis in situ or proliferate, and about programming of

macrophages before or after entry into the tissue [45].

Experimental Approaches to Modulating Disease in 

Experimental Autoimmune Uveoretinitis

EAU is a good model for determining the relationship between the severity

of the inflammatory response and its effects, namely the tissue destruction, due

to the highly organized structure of the ocular layers in the posterior segment of

the eye. Thus, structural damage to the retina and the level of inflammatory cell

infiltration can be graded separately. This approach has revealed how treatment

of rats with an anti-TNF-� fusion protein can protect the retina from damage

despite minimal reduction in the T cell infiltrate. In contrast, this treatment

reduced macrophage infiltration [17]. These data suggest that it is possible to

disable T cells from performing their usual function of producing macrophage
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chemoattractant and activation factors without affecting their ability to infil-

trate the tissues.

EAU also provides an excellent model for tracking cells in vivo and for

evaluating the effects of novel immune modulators. Using the scanning laser

ophthalmoscope to track leukocytes in vivo [51], various inhibitors of leukocyte

rolling and adhesion have been identified such as antibodies to CD44 (the

hyaluronan receptor) and hyaluronan itself [52]. Similarly, inhibitors of chemo-

kines and adhesion molecules have been shown to prevent EAU (see above).

Many approaches to immunomodulation have been attempted both at the affer-

ent and efferent limbs of the ocular immune response.

Most of these approaches are directed towards the efferent arm of the

immune response in EAU. Attempts to modify the afferent arm, for instance at

the level of antigen presentation, have been less frequent. As indicated above,

monoclonal antibody therapy against adhesion molecules such as intercellular

adhesion molecule-1 or other accessory molecules such as CD40 has been

shown to be effective in preventing EAU. A more direct approach is to use DC

vaccination therapy. DCs are well known for their antigen presentation capabil-

ities but are now recognized to have a primary function in the unchallenged

organism of maintaining tolerance. Such ‘tolerogenic’DCs are recognized to be

immature in that they fail to express high levels of accessory molecules such as

CD40 and CD86, and are more likely to secrete IL-10 than IL-12 [53]. When

purified populations of retinal antigen-pulsed immature DCs are inoculated

into mice, they inhibit the development of EAU [54]. Similar approaches have

been used in other model systems of autoimmune disease and have been attrib-

uted to expansion of T regulatory cells, either of the Tr3 variety or the endoge-

nous CD4� CD25� T regulatory cells [55–57]. Recent studies in EAU

produced similar results, showing that IL-10-producing DCs when adminis-

tered subcutaneously will induce CD4� CD25� T regulatory cells which,

when adoptively transferred to syngeneic mice, delay the onset of EAU

[Siepman et al., in preparation]. Similar approaches using immune-modified B

cells as tolerance-inducing antigen-presenting cells have been successful in

modulating EAU [58].

These data open up possibilities for novel approaches to the management

of EAU. For instance, it may be possible to customize autologous tolerogenic

DCs prepared from the patient’s blood for administration to the patient either as

a preventive vaccination at the onset of disease or during the course of an attack

of uveitis, to downmodulate the inflammation. However, there are several ques-

tions to be answered before this can occur: for instance, is specific antigen

required to customize DCs and if so which antigens; what degree of immaturity

is required for effective tolerance induction; how prolonged is the effect of the

treatment, and many other questions?
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Translational Studies

Current Therapies

When steroid therapy was introduced in the latter half of the 20th century

for various autoimmune conditions, steroids were rapidly applied to sight-

threatening uveitis [59, 60], and both topical and systemic preparations are

the mainstay of current treatments. However, prolonged use of steroids, par-

ticularly systemic steroids, is associated with unacceptable side effects, and

many patients return to their pre-treatment vision-losing inflammation as the

steroids are tapered. Steroid-sparing agents such as azathioprine and

methotrexate are also widely used, but they are less effective and also have side

effects.

A major problem in this area of research is the lack of good clinical evi-

dence based on well-controlled randomized clinical trials (RCTs), and this is

partly due to difficulties in developing standardized entry and exclusion clinical

criteria. In preclinical studies, EAU has provided a benchmark for evaluating

the effects of immunosuppressants in autoimmune inflammatory disease and in

this respect provides an excellent model for translational research. Early studies

in EAU showed the value of this model in developing the use of a wide variety

of immunosuppressants for uveitis, including cyclosporine A, FK506,

rapamycin, and mycophenolate, all of which are now in clinical use in the treat-

ment of ocular inflammation [61–64]. Direct comparisons of the efficacy of

some of these drugs have been reported recently: for instance, FK506 has been

shown to be slightly superior to cyclosporine A in the treatment of human

uveitis, and to have a better ‘quality-of-life’ outcome [65].

All of these drugs have major side effects, the most important of which are

the life-threatening effects, such as tumor induction, renal toxicity and failure,

bone marrow aplasia and hypertension. Accordingly, it is essential in consider-

ing the use of these drugs in patients with uveitis to perform a full pretreatment

medical assessment including renal, biochemical and hematological function

studies. Appropriately trained ophthalmic physicians are necessary to correctly

treat these patients.

Newer Approaches to the Management of 

Sight-Threatening Uveoretinitis

The explosion in the use of ‘biologics’ in therapy of many human diseases

from cancer to aging disorders and autoimmune disease has had significant

impact on the treatment of intraocular inflammation/uveitis. Early studies with T

cell-depleting drugs, e.g. anti-CD3 and anti-CD52 (Campath 1h), proved to be

effective in several conditions, including ocular inflammation [66], but particu-

larly in the latter case, profound effects on marrow function have restricted its use.
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Despite the theoretical arguments against the likelihood of a therapy directed

against a single cytokine proving effective in inflammatory disorders, the remark-

able effectiveness of anti-TNF-� therapy in rheumatoid arthritis generated oppor-

tunities for its use in other conditions such as uveitis [67, 68]. Several studies have

now reported good therapeutic benefit from anti-TNF-� treatment in uveitis and

it has a firm place on the pharmacy shelf despite its high cost. Particular indica-

tions include juvenile idiopathic arthritis-associated uveitis with secondary retinal

involvement and severe retinal vasculitis with macular disease.

More recently, other biologics have been proposed for use in severe, sight-

threatening retinal vasculitis, particularly Behçet’s disease. IFN-� therapy was

recently reported to have �90% effectiveness in patients with retinal vasculitis

who had failed on other therapies, and this has been confirmed in other less

extensive studies in both patients with non-Behçet’s sight-threatening uveitis [69].

Remarkably, in a bedside-to-bench investigation, patients with uveitis have

now been shown to demonstrate a defect in function of circulating plasmacytoid

dendritic cells, the constitutive INF-�-producing cells in the body, in which

they fail to produce INF-� in response to Toll receptor 9 stimulation [70], per-

haps explaining the effectiveness of INF-� treatment in this condition.

Problems with IFN-� therapy relate to side effects since many patients feel las-

situde and have other side effects such as hair loss, weight loss and depression.

In addition, titrating the dose can be difficult since IFN may itself induce a

retinopathy which is difficult to differentiate from some of the features of reti-

nal vasculitis. However, in those patients with few or no side effects or who can

tolerate the therapy, the effect can transform their lives from the side effects of

prolonged use of moderate steroids in combination with one or more immuno-

suppressants, only just maintaining visual function. In some situations it seems

to be more beneficial than anti-TNF-� [71].

The Future: What Is Required for the Development of 

New and Safer Treatments for Sight-Threatening Posterior 

and Intermediate Uveitis?

Non-infectious intraocular inflammation (uveitis) and particularly sight-

threatening uveoretinitis, is an ‘orphan’ condition in the sense that it remains ill

defined at a clinical level, and as a result presents a problem for regulatory

authorities when trying to come to a decision regarding the licensing of new

treatment modalities. Disagreement continues to reverberate amongst clinicians

concerning whether a general approach to treatment should be developed for

intraocular inflammation as a single condition or whether specific therapies

should be designed for each clinical entity. As a result, no single therapy or drug
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has received approval from national or supranational regulatory authorities for

use in uveitis, and most drugs are administered ‘off label’. In an attempt to

develop a minimal set of diagnostic characteristics for uveitis, a consensus

paper from a group of experts has been published, setting out a range of clinical

symptoms and signs which might form the basis for outcome measures for new

drug therapies [72]. In practice, it has been found that direct, robust control of

inflammatory sight-threatening disease using an ever increasing range of

immunosuppressives, singly or in combination, to minimize side effects has

proved highly beneficial in the management of most cases of non-infectious

uveitis. There is considerable promise that some of the newer approaches to

control of inflammation using ‘biologics’ will prove valuable. In the meantime,

investigation of basic immunological mechanisms both in the experimental

models and in patients will shed light on the mechanism of autoimmunity gen-

erally and provide insights of value to immunology.
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Abstract
Acute retinal necrosis (ARN) is a rare disease that is usually caused by one of the three

neurotropic human herpesviruses – herpes simplex virus type 1(HSV-1), HSV-2 and

varicella-zoster virus (VZV). Although much is known about the clinical course of the

disease and its treatment and about the viruses that cause it, comparatively little is known

about its pathogenesis. This article will review the history of ARN, the typical clinical

findings, and methods of diagnosis. Information from studies of the mouse model of ARN

including development of anterior chamber-associated immune deviation (ACAID) and

routes of spread will be reconsidered, and the combined information from human and mouse

studies will be discussed to suggest mechanisms that contribute to the pathogenesis of ARN

in human patients. Finally, puzzles and questions about the disease will be considered.

Copyright © 2007 S. Karger AG, Basel

Acute retinal necrosis (ARN, Kirisawa-Urayama uveitis), a fulminant,

viral necrotizing retinitis, was first described in Japan by Urayama et al. [1].

ARN occurs typically in healthy patients but some immunosuppressed patients

also develop ARN [2–5]. Although in about two thirds of cases ARN affects

only one eye, about one third has bilateral disease. Involvement of the fellow

eye may occur coincident with the initial presentation of ARN, or weeks to

months or even years later [6–10].

Several members of the human herpesvirus family cause ARN [11]. In

1982, Culbertson et al. [12] observed herpesvirus particles by electron

microscopy in the retina of enucleated eyes from patients with ARN. Serum

antibodies to herpes simplex virus (HSV), varicella-zoster virus (VZV),

cytomegalovirus, and Epstein-Barr virus were demonstrated in these patients.

In 1986, they identified VZV in two ARN eyes by immunohistochemistry. They
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also isolated herpes virus by culture from one of the two eyes [13]. In 2000,

Ganatra et al. [11] used PCR and detected VZV and HSV-1 in vitreous speci-

mens of ARN patients older than 25 years, respectively, but found HSV-2

inARN patients younger than 25 years. In patients with a history of encephalitis,

ARN has been associated more often with HSV-1 than HSV-2, whereas HSV-2

ARN is more often observed in patients with a history of meningitis; however,

these associations are not absolute [11, 14–17]. Although the neurotropic her-

pesviruses VZV, HSV-1 and HSV-2 are most frequently associated with ARN,

cytomegalovirus has also been identified as a cause of ARN [18, 19].

Patients with ARN usually present with acute loss of vision [1, 20]. As the

disease progresses from the acute phase to the chronic phase, patients often

have some initial recovery of visual acuity followed by vision loss because of

retinal detachment and/or occlusive retinal arteriolitis. Some patients may

develop ocular pain due to increased intraocular pressure during the acute phase

[21]. Intraocular pressure may be elevated in HSV-associated ARN but may

remain normal in VZV-associated ARN. The high intraocular pressure usually

returns to normal within 2 months. Three phases of ARN have been described:

the acute phase, the chronic phase, and the resolution phase [22]. During the

acute phase, patients develop panuveitis and a necrotizing retinitis character-

ized by white-yellow exudates [21, 23, 24]. In the chronic (retinal detachment)

phase, ocular inflammation is reduced, the area of white-yellow retinitis is

decreased, and retinal detachment due to vitreous condensation and traction

with giant retinal tears are observed [20]. The resolution phase is characterized

by lack of inflammation and by stable vitreous condensation. During the reso-

lution phase, macular degeneration, including the presence of preretinal mem-

branes, is observed in more than 70% of the patients with ARN [22].

Clinical Features of Acute Retinal Necrosis

Although numerous clinical findings have been described, none is pathog-

nomonic for ARN. Keratic precipitates that usually appear as white, mutton fat

deposits often occur during the onset of HSV or VZV ARN. In the chronic

phase, white mutton fat-like precipitates may be replaced by pigmented precip-

itates (fig. 1). Although anterior granulomatous uveitis is ameliorated within 2

weeks, resolution of the prominent vitritis tends to be delayed compared to the

anterior uveitis. The prominent vitreal inflammatory reaction and vitreous

opacity usually resolve within 3 weeks, but a vitritis may recur 3–4 weeks later.

Fibrotic changes of the vitreous decrease the mobility of vitreous gel, leading to

the development of a posterior vitreous detachment which in turn produces vit-

reous traction on the peripheral retina, resulting in retinal detachment [20].
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During the acute phase of ARN, disk edema is a common finding with

occasional disk hemorrhage. Optic neuritis may develop early, and ARN should

be suspected if there are optic nerve changes even though typical retinal lesions

are not seen. Hemorrhage or distension of the optic nerve may be important

signs of viral infiltration via the optic nerve (fig. 2).

White-yellow retinal lesions in the peripheral retina enlarge concentrically

in the early phase of ARN. Patchy granular lesions in the retina may fuse to

form geographic lesions. In the early phase, the granular lesions in the periph-

eral retina mimic signs of circulatory blockage (fig. 2). If treated by antiviral

therapy, the retinal lesions may become confluent and necrotic due to the

immune-mediated attempt to clear the virus. With further progression of the

immune reaction, an inflammatory occlusive vasculopathy may develop with

arteriolar involvement. The retinal vascular lesion of ARN is an occlusive vas-

culopathy with arteriolar involvement, and may be divided into an acute phase

and a chronic phase. During the acute phase, retinal arteritis and periphlebitis

occur with retinal hemorrhage. Fluorescein angiography shows diffuse fluores-

cein leakage along the retinal artery and areas of early hypofluorescence con-

sistent with ischemic changes. During the chronic phase, venous occlusions

develop with severe visual loss. On average, two main arterial occlusions are

seen, and ghost vessels occur in severe cases. Visual prognosis is poor when

there are two or more ghost vessels.

Fig. 1. Pigmented ‘mutton fat’ keratic precipitates.
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The acute ocular inflammatory changes observed during the acute phase

resolve over a period of several months. Vitreal infiltration is composed of

fibroblasts and retinal pigment epithelial cells, and these infiltrations form vit-

reous membranes leading to retinal detachment. In the chronic phase, retinal

detachment often occurs because of a giant retinal tear in the area between

healthy posterior retina and necrotic peripheral retina. The necrotic retina is

very thin, and rhegmatogenous retinal detachments develop because of the

strong adhesion between the vitreous and necrotic retina.

Diagnosis and Virus Identification

The initial diagnosis of ARN is usually made on the clinical findings. The

Executive Committee of the American Uveitis Society recently published a set

of standard diagnostic criteria for the ARN syndrome. The criteria state that the

designation of the ARN syndrome should be based on clinical appearance and

the course of infection. The mandatory clinical characteristics include the fol-

lowing: (1) one or more foci of retinal necrosis with discrete borders in the

peripheral retina; (2) rapid progression of disease if antiviral therapy has

not been given; (3) circumferential spread of disease; (4) evidence of occlusive

vasculopathy, and (5) a prominent inflammatory reaction in the vitreous and

Fig. 2. White-yellow retinal lesions in the peripheral retina and hemorrhage of the

optic nerve. Laser surgery was performed posterior to the necrotic peripheral lesions to pre-

vent retinal detachment.
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anterior chamber. Optic nerve involvement, scleritis and pain support, but are

not required, for the diagnosis of ARN [25].

Even though many cases of ARN can be diagnosed on the basis of the clin-

ical findings, confirmation of the diagnosis and identification of the causative

agent are often sought. While viral isolation might intuitively seem like the best

approach, recovery of virus is often difficult and time consuming. Herpesvirus

particles can be identified by electron microscopy, but this technique cannot

differentiate among the herpesvirus types. The most common immunologic

approach is to compare the intraocular antibody levels with those in the serum.

In normal eyes, a blood-ocular barrier is present in the anterior chamber, and

the tight junction between the pigmented and the non-pigmented ciliary epithe-

lium provides an exclusive barrier, preventing passage of interstitial molecules.

In ARN patients, the viral antibody titer is higher in intraocular fluids (both

aqueous humor and vitreous fluid) than in the serum because of the intraocular

production of antibody to the pathogenic virus. Utilizing this understanding,

viral antibody titers in intraocular fluid and serum are determined by the fluo-

rescent antibody technique and the antibody quotient equal to (VZV – specific

IgG titers in intraocular fluid/total IgG levels in intraocular fluid)/(VZV – IgG

titers in sera/total IgG levels in sera) is calculated [26, 27]. A value �6 is con-

sidered diagnostic [27]. Recently, because of increasing availability, PCR of

aqueous and/or vitreous fluid is the assay most frequently employed to confirm

a diagnosis of ARN and to identify the infectious agent [28–31]. This technique

offers many advantages: it is specific (not only for viruses, it can also differen-

tiate between viruses and a large number of other potential intraocular

pathogens), it can be done relatively quickly, it is available in most diagnostic

laboratories, and it requires only a small amount of sample. Since identification

of the causative agent can be done rapidly, the appropriate treatment can be

started earlier thereby reducing the potential for vision loss in the infected eye.

Pathogenesis of Acute Retinal Necrosis

Although much is known about the clinical presentation of ARN, about diag-

nosing ARN, about which among the human herpesviruses cause ARN, and about

the biology of those viruses, many of the questions about the pathogenesis of ARN

remain to be answered: e.g. by which route(s) does the virus gain access to the

retina, how much virus is needed to cause disease, and, since ARN is usually

observed in immunocompetent patients, what is the contribution of immune effec-

tor cells and/or of immunomodulators to retinal destruction? As with many human

diseases, some aspects of the pathogenesis of ARN may be understood by judi-

cious interpretation of results from animal studies. In 1924, von Szily [32]
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reported that injection of HSV into one eye of a rabbit resulted in retinal destruc-

tion in the uninoculated, contralateral eye. Over 50 years later, Whittum et al. [33]

described acute retinal necrosis characterized by vasculitis, retinitis and retinal

schisis, with loss of the retinal architecture, in the uninoculated eye following

injection of HSV-1 into the anterior chamber of one eye of a BALB/c mouse. In

addition to the destruction of the retina of the uninoculated eye, mice injected with

HSV-1 via the anterior chamber route displayed anterior chamber-associated

immune deviation (ACAID) characterized by an impairment in virus-specific

delayed hypersensitivity while the humoral immune response to the virus was

unaffected. Control mice inoculated with HSV-1 subcutaneously developed vigor-

ous virus-specific delayed hypersensitivity and a high titer of anti-herpesvirus

antibody [34].

Some clinical and microscopic features such as vitritis, retinal arteritis,

retinal necrosis, and optic neuritis observed in human cases of ARN are repli-

cated in the mouse. Further studies using the mouse model described the route

by which injection of virus into one anterior chamber results in virus infection

of the retina of the uninoculated eye. From the site of injection in the anterior

chamber of one eye, virus spreads via synaptically connected neurons sequen-

tially to the ipsilateral ciliary ganglion, the ipsilateral Edinger-Westphal

nucleus, the ipsilateral suprachiasmatic nucleus of the hypothalamus, and

finally to the optic nerve and retina of the uninoculated contralateral eye.

Although virus infects the contralateral suprachiasmatic nucleus 1–2 days after

the ipsilateral suprachiasmatic nucleus, the optic nerve and retina of the

injected eye are not infected and the retina of the injected eye is spared [35].

T cells are required for sparing as bilateral retinitis is observed in athymic mice

or in mice in which T cells have been depleted [36, 37].

There are several areas where the findings from studies of the mouse

model can be extrapolated to understanding the pathogenesis of ARN in

patients. Development of ACAID in the mouse suggests that in humans, ARN

may be linked to a reduction in delayed hypersensitivity responsiveness. Studies

in a small group of ARN patients by Rochet et al. [38] indicated that each

patient displayed one or more elements of an abnormal systemic immunologic

responsiveness (decreased lymphocyte proliferation, decreased cutaneous reac-

tivity to recall antigens, increased percentage or absolute number of B lympho-

cytes). Later studies by Kezuka et al. [39] indicated that patients with ARN

displayed specific delayed hypersensitivity unresponsiveness to VZV during

acute disease and that antigen-specific responsiveness was restored when the

patients recovered from ARN. These investigators suggested that patients with

ARN develop an ACAID-like response to viral antigens in the intraocular

compartment which disappears as the disease is resolved [39, 40]. Although

there were differences between the studies by Rochet et al. [38] and Kezuka
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et al. [39], taken together, the results of these studies support the idea that virus-

specific, perhaps systemic, anergy contributes to the pathogenesis of ARN in

humans as in the mouse model.

Results of tracing studies using the mouse model show that following ante-

rior chamber inoculation, virus spreads from the site of injection to the retina of

the uninjected eye via sequential infection of synaptically connected neurons

culminating in infection of the optic nerve and retina of the uninjected eye [35].

Optic neuritis has been reported in some ARN patients, an observation which

supports the idea that one route of virus spread to the retina in humans is via the

optic nerve [41–44]. Spread via the optic nerve is consistent with the ability of

HSV-1, HSV-2 and VZV to spread via neurons. In addition, since ARN has also

been described in some patients coincident with or following herpesvirus

encephalitis or meningitis, it appears likely that in humans, as has been

described in the mouse, one route by which virus enters the eye to infect the

retina is by neuronal spread from the central nervous system via the optic nerve.

Although humans with unilateral ARN do not typically have herpetic ante-

rior uveitis in the uninvolved eye, knowledge of the route of spread in the

mouse may provide insight into how a virus which is normally found in the

trigeminal nerve and trigeminal ganglion could enter pathways synaptically

connected to the optic nerve and retina. It is possible that during herpesvirus

infection of the cornea and/or anterior segment, virus may not only enter the

trigeminal nerves which supply the eye, but also the other nerves which supply

the anterior segment of the eye (such as the postganglionic nerves that supply

the iris and ciliary body), resulting in latency in non-trigeminal sites.

Herpesvirus has been reported in non-trigeminal sites in humans, and results

from a recent study suggest that HSV-1 may be latent in the ciliary ganglion

[45–48]. Thus, by extrapolating the pathway of virus spread in the mouse to that

in humans, HSV-1 (or another neurotropic virus) from an acute or reactivated

infection of the ciliary ganglion would have access to neuronal pathways synap-

tically linked to the optic nerve and retina.

Puzzles and Questions

Although there is a considerable body of knowledge about ARN from

studies in human patients and from the mouse model, there remain a number

of puzzles and questions about ARN. Since a large percentage of the adult

human population is seropositive (and latently infected) with one or more of

the neurotropic herpesviruses that cause ARN, it is not known why the inci-

dence of ARN is so low compared with the total number of individuals who

are seropositive for these herpesviruses. More information is needed about
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non-trigeminal sites of herpesvirus latency and also about the role of the

immune system in controlling virus replication and spread at synapses, in

nerve cell bodies, and in neurons. Such information might be used to design

immune-based therapies to limit herpesvirus spread during acute or reacti-

vated infection or to prevent virus reactivation. Since ARN affects only a very

small subset of individuals who are acutely or latently infected with her-

pesvirus and since some or all of the individuals with ARN exhibit impairment

in some delayed hypersensitivity responsiveness, understanding how immune

suppression is involved in the pathogenesis of ARN may ultimately be

employed to predict who among individuals with prior or current herpesvirus

infection is at the greatest risk for the development of ARN. In addition, since

about one third of ARN patients eventually develops the disease in both eyes,

understanding more about the interplay between virus and potential antiviral

immune responses in the central nervous system might ultimately be used to

predict which ARN patients are at highest risk for involvement of the fellow

eye and eliminate the need for long-term prophylactic therapy in patients at

low risk for involvement of the fellow eye. In conclusion, continued studies in

humans with ARN, combined with judicious interpretation of results of animal

models of herpesvirus infection of the eye and brain, will provide additional

understanding of the pathogenesis of ARN. Knowledge gained from unravel-

ing the pathogenesis of ARN may ultimately be used to design new pharmaco-

logic or immunologic antiviral therapies to prevent or ameliorate this rare, but

potentially, sight-threatening disease.

References

1 Urayama A, Yamada N, Susaki T, Nishiyama Y, Watanabe N, Wakusawa S, Satoh Y: Unilateral

acute uveitis with retinal periarteritis and detachment. Jpn J Clin Ophthalmol 1971;25:607–619.

2 Friberg TR, Jost BF: Acute retinal necrosis in an immunosuppressed patient. Am J Ophthalmol

1984;98:515–517.

3 Culbertson WW, Atherton SS: Acute retinal necrosis and similar retinitis syndromes. Int

Ophthalmol Clin 1993;33:129–143.

4 Sellitti TP, Huang AJ, Schiffman J, Davis JL: Association of herpes zoster ophthalmicus with

acquired immunodeficiency syndrome and acute retinal necrosis. Am J Ophthalmol 1993;116:

297–301.

5 Cunningham ET Jr, Short GA, Irvine AR, Duker JS, Margolis TP: Acquired immunodeficiency

syndrome-associated herpes simplex virus retinitis. Clinical description and use of a polymerase

chain reaction-based assay as a diagnostic tool. Arch Ophthalmol 1996;114:834–840.

6 Price FW, Schlaegel TF: Bilateral acute retinal necrosis. Am J Ophthalmol 1980;89:419–424.

7 Gartry DS, Spalton DJ, Tilzey A, Hykin PG: Acute retinal necrosis syndrome. Br J Ophthalmol

1991;75:292–297.

8 Falcone PM, Brockhurst RJ: Delayed onset of bilateral acute retinal necrosis syndrome: a 34-year

interval. Ann Ophthalmol 1993;25:373–374.

9 Ezra E, Pearson RV, Etchells DE, Gregor ZJ: Delayed fellow eye involvement in acute retinal

necrosis syndrome. Am J Ophthalmol 1995;120:115–117.



Kezuka/Atherton 252

10 Schlingemann RO, Bruinenberg M, Wertheim-van Dillen P, Feron E: Twenty years’ delay of fellow

eye involvement in herpes simplex virus type 2-associated bilateral acute retinal necrosis syn-

drome. Am J Ophthalmol 1996;122:891–892.

11 Ganatra JB, Chandler D, Santos C, Kuppermann B, Margolis TP: Viral causes of the acute retinal

necrosis syndrome. Am J Ophthalmol 2000;129:166–172.

12 Culbertson WW, Blumenkranz MS, Haines H, Gass DM, Mitchell KB, Norton EW: The acute reti-

nal necrosis syndrome. Part 2: Histopathology and etiology. Ophthalmology 1982;89:1317–1325.

13 Culbertson WW, Blumenkranz MS, Pepose JS, Stewart JA, Curtin VT: Varicella zoster virus is a

cause of the acute retinal necrosis syndrome. Ophthalmology 1986;93:559–569.

14 Levinson RD, Reidy R, Chiu MT: Acute retinal necrosis after neonatal herpes encephalitis. Br J

Ophthalmol 1999;83:123.

15 Van Gelder RN, Willig JL, Holland GN, Kaplan HJ: Herpes simplex virus type 2 as a cause of

acute retinal necrosis syndrome in young patients. Ophthalmology 2001;108:869–876.

16 Tan JCH, Byles D, Stanford MR, Frith PA, Graham EM: Acute retinal necrosis in children caused

by herpes simplex virus. Retina 2001;21:344–347.

17 Landry ML, Mullangi P, Nee P, Klein BR: Herpes simplex virus type 2 acute retinal necrosis 9

years after neonatal herpes. J Pediatr 2005;146:836–838.

18 Silverstein BE, Conrad D, Margolis TP, Wong IG: Cytomegalovirus-associated acute retinal necro-

sis syndrome. Am J Ophthalmol 1997;123:257–258.

19 Tran TH, Rozenberg F, Cassoux N, Rao NA, Lehoang P, Bodaghi B: Polymerase chain reaction

analysis of aqueous humour samples in necrotising retinitis. Br J Ophthalmol 2003;87:79–83.

20 Fisher JP, Lewis ML, Blumenkranz MS, Culbertson WW, Flynn HW Jr, Clarkson JG, Gass JD,

Norton EW: The acute retinal necrosis syndrome. Part I. Clinical manifestations. Ophthalmology

1982;89:1309–1316.

21 Opremcak EM: Uveitis. A Clinical Manual for Ocular Inflammation, ed 1. New York, Springer,

1995, pp 115–117.

22 Usui N: Acute retinal necrosis. Atarasii Gannka 2003;20:309–320.

23 Culbertson WW, Dix RD: Varicella-zoster virus disease: posterior segment of the eye; in Pepose JS,

Holland GN, Wilhelmus KR (eds): Ocular Infection and Immunity. St. Louis, Mosby, 1996, 

pp 1131–1149.

24 Margolis TP, Atherton SS: Herpes simplex virus diseases: posterior segment of the eye; in Pepose

JS, Holland GN, Wilhelmus KR (eds): Ocular Infection and Immunity. St. Louis, Mosby, 1996, 

pp 1155–1167.

25 Holland GN: Standard diagnostic criteria for the acute retinal necrosis syndrome. Executive

Committee of the American Uveitis Society. Am J Ophthalmol 1994;117:663–667.

26 Witmer R: Clinical implications of aqueous humor studies in uveitis. Am J Ophthalmol

1978;86:39–45.

27 Okitsu Y: Diagnostic value of antibody titer and quotient of herpes viruses in intraocular fluids.

Jpn J Clin Ophthalmol 1988;42:801–805.

28 Usui M, Usui N, Goto H, Minoda H, Rai T: Polymerase chain reaction for diagnosis of herpetic

intraocular inflammation. Ocul Immunol Inflamm 1993;1:105–112.

29 Knox CM, Chandler D, Short GA, Margolis TP: Polymerase chain reaction-based assay of vitre-

ous samples for the diagnosis of viral retinitis. Use in diagnostic dilemmas. Ophthalmology

1998;105:37–44.

30 Asano S, Yoshikawa T, Kimura H, Enomoto Y, Ohashi M, Terasaki H, Nishiyama Y: Monitoring

herpesvirus DNA in three cases of acute retinal necrosis by real-time PCR. J Clin Virol

2004;29:206–209.

31 Bonfioli AA, Eller AW: Acute retinal necrosis. Semin Ophthalmol 2005;20:155–160.

32 von Szily A: Experimental endogenous transmission of infection from bulbus to bulbus. Klin

Monatsbl Augenheilkd 1924;72:593–602.

33 Whittum JA, McCulley JP, Niederkorn JY, Streilein JW: Ocular disease induced in mice by ante-

rior chamber inoculation of herpes simplex virus. Invest Ophthalmol Vis Sci 1984;25:1065–1073.

34 Whittum JA, Niederkorn JY, McCulley JP, Streilein JW: Intracameral inoculation of herpes sim-

plex virus type 1 induces anterior chamber associated immune deviation. Curr Eye Res

1983;2:691–697.



Acute Retinal Necrosis 253

35 Vann VR, Atherton SS: Neural spread of herpes simplex virus after anterior chamber inoculation.

Invest Ophthalmol Vis Sci 1990;32:2462–2472.

36 Azumi A, Atherton SS: Sparing of the ipsilateral retina following anterior chamber inoculation of

HSV-1: requirement for either CD4� or CD8� T cells. Invest Ophthalmol Vis Sci 1994;34:

3251–3259.

37 Matsubara S, Atherton SS: Spread of HSV-1 to the suprachiasmatic nuclei and retina in T cell

depleted BALB/c mice. J Neuroimmunol 1997;80:165–171.

38 Rochat C, Polla BS, Herbort CP: Immunological profiles in patients with acute retinal necrosis.

Graefes Arch Clin Exp Ophthalmol 1996;234:547–552.

39 Kezuka T, Sakai J, Usui N, Streilein JW, Usui M: Evidence for antigen-specific immune deviation

in patients with acute retinal necrosis. Arch Ophthalmol 2001;119:1044–1049.

40 Kezuka T: Immune deviation and ocular infections with varicella zoster virus. Ocul Immunol

Inflamm 2004;12:17–24.

41 Friedlander SM, Rahhal FM, Ericson L, Friedlander SM, Rahhal FM, Ericson L, Arevalo JF,

Hughes JD, Levi L, Wiley CA, Graham EM, Freeman WR: Optic neuropathy preceding acute reti-

nal necrosis in acquired immunodeficiency syndrome. Arch Ophthalmol 1996;114:1481–1485.

42 Shayegani A, Odel JG, Kazim M, Hall LS, Bamford N, Schubert H: Varicella-zoster virus retro-

bulbar optic neuritis in a patient with human immunodeficiency virus. Am J Ophthalmol

1996;122: 586–588.

43 Tornerup NR, Fomagaard A, Nielson NV: HSV-1-induced acute retinal necrosis syndrome pre-

senting with severe inflammatory orbitopathy, proptosis, and optic nerve involvement. Ophthal-

mology 2000;107:397–401.

44 Maertzdorf J, Van der Lelij A, Baarsma GS, Osterhaus AD, Verjans GM: Herpes simplex virus type

1 (HSV-1)-induced retinitis following herpes simplex encephalitis: indication for brain-to-eye

transmission of HSV-1. Ann Neurol 2001;49:104–106.

45 Takasu T, Furuta Y, Sato KC, Fukuda S, Inuyama Y, Nagashima K: Detection of latent herpes sim-

plex virus DNA and RNA in human geniculate ganglia by the polymerase chain reaction. Acta

Otolaryngol 1992;112:1004–1011.

46 Mahalingam R, Wellish MC, Dueland AN, Cohrs RJ, Gilden DH: Localization of herpes simplex

virus and varicella zoster virus DNA in human ganglia. Ann Neurol 1992;31:444–448.

47 Baringer JR, Pisani P: Herpes simplex virus genome in human nervous system tissue analyzed by

polymerase chain reaction. Ann Neurol 1994;36:823–829.

48 Bustos DE, Atherton SS: Detection of herpes simplex virus type 1 in human ciliary ganglia. Invest

Ophthalmol Vis Sci 2002;43:2244–2249.

Dr. Sally S. Atherton

Department of Cellular Biology and Anatomy

Medical College of Georgia, R and E Building, CB2915

Augusta, GA 30912 (USA)

Tel. �1 706 721 3731, Fax �1 706 721 6120, E-Mail satherton@mail.mcg.edu



Niederkorn JY, Kaplan HJ (eds): Immune Response and the Eye. 

Chem Immunol Allergy. Basel, Karger, 2007, vol 92, pp 254–265

Onchocerca volvulus, Wolbachia and
River Blindness

Eric Pearlman, Illona Gillette-Ferguson

Department of Ophthalmology, Case Western Reserve University, 

Cleveland, Ohio, USA

Abstract
Chronic infection with filarial nematodes results in development of a suppressive

response to an immense parasite burden, thereby limiting pathological and clinical mani-

festations. However, pro-inflammatory responses to dead and degenerating Onchocerca

volvulus worms and release of endosymbiotic Wolbachia bacteria result in corneal opa-

cification, sacrification and visual impairment. This review discusses host and parasite factors

implicated in maintaining this balance of pro- an anti-inflammatory responses, and will focus

on adaptive and innate immunity to filarial antigens and endosymbiotic Wolbachia bacteria.

Copyright © 2007 S. Karger AG, Basel

Over 150 million individuals worldwide are infected with filarial nematodes,

which include Wuchereria bancrofti and Brugia malayi that cause lymphatic

filariasis, and Onchocerca volvulus, which causes onchocerciasis (river blind-

ness) and infects approximately 17 million individuals. Adult male and female O.

volvulus worms are present in subcutaneous nodules, and female worms produce

millions of first stage larvae (microfilariae) during the 10–14 years that they sur-

vive in the human host. Microfilariae migrate through the skin, and the parasite

life cycle is continued after ingestion of microfilariae during the blood meal of a

Simulium blackfly. Microfilariae undergo two molts in the blackfly, migrating

through the insect gut, the thorax and into the salivary gland. On a subsequent

blood meal, infective third stage larvae are transmitted to the next human host

where they undergo a further two molts to become adult males and females.

The host immune response to the immense parasite burden is modulated

by suppressive factors produced by the parasites in addition to the host, so that

most infected individuals show few signs of clinical disease. Posttreatment stud-

ies indicate that clinical responses coincide with parasite death and degeneration,
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indicating an initial breakdown of the immunosuppressive response to the para-

sites [1]. These posttreatment observations provide insight into the development

of clinical symptoms in chronic infection, where there is continual death and

degeneration of parasites. In the skin, clinical responses are manifested as

papule formation and severe pruritus, depigmentation and loss of skin elasticity,

whereas in the eye, clinical responses include corneal opacification, neovascu-

larization, scarification, resulting in visual impairment and blindness. This

review will examine the host and parasite factors that regulate immunosuppres-

sion, and which contribute to the pathogenesis of Onchocerca keratitis.

Infection and Disease – Host and Parasite Factors Determine 

the Balance between Pro- and Anti-Inflammatory 

Responses in Filariasis

Several parasite-derived molecules have been described that have the

potential to either block effector responses targeted at the parasites or to modu-

late the host response. The first group includes antioxidative enzymes and pro-

tease inhibitors, whereas the second group includes cytokine homologues and

cytokine receptor homologues including migration inhibitory factor, transform-

ing growth factor (TGF)-�, and TGF-� receptor [2], all of which could con-

tribute to suppression of the antiparasite response. Although the cloned proteins

have biological activity in vitro, in the absence of a genetic system for these

worms, it is difficult to determine their role in the course of infection. Filarial

parasites also have glycoproteins that directly suppress or cause deviation of T

and B cell responses. For example ES-62, which is secreted by adult parasites,

can skew the T cell response to filariae toward a Th2 phenotype by suppressing

macrophage interleukin (IL)-12 production [3].

Population-based studies demonstrated an inverse correlation between the

number of circulating microfilariae and cell proliferation [4, 5]. Although the

underlying mechanisms are not fully understood, IL-10 appears to be involved,

as this cytokine is produced by mononuclear cells and T cells of infected indi-

viduals [4]. Also, in utero exposure to parasite antigens (comparing infected vs.

uninfected mothers) shows elevated levels of IL-10 and TGF-�, and T cells have

elevated CTLA4 expression [6]. TGF-� is produced by alternatively activated

macrophages and T regulatory cells. Consistent with this notion, T cell clones

isolated from peripheral blood of individuals with generalized onchocerciasis

have a T regulatory cell phenotype as they selectively produced IL-10 and TGF-

�, and not IL-2 [7, 8]. Similarly, T regulatory cells were predominant in experi-

mental models of filarial infection, as CD4� cells showed elevated CD25,

CTLA4 and expression of tumor necrosis factor (TNF) receptor, and reduced
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cytokine production [9]. Furthermore, in vivo injection of anti-CTLA4 and glu-

cocorticoid-induced TNF receptor restored cytokine production and reduced

parasite survival, consistent with a role for these cells in maintaining immuno-

suppression [9]. Given these findings, it appears that T regulatory cells have a

role in regulating the host response to these parasites during chronic infection.

The Pro-Inflammatory Response – Endosymbiotic 

Wolbachia Bacteria

The presence of intracytoplasmic Rickettsia-like bacteria in filarial nema-

todes was first described in 1977 [10], and later identified as Wolbachia pipientis

[11, 12]. Wolbachia infect 25–70% of insect species in addition to crustaceans,

and the filarial nematodes are the only group of worms that harbor these bacte-

ria, possibly because they are the only nematode family with an obligate insect

host as part of their life cycle. In nematodes, they are present in cells in the

hypodermis and uterus, and can be detected in immature microfilariae in the

uterus, and in mature microfilariae in the skin [13, 14]. The bacteria are more

numerous in the mammalian host than in the insect vector, and appear to have

an essential, though poorly understood role in nematode embryogenesis. The

symbiotic relationship is revealed by antibiotic treatment of filaria-infected

individuals, which effectively sterilizes the adult females, reducing overall

microfilaria load and blocking disease transmission [15–17].

The role of Wolbachia in the pathogenesis of filarial disease has been imp-

licated from observations made after anti-filarial therapy. Elevated Wolbachia

DNA and even intact Wolbachia are detected in the blood, and are associated

with the pro-inflammatory cytokines seen in patients with posttreatment side

effects such as fever, edema and headache [18, 19]. Furthermore, Wolbachia are

required for recruitment of neutrophils to the Onchocerca nodules, as the num-

ber of neutrophils in nodules from doxycycline-treated individuals is greatly

reduced compared with untreated individuals [20].

Production of TNF-� and nitric oxide by mouse macrophages stimulated

with filarial extracts is clearly associated with the presence of Wolbachia [21],

and isolated Wolbachia can induce pro-inflammatory cytokine production in

infected human and murine cells. The role of Wolbachia in a mouse model of

ocular onchocerciasis will be discussed below.

Pathogenesis of Ocular Onchocerciasis

Microfilariae invade both the anterior and the posterior eye. In the latter

case, they cause uveitis and chorioretinitis, resulting in loss of vision. In the
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anterior segment, they are present in the anterior chamber and cornea, where

they cause sclerosing keratitis.

Eyes from human cases of onchocerciasis are difficult to obtain and show

only the late stages of disease; however, in the cornea these manifest as an infil-

trate of monocytic and granulocytic cells in the stroma, often surrounding dead

and degenerating worms [22]. More revealing are findings from Onchocerca

dermatitis studies, showing microfilariae surrounded by neutrophils, eosino-

phils or macrophages [23].

Early experimental models of O. volvulus keratitis using guinea pig and

murine models demonstrated that prior immunization is essential to develop the

corneal opacification and neovascularization characteristic of later stage scle-

rosing keratitis, which is consistent with responses found in chronically

infected individuals [22, 24, 25]. More recent studies from our group and others

showed that keratitis is associated with a predominant CD4�, Th2 response

both systemically and in the cornea, that IgE and parasite-specific IgG1 were

the predominant isotypes produced, and that the predominant cellular infiltrate

is neutrophils [26–28]. The use of B cell-deficient �MT mice and Fc�R�/�

mice revealed that Fc receptors on neutrophils and eosinophils facilitate

degranulation of these cells and disruption of corneal clarity [29, 30]. Further

studies demonstrated that neutrophil recruitment was mediated by

CD31/PECAM-1 and chemokine receptor CXCR2, whereas eosinophil recruit-

ment is dependent on eotaxin, P-selectin and ICAM-1 [27, 31–34].

These findings are consistent with the sequence of events outlined in

figure 1: (1) immunization or chronic infection induces a predominant Th2

response, with IL-4 leading to isotype switching to IgE and IgG1, and IL-5

inducing eosinophil differentiation; (2) parasite antigens in the corneal stroma

(after microfilaria invasion or injection of parasite antigens) lead to activation

of resident cells in the cornea, production of CXC and CC chemokines, ele-

vated expression of adhesion molecules on vascular endothelial cells in the lim-

bus, and infiltration of neutrophils and eosinophils to the corneal stroma, and

(3) immune complex-mediated cross linking of Fc receptors on neutrophils and

eosinophils results in degranulation and release of cationic proteins and other

cytotoxic mediators that disrupt normal corneal clarity. In heavily infected

individuals, the response to repeated microfilaria invasion over a number of

years results in sclerosis and blindness.

Role of Innate Immunity in O. volvulus Keratitis

The role of the innate immune response in Onchocerca keratitis has not

been investigated in detail for at least two reasons: firstly, as a model for chron-

ically infected individuals who are presumably sensitized prior to ocular

involvement, there would be no example of innate immunity in the eye in the
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absence of an adaptive immune response, and secondly, experimental models

showed no detectable corneal opacification or neovascularization unless ani-

mals were first immunized [24, 25, 28]. However, in vivo confocal microscopy

clearly demonstrated a cellular infiltrate in the corneas of unimmunized mice

injected intrastromally with parasite antigens. Further, the cellular infiltrate,

which was primarily neutrophils, was associated with an increase in corneal

thickness and haze [35]. This approach then allowed examination of innate

immunity to O. volvulus in the absence of an adaptive immune response.

Using this mouse model of O. volvulus keratitis, we demonstrated

that endosymbiotic Wolbachia bacteria are essential for the pathogenesis of 

O. volvulus keratitis as O. volvulus from individuals depleted of Wolbachia by

antibiotic treatment do not induce corneal inflammation [35]. Furthermore,

related filarial species containing Wolbachia induce keratitis in contrast to

aposymbiotic species lacking Wolbachia [35].

To examine the early host responses to Wolbachia in the cornea, we

injected whole microfilariae into the corneal stroma and followed the fate of

Wolbachia by immunogold labeling of the major Wolbachia surface protein

(WSP) [36]. Figure 2 shows the presence of Wolbachia in the microfilariae in

Fig. 1. Proposed sequence of events in adaptive immune response underlying

Onchocerca keratitis.
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the cornea, with neutrophils in immediate proximity. Figure 3 shows immuno-

gold labeling in neutrophil vacuoles surrounded by primary granules, support-

ing the notion that Wolbachia are ingested by neutrophils. Furthermore,

incubation of neutrophils with Wolbachia stimulates release of TNF-� and

CXC chemokines KC/CXCL1 and MIP-2/CXCL2 [36].

Wolbachia and Toll-Like Receptors

Toll-like receptors (TLR) are a family of at least twelve pathogen recogni-

tion molecules that respond to microbial products such as lipopolysaccharide

(LPS; TLR4), bacterial cell wall components (TLR2), DNA-containing unmethy-

lated CG motifs (TLR9) and viral RNA (TLR3, TLR7, and TLR8) [37, 38].

Several reports indicate that Wolbachia activate the innate immune responses

via TLR-dependent pathways: (1) Wolbachia activation of macrophages is

decreased in C3H/HeJ mice, which have a point mutation in TLR4 that makes it

hyporesponsive to LPS [21]; (2) the severity of O. volvulus keratitis was

reduced in C3H/HeJ mice [35], and (3) recombinant WSP activates TLR2 and

TLR4 [39]. We also show a role for TLR2 in Wolbachia and filarial activation

[Gillette-Ferguson et al., submitted]. Although initial reports suggested that

Wolbachia have LPS-like activity, sequencing of the Wolbachia revealed no

LPS synthase enzymes [40], indicating that TLR2 and TLR4 agonists are more

likely to be surface proteins such as WSP and other cell wall components. Our

most recent findings show that mice that are deficient in the adaptor molecule

myeloid differentiation factor 88 (MyD88), which is common to the signaling

pathways of TLR2 and TLR4, do not develop keratitis in response to O. volvu-

lus antigens or to isolated Wolbachia bacteria [41]. Consistent with this obser-

vation, isolated neutrophils from MyD88�/� mice are not activated by

Wolbachia bacteria or O. volvulus antigens, indicating an essential role for this

adaptor molecule at two stages of pathogenesis – production of CXC chemokines

by resident cells and neutrophil activation [41].

Taken together, findings from our group and others suggest a role for the

innate immune response in Onchocerca keratitis, as shown in figure 4. As

TLR2 and TLR4 are expressed in the cornea [42–44], and activation can induce

keratitis, we predict that an inflammatory response to Wolbachia is initiated by

TLRs on keratocytes, which are likely to be activated after death and degeneration

of microfilariae and release of Wolbachia into the confined environment of the

corneal stroma. Activated keratocytes can mature into stromal fibroblasts,

which produce pro-inflammatory cytokines and CXC chemokines [42, 45], and

can induce adhesion molecule expression on vascular endothelial cells [32, 33].

Together, these changes mediate neutrophil recruitment from peripheral, limbal

vessels into the avascular corneal stroma and migration through the stromal

matrix to the site of microfilaria degradation and release of Wolbachia. A second
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Fig. 2. Proximity of neutrophils to Wolbachia in the nematode hypodermis. C57BL/6

mice were injected with microfilariae into the corneal stroma, corneas were removed after

4 or 18 h, and thin sections were immunostained with anti-WSP and visualized with IgG con-

jugated to 15-nm gold particles. Sections were counterstained with uranyl acetate and lead

citrate, and examined by electron microscopy. a, b 4h after injection, WSP was clearly

detected inside microfilariae in the corneal stroma (arrows). mf � Microfilariae. c–e 18h

after injection, microfilariae containing Wolbachia were surrounded by neutrophils (PMN).

WSP-labeled with gold particles (arrows) are present in the microfilariae adjacent to the neu-

trophils in either unimmunized (c) or immunized (e) mice. a 	4,800. b 	8,400. c 	5,300.

d 	16,000. e 	14,57500 (reprinted with permission [36]).

a b
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role for TLR2, TLR4 and MyD88 is therefore ingestion of Wolbachia and acti-

vation of neutrophils at this site. As neutrophils express functional TLR2, TLR4

and TLR9 [46], they can produce TNF-� MIP-2 and KC in response to

Wolbachia [36], which stimulate further neutrophil infiltration, degranulation

and secretion of cytotoxic products such as nitric oxide and myeloperoxidase

and oxygen radicals. A cytotoxic effect on keratocytes and corneal endothelial

cells will lead to loss of corneal clarity.

Fig. 3. Wolbachia in neutrophil vacuoles: immunoelectron microscopy of neutrophils

18 h after injection of microfilariae. Immunogold particles specific for WSP were prominent

in neutrophil vacuoles of both immunized (a, b) and unimmunized (c, d) mice. a 	11,400.

b 	45,000. c 	24,000. d 	67,500 (reprinted with permission [36]).

a

b

dc
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In chronically infected, untreated individuals, there is also an ongoing

adaptive immune response, repeated invasion of microfilariae into the corneal

stroma, and consistent worm degeneration and release of Wolbachia. The sus-

tained inflammatory response in the presence of antibody and infiltration of

eosinophils and macrophages combine to cause corneal opacification, loss of

vision and blindness.

Conclusion

Studies using animal models of river blindness have helped our under-

standing of the pathogenesis of this disease. Most prominently, they have shown

the essential role for endosymbiotic Wolbachia bacteria and the innate immune

response in development of keratitis. Future studies will examine the role of

TLRs in development of adaptive immunity in this important disease, and may

identify targets for immune intervention.

Fig. 4. Proposed sequence of events in innate immune responses underlying

Onchocerca keratitis. MPO � Myeloperoxidase; NO � nitric oxide.
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Note Added in Proof

Further studies have demonstrated that TLR2 rather than TLR4 is the

predominant receptor for Wolbachia [1].
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Abstract
Endophthalmitis is a frequent blinding complication of globe-penetrating injury and

ocular surgery. The outcome of this intraocular infection depends both on the organism

involved and management of the ensuing inflammation. The role of various toxins and bacte-

rial factors in the pathogenesis of this infection is beginning to be delineated, but appears to

be organism specific. Because of the immune-privileged environment of the eye, principles

important in the resolution of infection at extraocular sites cannot be extrapolated to under-

standing the host-parasite dynamics in eye infection. Moreover, some factors that suppress

the intraocular immune environment appear to have unexpected roles in activating phago-

cytic cells of the innate immune system in response to the presence of bacteria. Therefore,

considerable additional information characterizing the precise role of bacterial and host fac-

tors in the pathogenesis of endophthalmitis will be required in order to develop new therapies

to improve the outcome of this often blinding infection.

Copyright © 2007 S. Karger AG, Basel

Epidemiology and Etiology of Endophthalmitis

Endophthalmitis results from the seeding of microorganisms into the pos-

terior segment of the eye. It is most commonly a complication of intraocular

surgery (postoperative) or penetrating injury of the globe (posttraumatic), but

may result from migration of microorganisms into the eye from a distant site

of infection (endogenous), especially in immune-compromised individuals.

Bacteria usually associated with endophthalmitis range from relatively aviru-

lent normal flora to pathogens. Infection outcomes range from complete recov-

ery of vision to blindness and occasionally loss of the eye itself despite early

and aggressive antibiotic, anti-inflammatory, and surgical treatment.
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The majority of reported endophthalmitis cases follow intraocular surgery.

The incidence of postoperative endophthalmitis (POE) following ocular surgery is

low, at approximately 0.01–0.05% [1], but recent reports indicate that the incidence

after cataract surgery is increasing [2], with many isolates becoming resistant to

prophylactic antibiotics [3]. The most common organisms associated with POE are

those capable of colonizing the eyelid margin and the tear film. Coagulase-negative

staphylococci, commonly found as normal flora of the ocular environment, cause

the majority of acute endophthalmitis following cataract surgery. Other organisms

frequently encountered include Staphylococcus aureus, viridans streptococci, other

Gram-positive bacteria, and Gram-negative bacteria. Clinical outcomes of POE

caused by non-coagulase-negative staphylococci are generally worse than those

caused by coagulase-negative staphylococci [3, 4]. Late-onset POE may occur

weeks to several months following surgery, and is often indolent and recurs despite

treatment. These infections may be due to either the sequestration of avirulent

organisms introduced during surgery, or from delayed inoculation of organisms

through incision defects, sutures, vitreous wicks or filtering blebs. The organisms

most commonly found in late-onset POE are relatively avirulent [4].

Posttraumatic endophthalmitis (PTE) is common (3–17% of globe-penetrating

injuries) and often associated with a poor visual outcome. Important factors

associated with the development of endophthalmitis following open globe injury

include cleanliness of the wound, retained intraocular foreign body, lens capsule

rupture and significantly delayed primary repair [4, 5]. PTE is caused by a wide

variety of bacteria, including those that originate from the environment and exist

on contaminated globe-penetrating objects. Gram-negative endophthalmitis occurs

at a higher rate following traumatic injury (5–25%) than following intraocular

surgery. The predominant pathogens involved in PTE include coagulase-negative

staphylococci, non-coagulase-negative staphylococci, and Bacillus species [4, 5].

Endogenous endophthalmitis (EE) is relatively infrequent, and results

from seeding of the eye with organisms as a complication of bacteremia or sep-

ticemia. Populations at greatest risk for EE included immunocompromised

patients, those with prolonged use of indwelling devices, and intravenous drug

users. Since patients with EE commonly have systemic infection, the associated

mortality is relatively high. Bacillus species, Candida and Aspergillus are the

most frequent causes of EE [6].

Bacterial Virulence Influences Outcome

Bacillus cereus Endophthalmitis

In Bacillus PTE, poor outcomes are common, despite prompt therapeutic

and surgical intervention. More than two thirds of infected eyes lose all useful
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vision, including approximately half that must be eviscerated or enucleated. 

B. cereus is often introduced into the eye on contaminated foreign objects fol-

lowing a penetrating injury or following septicemia. Bacilli replicate and

migrate rapidly within the eye, and an explosive intraocular inflammatory

response parallels deteriorating retinal structure and function. The infection

may also spread into periocular tissues leading to panophthalmitis [7].

B. cereus produces a number of toxins and proteases that may contribute to

severity. A group of toxins under the direct control of plcR, a quorum-sensing

regulator of toxin transcription, has been found to contribute to virulence dur-

ing experimental Bacillus endophthalmitis [8]. However, membrane-damaging

toxins, when tested individually, have been found to contribute modestly to the

overall pathogenesis of disease [9]. These results suggest that the toxins

involved in the virulence of Bacillus endophthalmitis may do so in a coordi-

nated manner or that as yet uncharacterized toxins play a central role in patho-

genesis. B. cereus is also motile and migrates rapidly throughout the eye during

endophthalmitis. Bacillus strains deficient in motility do not migrate through-

out the eye, do not grow as well in the vitreous, and are significantly less viru-

lent than wild-type motile bacilli [8]. These results highlight quorum-sensing

systems and bacterial motility as potential therapeutic targets for B. cereus

endophthalmitis.

S. aureus Endophthalmitis

S. aureus causes significant visual loss in more than half of endophthalmi-

tis cases. This organism produces a panoply of virulence factors that are con-

trolled by the quorum-sensing systems sar (staphylococcal accessory regulator)

and agr (accessory gene regulator). In experimental models, eyes infected with

wild-type S. aureus were significantly more virulent than S. aureus with muta-

tions in agr, sar or both quorum-sensing systems. Mutants deficient in �- or 

�-toxin expression were also less virulent than wild-type S. aureus, but not to

the extent seen with the agr/sar quorum-sensing mutant [10].

Recent studies examined the value of intravitreal immunoglobulin against

sterile toxin-induced endophthalmitis. Pooled human immunoglobulin was

reported to attenuate the toxic effects of culture supernatants containing 

S. aureus exotoxins [11]. Lysostaphin, an enzyme that lyses staphylococci, was

also effective against antibiotic-resistant S. aureus in experimental endo-

phthalmitis [12]. In the future, these types of therapeutics may be useful against

staphylococci that have developed resistance to most currently used antibiotics.

Enterococcus faecalis Endophthalmitis

E. faecalis is frequently isolated from infected filtering blebs follow-

ing glaucoma surgery, and is the cause of 4–8% of POE. Visual outcomes of 
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E. faecalis endophthalmitis are frequently poor, with as many as 80% of cases

resulting in a final visual acuity of 20/200 or worse [13].

Approximately half of E. faecalis ocular isolates produce a cytolysin

that disrupts cell membranes. In an experimental rabbit endophthalmitis

model, infection with cytolysin-producing E. faecalis was more virulent

than noncytolytic E. faecalis, and completely refractory to intravitreal anti-

biotic and anti-inflammatory treatment despite the susceptibility of both

strains to the antibiotics used [14]. E. faecalis also expresses two proteases

that are under the control of the quorum-sensing system fsr. A deletion

mutant of fsrB had significantly reduced virulence in a rabbit model of experi-

mental endophthalmitis, which was greater than the level of attenuation

observed for mutants in the proteases alone [15], suggesting that fsrB may

have pleiotropic effects on the cell beyond regulating expression of these two

proteases.

Propionibacterium acnes Endophthalmitis

The Gram-positive anaerobe P. acnes is a common cause of chronic and

recurrent endophthalmitis following intraocular surgery or trauma [4]. Despite

therapeutic and surgical intervention, late-onset treatment failures and persis-

tent infections are common with P. acnes intraocular infection. Recurrence is

thought to result from a failure of the host and antibiotics to clear P. acnes

sequestered in bacterial plaques within the posterior segment, intraocular

lenses or other prosthetic implants [4, 16]. The roles of virulence factors in

P. acnes endophthalmitis have not been analyzed. However, P. acnes produces

proteases and a fibronectin-binding protein that may contribute to tissue

damage and adhesion to intraocular lenses or structures, respectively, during

infection.

Gram-Negative Causes of Endophthalmitis

Gram-negative bacteria cause a small percentage of endophthalmitis

cases, and are isolated more frequently from cases of PTE or EE. The visual

outcome of Gram-negative cases of PTE and EE are generally poor. Klebsiella

pneumoniae, a common Gram-negative EE pathogen, has been associated with

a specific site of infection and underlying immunocompromise, and highly

associated with EE following metastatic spread from hepatobiliary infections,

especially in diabetics [17]. For K. pneumoniae, the link between specific

K. pneumoniae virulence factors and endophthalmitis virulence has not

been made. However, K. pneumoniae EE strains have been shown to be

genetically related, and most have virulence factors associated with tissue

invasion [18].



Gregory/Gilmore/Callegan 270

Host Response in Endophthalmitis

Significant progress has been made over the last several decades in eluci-

dating the mechanisms involved in maintaining ocular immune privilege.

However, the studies have, until recently, largely focused on immune privilege

as it pertains to adaptive immunity and T cell-mediated inflammation. Immune

privilege also affects innate immunity. The aqueous humor contains multiple

factors that directly inhibit innate immunity including: (i) TGF-�, soluble Fas

ligand (FasL), and �-melanocyte-stimulating hormone (which inhibit neu-

trophil activation), (ii) calcitonin gene-related peptide (which inhibits nitric

oxide release from activated macrophages), and (iii) CD46, CD55, and CD59

(which inhibit complement activation) [reviewed in ref. 19]. While these mech-

anisms evolved to limit local tissue destruction and preserve the clarity of the

visual axis, they also leave the eye more vulnerable to infection.

Despite immune privilege, ocular inflammation in response to an invading

bacterial pathogen occurs and can be either acute or chronic. Acute inflammation

is most commonly associated with more virulent bacteria (B. cereus, E. faecalis,

and S. aureus) and a poor visual outcome [10]. As early as 48h after infection, both

anterior and posterior segments are involved resulting in corneal edema, cellular

infiltration within the cornea and aqueous humor, vitritis, and retinal periphlebitis

[4]. In contrast, chronic inflammation is associated with less virulent bacteria 

(P. acnes and Staphylococcus epidermidis), and a better visual outcome [4]. The

onset of chronic inflammation is commonly delayed and clinically much milder.

Chronic Inflammation

In cases of chronic inflammation induced by P. acnes, inflammation can

run a protracted course of 3–4 months. Initially, the inflammation responds to

corticosteroid therapy but with time the inflammation becomes persistent and

refractory to corticosteroid therapy [4, 16]. P. acnes is resistant to killing by

macrophages and neutrophils, and, thus, can persist within the eye [20]. Clinical

examination reveals the presence of white plaques inside the posterior capsule

that have been shown to contain live bacterial organisms [4]. The removal of the

lens capsule that contains these plaques often eliminates the nidus of infection,

with the result that the inflammation subsides and vision is retained [16]. Early

diagnosis and eradication of residual bacteria appear to be keys for successful

treatment of bacterially induced chronic inflammation.

Acute Inflammation

Possible Role of Adaptive Immunity

Acute inflammation involves primarily components of the innate immune

system. Although a role for T cell-mediated adaptive immunity has yet to be
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established for bacterial endophthalmitis, there appears to be a role for adaptive

immunity in bacterial keratitis. CD4� T cells were observed to contribute to the

pathogenesis of P. aeruginosa keratitis in C57BL/6 mice [21]. It was also

observed that T cell infiltration into the cornea during bacterial keratitis is central

to the persistence of inflammation, although tissue damage was largely attributed

to neutrophils. While these data raise the possibility that T cells may also play an

important role in the course of endophthalmitis, studies directly testing this possi-

bility have yet to be performed. Evidence has also emerged suggesting a possible

role for B cell-mediated adaptive immunity in S. aureus endophthalmitis [22]. In

a rabbit model, significant levels of IgG antibody specific for ribitol teichoic acid,

a component of the S. aureus cell wall, were detected 3 days after inoculation

[22]. Because the production of IgG antibodies is dependent upon the help of

antigen-specific T cells, these data also suggest that T cells are at least responsive

to events in acute endophthalmitis, if not contributing to the course and severity.

Innate Immunity

The first line of defense against invading pathogens consists of physical,

anatomic, and chemical barriers. Several studies demonstrate that bacteria often

enter the anterior chamber during cataract extraction, with contamination rates

ranging from 29 to 43% [4]. However, the rate of endophthalmitis following

cataract extraction is between 0.01 and 0.05% [1]. As early as 1955, it was

shown that injection of bacteria into the vitreous of rabbits resulted in endo-

phthalmitis, while the injection of the same inoculum into the anterior chamber

was rapidly cleared [23]. Defensins are antimicrobial peptides which have

recently been identified within the aqueous and vitreous of the eye [24]. 

�-Defensin 2 is inducible by inflammatory cytokines such as IL-1�, and, there-

fore, may be produced in response to inflammatory cytokine signals during

infection and contribute to the clearance of the organisms [24].

In addition to the antimicrobial effects of aqueous humor, studies have

demonstrated the significance of the posterior capsule as a physical and/or

anatomic barrier against the development of bacterial endophthalmitis. 

S. aureus injected into the anterior chamber of primates failed to induce

endophthalmitis in monkeys with an intact posterior capsule [25]. In contrast,

60% of the monkeys developed endophthalmitis when the posterior capsule was

breeched following a posterior capsulectomy. These data demonstrate that

invading bacterial organisms are more readily cleared from the aqueous as com-

pared to the vitreous. While these studies have indicated a critical role for aque-

ous humor in the early clearance of bacterial infections, much work still

remains in fully elucidating the mechanisms by which the bacteria are cleared

from the anterior chamber, and the antibacterial components of aqueous humor

remain to be identified.
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Toll-like receptors (TLRs) are a family of pattern recognition receptors that

recognize specific bacterial motifs and are expressed on cells of the innate sys-

tem such as neutrophils, monocytes, macrophages, dendritic cells, and mast cells

[26]. TLRs have emerged as key components of the innate immune system. The

activation of cells via TLRs triggers a cascade of events: (i) the release of multi-

ple pro-inflammatory cytokines that activate inflammation, (ii) enhancement of

the phagocytosis of invading bacterial pathogens, and (iii) the release

of cytokines, such as IFN-�, that are critical in the development of adaptive

immunity [26]. Recently, it was demonstrated that TLRs are expressed on human

retinal pigment epithelial cells, where they may serve as an important defense

against invading bacterial pathogens in the posterior segment [27]. However, a

specific role for TLRs has not been established in bacterial endophthalmitis.

The complement system is also a component of innate immunity.

Complement activation provides a very effective host defense mechanism against

invading organisms by generating anaphylatoxins that: (i) trigger inflammation;

(ii) chemotactically attract phagocytes to the site of infection; (iii) promote the

opsonization and lysis of invading bacteria, and (iv) cause vasodilation and

increased vascular permeability [28]. While each of these functions promotes

clearance of bacteria, the same mechanisms, under uncontrolled circumstances,

can also lead to extensive damage of host tissue. Thus, in an immune-privileged

site such as the eye, where inflammation is detrimental to vision, the inflamma-

tory response is tightly regulated. Using a mouse that lacks the central compo-

nent of the complement system (C3�/�), it was shown that the absence of

complement was inconsequential to the outcome of S. aureus endophthalmitis

[29]. This study indicates that while complement may contribute to the early

inflammatory response in the eye, it does not play a significant role in the clear-

ance of the organism or the outcome of endophthalmitis in the murine model

tested.

The primary function of the innate immune system is to detect invading

pathogens and clear them. To achieve this, the innate system must: (i) trigger

an immediate response; (ii) amplify the response; (iii) clear the pathogens, and

(iv) activate the adaptive system in case the pathogen cannot be cleared quickly.

Within 6 h after intravitreal inoculation with S. aureus, TNF-�, IL-1�, and

cytokine-induced neutrophil chemoattractant (the rat homologue of IL-8) were

detected within the vitreous [30]. The adhesion molecules ICAM-1 and 

E-selectin are also upregulated early in iris, ciliary body, and retinal vessels,

serving to enhance the infiltration of leukocytes to the site of infection [31].

IFN-� is not detected until 24 h after infection and correlates with increased

infiltration of macrophages/monocytes and lymphocytes [30]. These studies did

not determine whether induction of these molecules played a cause or effect

role in the clinical outcome of endophthalmitis.
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It was recently found that FasL plays an important role in the clearance of

bacteria from the posterior segment, suggesting a direct role in recruiting or

activating neutrophils [29]. FasL is constitutively expressed within the normal

eye and has been shown to play a critical role in maintaining the immune-

privileged environment by inducing apoptosis in infiltrating inflammatory cells

[32]. It was found that while normal mice readily cleared an infection with 500

colony-forming units of S. aureus, mice deficient in FasL were unable to clear

the same size inoculum [29]. In the absence of FasL, bacteria grew more

rapidly, and fewer neutrophils were recruited to the site of infection. These find-

ings suggest additional functions for FasL consistent with emerging data that

FasL plays a critical role in the activation of the early innate immune response

within the eye [33]. Membrane-bound FasL appears to activate innate immunity,

whereas soluble FasL appears to inhibit inflammation. Therefore, the different

forms of FasL may play a critical role in regulating host inflammation triggered

by invading bacterial pathogens.

Anti-Inflammatory Reagents

Dexamethasone is frequently used as adjunctive therapy in the manage-

ment of endophthalmitis [4] but remains the subject of debate. An inflamma-

tory response is required to rapidly eradicate the infection, but the magnitude

and persistence of such a response may be important determinants of bystander

tissue damage. Corticosteroids are effective in blocking inflammation-mediated

tissue damage and inhibiting production of pro-inflammatory cytokines.

Nevertheless, the efficacy of corticosteroid treatment in clinical cases of

endophthalmitis remains controversial [34].

Using a rabbit model of endophthalmitis, it was observed that intravitreal

administration of dexamethasone, in conjunction with antibiotics, was effective

in preserving vision in eyes infected with a non-cytolytic strain of E. faecalis. In

contrast, corticosteroids had no effect on eyes infected with a cytolytic strain of

E. faecalis [14]. These data reveal a main problem in ascertaining the value of

anti-inflammatory drugs as adjunctive treatments in endophthalmitis – outcome

depends strongly on the toxigenic status of the offending organism. Further, this

therapy may be reserved in practice for the most severe cases which are caused

by toxigenic microorganisms – ironically, cases where it may be least effective.

A review of clinical data indicates that the use of intravitreal steroids may be

detrimental and may lead to increased loss of vision following endophthalmitis

[35], but this may be attributable to the latter bias in practice. Few studies have

examined whether these agents improve outcome when cases are stratified by

microbe. It remains to be determined whether observations made in one well-

controlled model of endophthalmitis are generalizable to disease caused by

other bacteria or to human cases.
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Conclusion

Understanding of the host and microbe factors that influence the outcome

of endophthalmitis is in its infancy. It is becoming clear that certain factors,

such as whether a toxin plays an important role in pathogenesis, may be

pathogen specific. It is also clear that successful resolution of endophthalmitis

caused by virulent organisms will require careful management of the host

response. A more detailed understanding of these interrelationships will be

required before this knowledge can be translated into clinical practice.
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Abstract
The immune surveillance theory proposed almost half a century ago stated that the

immune system was responsible for preventing the formation of spontaneous tumors by iden-

tifying and eliminating neoplastic cells early in their development. Recent studies demon-

strating that innate and adaptive immune effector cells participate in preventing tumor

growth and are effective in reducing the frequency of tumors have revived interest in immune

surveillance. Paradoxically, other recent studies demonstrate that the immune system can

also promote tumor progression by altering the immunogenic phenotype of developing

tumors in a process called immunoediting. These data raise new questions regarding whether

immune surveillance and immunoediting occur within the immune-privileged ocular envir-

onment where the innate and adaptive immune effector cells are inhibited and/or participate

in the development of regulatory T cells.

Copyright © 2007 S. Karger AG, Basel

Immune surveillance is an ‘old’ theory first proposed almost 50 years ago

that hypothesized that one function of the immune system was to monitor cells

throughout the host for changes that signified the start of malignant transfor-

mation. Recognition and elimination of these early premalignant cells would

protect the host from the formation of spontaneous tumors. Although this the-

ory was intellectually appealing to immunologists, the experimental evidence

that accumulated in the 1970s failed to support the hypothesis and immuno-

logists abandoned the idea of immune surveillance. However, recent data have

emerged that clearly and convincingly support the immune surveillance theory

in mouse models of spontaneous and induced tumors. In addition, new data
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demonstrate the existence of immune surveillance in human spontaneous

tumors. In these more recent studies, a second important mechanism was discov-

ered that is intimately associated with immune surveillance. This mechanism

was termed ‘immunoediting’ and describes the effect of immune surveillance

on tumor progression in circumstances when immune surveillance fails to

prevent the formation of tumors. Immunoediting results in a reduction in the

frequency of tumor rejection and the expression of a less immunogenic antigen

repertoire by the tumor. In other words, immune surveillance had the effect of

‘editing’ out some of the antigens normally expressed by tumor cells in the

absence of immune surveillance. These two concepts, immune surveillance and

immunoediting, are likely to become the cornerstones by which immunologists

view the development of tumors and will be critical in developing successful

strategies for cancer immunotherapy.

The revival of immune surveillance and the emergence of immunoediting

pose new questions in the development of ocular tumors and the study of

immune privilege, starting with: Does immune surveillance and immunoediting

occur within the eye during the development of intraocular tumors? If the

answer is yes, then how does it occur since the eye is an immune-privileged site

in which innate and adaptive immunity is downregulated? If the answer is no,

then how does this impact on the pathogenesis and treatment of ocular tumors

and their metastases? The first half of this study will review the new data that

support immune surveillance and immunoediting. The second half will address

if, and how, the development of ocular tumors within an immune-privileged site

is linked to immune surveillance and immunoediting.

Beginnings of the Immune Surveillance Theory

In the early 1900s, Ehrlich [1] proposed that a critical function of the

immune system was to detect and eliminate carcinomas from the host. Thomas

[2] and Burnet [3] developed the theory of immune surveillance proposing that

tumor cells developed frequently and expressed tumor antigens that triggered

the host to generate an immune-mediated response that eliminated the tumor.

Studies by Old and Boyse [4] and Klein [5] in the 1960s confirmed the exis-

tence of tumor antigens on chemically or virally transformed murine tumors,

and observed that tumors expressing these antigens were rapidly eliminated in

syngeneic hosts. If the theory of immune surveillance was correct, then there

would be an increase in spontaneous tumor incidence in immunocompromised

hosts compared to tumor incidence in immunocompetent hosts. However,

tumor studies in nude mice that lack functional T and B cells demonstrated no

changes in the incidence of spontaneous tumor development compared to
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immunocompetent hosts [6]. Supporters of the immune surveillance theory

argued that nude mice were not completely immunodeficient, since nude mice,

while defective in T cell immunity, still possessed an intact innate immune

response that may be critical in immune surveillance [7]. Even though this

argument proved much later to be correct, at the time, there were no experimen-

tal models that could rigorously test the role of innate immunity in immune sur-

veillance, and in the absence of data, the theory quickly lost favor among

immunologists.

The Revival of Immune Surveillance

Experimental support of immune surveillance began to emerge in the mid-

dle 1990s with the development and testing of a variety of mutant mice that

were deficient in one or more components of innate or adaptive immune sys-

tems. The first evidence came from a series of experimental models that elimi-

nated interferon (IFN)-�, an important cytokine produced mainly by T cells,

natural killer (NK) cells, and NKT cells. Mice treated with neutralizing anti-

bodies for IFN-� and then given transplanted fibrosarcoma tumors exhibited a

significant incidence of tumor growth [8]. Kaplan et al. [9] demonstrated that at

least one effect of IFN-� was to directly inhibit tumor growth. They expressed

dominant-negative IFN-� receptors in fibrosarcomas that were then trans-

planted into recipient mice. Tumors that could not respond to IFN-� grew sig-

nificantly faster than tumors with functional IFN-� receptors. The most

convincing evidence for an important role of IFN-� in protecting the host from

developing tumors came from experiments using either IFN-� gene knockout,

or IFN-� receptor gene knockout mice [9, 10]. Exposure of these knockout

mice to the chemical carcinogen methylcholanthrene (MCA) resulted in a 10-

to 20-fold increase in tumor formation. In addition, tumors formed more

rapidly and grew faster in these knockout mice than in mice with an intact

response to IFN-�. Together, the data indicated that: (i) IFN-� production pro-

tected the mice from the induction of chemically induced tumors, and (ii) pro-

tection was partly due to a direct inhibitory effect of IFN-� on tumor growth.

Evidence that cytolytic immune effector cells participate in preventing tumor

growth was demonstrated in experiments which used perforin gene knockout

mice [11]. Perforin is a pore-forming protein released by cytotoxic T cells and

NK cells that is essential in lysing the target cell. If perforin knockout mice

were treated with MCA, there was a significant increase in tumor incidence

compared to tumor incidence in the normal counterparts.

Further evidence that T cells, NKT cells, and B cells protected mice from

tumor development was provided by experiments in RAG-1 or RAG-2 gene
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knockout mice. The RAG gene encodes an enzyme that repairs breaks in

double-stranded DNA. Mice that lack the RAG gene are unable to rearrange

lymphocyte antigen receptors and therefore, completely lack T cells, NKT cells,

and B cells. MCA treatment of these mice also resulted in an increased inci-

dence of tumors [12]. Finally, a role for innate immune effectors was provided

by targeted mutations that specifically eliminated either: NKT cells, NK cells,

or �� T cells [13, 14]. These mutant mice all displayed increased sensitivity to

MCA-induced tumors.

One of the previous criticisms of the immune surveillance theory was that

data supporting a role for immune protection were largely obtained by the

induction of tumors with chemical carcinogens, such as MCA. To address this

criticism, mice that possess p53 mutations were crossed with the mutant mice

described above. Mice with p53 mutations develop a variety of spontaneous

tumors [9]. However, if the p53 mutant mice were crossed with either RAG-1,

or IFN-� knockout mice, there was a significant increase in the incidence

of spontaneous tumors [15, 16]. These data strongly support a protective role of

innate and adaptive immune effector cells in preventing the development

of tumors.

Involvement of Innate and Adaptive Immunity in 

Immune Surveillance

Innate immunity provides effective first-line immune responses against

invading pathogens and consists of NK cells, dendritic cells (DCs), mast cells,

macrophages, and natural IgM antibody-producing B cells [17]. Cells involved

in innate immunity recognize conserved glycolipid or glycoprotein patterns

rather than individual specific cell surface determinants to distinguish between

self and non-self. Recent studies have demonstrated that the innate immune sys-

tem has the capacity to discriminate between malignant cells and normal cells

suggesting that innate immunity mediates tumor immune surveillance. Abnormal

glycolipids and glycoproteins are frequently synthesized and expressed on the

tumor cell surface, and many of these structures elicit strong IgM production by

CD5� B cells of the innate immune system. Tumor-reactive IgM antibodies

that recognize abnormal carbohydrates expressed by mutated epithelial cells

have been identified and isolated in patients with gastric cancer [18]. These

antibodies can directly elicit tumor cell elimination by mediating apoptosis of

malignant epithelial cells, or indirectly by inducing complement activation, or

antibody-mediated cellular cytotoxicity. Interestingly, IgM antibodies isolated

from healthy donors also recognized transformed epithelial cells from cancer

patients suggesting that healthy individuals already possess naturally occurring
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IgM antibodies capable of recognizing mutated glycolipid or glycoprotein

patterns.

Studies in mice using models deficient in adaptive immune responses

(SCID, nude and RAG knockout models) have demonstrated that NK cells play

an important role in tumor recognition. NK cells recognize and kill tumor cells

deficient in major histocompatibility complex (MHC) class I molecule expres-

sion. The activation and function of NK cells are regulated by a balance of

inhibitory and activating signals through a number of receptors. Mice depleted

of NK cells using either anti-NK1.1 or anti-asialo GM1 demonstrated increased

susceptibility to spontaneous MCA-induced tumors [19]. Recently, human

MHC class I chain-related proteins A and B (MICA/B) have been identified

and characterized, and represent polymorphic nonclassical MHC class I type

molecules that are stress-induced proteins [20]. Constitutive MICA/B expres-

sion has been found on tumors of the breast, lung, colon, kidney, liver, and skin

melanoma but is not expressed by normal tissues with the exception of the

epithelial lining of the gastrointestinal tract [20, 21]. MICA/B on tumor cells

bind to their NK cell ligand NKG2D, a constitutively expressed disulfide-

linked homodimer comprised of two NKG2D subunits associated with the

transmembrane adaptor protein DAP10, which together serve as an NK cell

activation molecule [22]. It is interesting to note that tumors from advanced

stages of disease are capable of shedding MICA/B from the cell surface, and

binding of soluble MICA/B downregulates expression of NKG2D on NK cells

[23]. These results suggest that tumor cells have compensatory mechanisms

that enable them to escape immune recognition.

NKT cells are a recently characterized subpopulation of T cells that

express both NK markers and an invariant T cell receptor that may play a role in

immunoregulation and in tumor immune surveillance. Human NKT cells

express the NKR-P1A NK marker and the invariant T cell � chain V�24-J�Q,

whereas mice express NK1.1, a NK cell marker and the invariant T cell � chain

V�14-J�281 [24]. Both human and mouse NKT cells are restricted by the

MHC class I-like molecule CD1 which recognizes glycolipid antigens. Initial

evidence that NKT cells play a role in tumor immune surveillance was demon-

strated by two studies. First, mice treated with the NKT cell-activating com-

pound �-galactosylceramide demonstrated a lower incidence of spontaneous

chemically induced tumors [25]. Second, J�281 knockout mice which lack

V�14-J�281-expressing NKT cells developed a higher incidence of MCA-

induced tumors than their wild-type counterparts [26]. Upon activation, NKT

cells differentially produce cytokines that are dependent on activation via spe-

cific receptors; activation through the T cell receptor elicits interleukin-4 pro-

duction while activation through the NK receptor elicits production of IFN-�

[24]. The production of these cytokines by NKT cells may play an important
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role not only in NKT cell activation and development, but also in the activation

and maturation of macrophages and DCs involved in innate and adaptive

immune responses against tumors.

In summary, there is ample evidence that the innate immune system parti-

cipates in tumor immune surveillance and functions as a first responder by

delaying tumor growth. However, in most cases, innate immune responses

against tumors are insufficient to completely eliminate tumors. Therefore,

innate immune responses triggered by tumors must also play an important role

by providing support in activating immune responses mediated by the adaptive

immune system.

The Immunoediting Hypothesis

Dunn et al. [27] recently proposed the immunoediting hypothesis which

they considered an extension of the immune surveillance theory that explained

situations in which immune surveillance failed to protect the host from malig-

nant transformation. It is obvious that, even in an immune-competent host,

spontaneous tumors still develop. This means that although immune surveil-

lance is fully functional, some tumors still escape immune detection and grow

progressively. Thus, immune surveillance appeared to be an ‘all or none’ effect

in which it either prevented or failed to prevent tumor formation. The immuno-

editing hypothesis proved that this concept was wrong and demonstrated that

tumor formation in the presence of immune surveillance has a profound effect

on the tumor phenotype.

The immunoediting hypothesis was developed when Kaplan et al. [9]

examined the immunogenicity of tumors that formed within either immuno-

competent or immunodeficient mice. These experiments are diagramed in

figure 1. As discussed earlier, there is a significant increase in the incidence of

tumors that form in RAG-2 knockout mice exposed to MCA compared with

normal mice exposed to the same carcinogen. A series of tumors were recov-

ered from either normal or RAG-2 knockout mice and then injected into a sec-

ond group of naïve immunocompetent mice. When the tumors recovered from

normal mice were injected into the naïve recipients, 100% of the tumors grew

progressively. By contrast, when the tumors recovered from RAG-2 knockout

mice were injected into the naïve recipients, only 40% of the tumors grew pro-

gressively [12]. Therefore, tumors that formed in the presence of immune sur-

veillance were less immunogenic, and tumors that formed in the absence of

immune surveillance were more immunogenic. In light of their results, they pro-

posed that immunoediting was responsible for editing or removing tumor anti-

gens that were recognized by immune effector cells.
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The immunoediting hypothesis expanded the immune surveillance concept

to be more than an ‘all or none’ effect on tumor growth. If tumors formed in the

presence of immune surveillance, they expressed fewer tumor antigens than the

same tumor formed in the absence of immune surveillance. This also revealed

the paradox of immune surveillance; it is protective when it prevents tumor

growth, but it can also promote tumor growth by making tumors less visible to

the immune system. These two contradictory effects are possible because the

immune effectors involved in surveillance have two functions: (i) eliminating

Fig. 1. Immunoediting of tumors that form within immunocompetent mice. Tumors

are induced in immunocompetent wild-type, or RAG-2 knockout (KO) mice by treatment

with the MCA carcinogen. Tumors are recovered from the mice and injected into a second

group of immunocompetent naïve mice. Tumors derived from immunocompromised mice

express more tumor antigens, resulting in some tumor rejection. By contrast, tumors derived

from immunocompetent mice undergo immunoediting and express fewer tumor antigens,

resulting in a higher frequency of progressively growing tumors.
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antigen-positive tumors, and (ii) editing antigens from tumors that grow. The

latter function is accomplished through the mechanism of selective pressure

that is applied by the immune system on the tumor cells and leads to the forma-

tion of tumor escape mutants.

Selective Pressure and Tumor Escape

There is a wide variety of mechanisms that lead to the formation of tumor

escape mutants [28]. The simplest form of tumor escape is via the loss of a

tumor antigen expressed on a tumor cell. How the immune system applies

selective pressure that leads to the formation of antigen-loss escape mutants is

easily demonstrated in vitro. If cytotoxic T lymphocytes in cell cultures con-

taining specific T cells plus tumor cells eliminate some, but not all of the tumor

cells, then the tumor cells will undergo selective depletion. If the surviving

tumor cells are allowed to proliferate and are re-exposed to another round of

selection by T cells, and this process is repeated many times over a long period

of time, the cell cultures will eventually develop escape mutant tumor cells that

are completely resistant to elimination by the specific T cells [29]. The experi-

ments of Dunn et al. [30] revealed that immune surveillance that fails to com-

pletely eliminate tumors provides this selective pressure for the development of

escape mutations. It is believed that the inherent genetic instability of tumor

cells induces random mutations in the proliferating tumor cells, and that spe-

cific T cells provide selective pressure for the survival of specific mutations

that lead to immune escape. This selective T cell pressure is therefore an exam-

ple of Darwinian natural selection at the cellular level. This mechanism of

tumor escape has also been shown to occur in vivo in patients immunized

against specific tumor antigens [31].

Does Immune Surveillance Occur within the 

Immune-Privileged Eye?

While this question may seem obvious, the critical experiments required to

answer it have not been performed. There are several approaches to address this

question. In one series of experiments, either normal or immunocompromised

mice would receive an intraocular dose of a chemical carcinogen such as MCA.

If immune surveillance occurs within the eye, then the incidence of tumors will

increase in the immune-compromised mice. If immune surveillance does not

occur within the eye, then the incidence of tumors will not change in the

absence of an intact immune response. It will be important to examine a variety
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of innate and adaptive immunodeficient mice in order to determine if immune

surveillance occurs within the eye.

A second type of experiment would utilize the recently developed trans-

genic models that spontaneously develop either retinoblastoma, or uveal

melanoma [32, 33]. These transgenic mice would be crossed with immunodefi-

cient mice, and the speed and size of tumor development would be monitored.

If immune surveillance occurs in the eye, then the spontaneous tumors will

appear sooner and grow more rapidly. If immune surveillance does not occur,

then the appearance of the spontaneous tumors will remain unchanged. These

experiments would conclusively prove whether immune surveillance occurs

within the immune-privileged eye.

A third type of experiment would conclusively prove a close association

between immune privilege and immune surveillance. In these experiments,

MCA would be used to induce tumors in the eyes of immunocompetent mice in

which immune privilege is terminated. If the frequency of tumors decreases in

the absence of immune privilege in immunocompetent mice, then this will

demonstrate that immune privilege blocks immune surveillance in the eye. The

technical problem with conducting this type of experiment is that immune privi-

lege would have to be terminated for many months in order to induce tumors

with MCA. Currently, there is no method of terminating immune privilege in the

eye for extended periods of time. However, the recent discovery of defects in

immune privilege and anterior chamber-associated immune deviation in DBA/2J

mice may provide the opportunity to conduct this type of experiment [34].

Regulation of Immune Surveillance Effectors within the Eye

Although there are no conclusive data on the role of immune surveillance

in the eye, there are substantial data on the immune response against tumors

transplanted or injected into the anterior chamber, and these data are useful in

making predictions about whether or not immune surveillance occurs. The

argument that immune surveillance does not occur in the eye is supported by

data indicating that both innate and adaptive immune effector cells responsible

for mediating surveillance are all negatively regulated within the eye. The effect

of the ocular environment on each of these effector cell subpopulations is sum-

marized below.

NK Cells

Apte et al. [35] discovered that macrophage migration inhibitory factor is

present within aqueous humor and inhibits the cytolytic activity of NK cells.
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DCs/Macrophages

A number of researchers have reported the inhibitory effects of the ocular

environment on DCs/macrophages that prevent the development of both innate

and adaptive immunity. For example, �-melanocyte-stimulating hormone inhibits

the ability of DCs/macrophages to release nitric oxide, an important pro-

inflammatory cytokine in innate immunity [36]. Transforming growth factor-�2
alters the ability of DCs/macrophages to effectively stimulate CD4 and CD8

T cells, resulting in the activation of T regulatory (Treg) cells that inhibit effec-

tors of delayed hypersensitivity [37].

NKT Cells

Faunce and Stein-Streilein [38] discovered that NKT cells are critical in

the activation of antigen-specific Treg cells following injection of antigen into

the anterior chamber of the eye. While the data that NKT cells participate in

blocking the development of protective immunity are very convincing, other

laboratories have reported a protective role for NKT cells in tumor formation

and spread [25]. Further studies are required to understand the functions of this

important effector cell population.

gd T Cells

When antigen is injected into the anterior chamber of the eye, �� T cells

participate in the induction of Treg cells through the induction of anterior chamber-

associated immune deviation [39]. This was demonstrated in experiments using

�� T cell knockout mice, in which the injection of soluble antigen into the

anterior chamber did not result in the activation of Treg cells, resulting in the

activation of primed T cells that mediate delayed hypersensitivity.

CD4� and CD8� T Cells

Investigators from different laboratories demonstrated that injection of anti-

gen into the anterior chamber results in downregulation of delayed hypersensi-

tivity via the induction of Treg cells. CD4 Treg cells inhibit the afferent phase,

while CD8 Treg cells inhibit the efferent phase of adaptive immunity [40, 41].

Together, these data argue against the idea that immune surveillance can

occur within an immune-privileged site, since all of the effector cells that par-

ticipate in immune surveillance are either inhibited or involved in the activation

of Treg cells. However, it is important to remember that immune privilege is not

absolute and does not completely exclude the activation of immune effector

cells within the eye. The extent of immune privilege that is experienced by

tumors that are injected into the anterior chamber varies dramatically. Some

tumors escape immune elimination completely and grow progressively, while

others are rejected with the same speed and vigor as tumors that are placed
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within non-immune-privileged sites (table 1). An important question in the

study of immune privilege within the eye that remains unanswered is: what

mechanisms control if, or when, immune privilege is terminated? Data in the

literature support the concept that the ocular environment is critical in estab-

lishing immune privilege and it is the presence of immunosuppressive factors

within aqueous humor that inhibits the induction of innate and adaptive immu-

nity. So, why does this environment establish immune privilege for some

tumors, but fails to establish immune privilege for other tumors?

One possible answer to this question is provided by data indicating that

there is an inverse relationship between immune privilege and the immunogenicity

of the tumors. In other words, tumors that express highly immunogenic tumor

antigens experience weak immune privilege, while tumors that express weak

tumor antigens experience robust immune privilege (table 1). Clearly, immune

privilege is most effective in protecting weakly immunogenic tumors, while

privilege is least effective in protecting strongly immunogenic tumors. It is

unclear at this time exactly how strong immunogenic tumors are able to over-

come the inhibitory mechanisms within the eye. Together, these data indicate

that immune privilege inhibits the immune effector cells responsible for main-

taining immune surveillance.

We propose that there is an inverse relationship between immune privilege

and immune surveillance. This relationship is illustrated in figure 2. At the two

extremes are: (i) high levels of immunogenic tumor antigens coincide with

effective immune surveillance, and (ii) no antigens, or low levels of weak tumor

antigens, coincide with the absence of immune surveillance. However, the more

Table 1. Influence of ocular immune privilege on intraocular tumor rejection

Tumor Strain Recipient Antigens Immunogenicity Immune Tumor 

of origin strain privilege growth

P815 DBA/2 DBA/2 tumor Ags weak yes progression

P815 DBA/2 BALB/c minor weak yes progression

B16F10 C57BL/6 LP/J tumor Ags weak yes progression

D5.164 C57BL/6 C57BL/6 tumor Ags weak yes progression

P815 DBA/2 A/J MHC strong transient rejection

P815 DBA/2 C57BL/6 MHC � minor H strong transient rejection

P91 DBA/2 DBA/2 mutated tumor Ag strong transient rejection

UV-5C25 BALB/c BALB/c UV induced strong transient rejection

SV40 FVN FVB/n FVB/n SV40 T Ag strong no rejection

Ad5E1 C56BL/6 C37BL/6 adenovirus strong no rejection
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likely scenario is that ocular tumors display a range of tumor antigens. This

mixture of antigens could be displayed sequentially or sporadically during

malignant transformation. If this situation is compared between a tumor that

develops within an immune-privileged site versus the same tumor that develops

within a non-privileged site, then we predict that the effect of immune surveil-

lance would be significantly delayed in the eye. This would result in tumors that

form more frequently in the eye and express more tumor antigens.

In addition to immune privilege and immune surveillance, there are many

other factors that affect malignant transformation in the eye that we have not

discussed. For example, choroidal melanocytes have a very low rate of turnover

and may be inherently more resistant to malignant transformation than

melanocytes within the skin. Therefore, it will be important to determine not

Fig. 2. The effect of immune privilege on immune surveillance, tumor antigens, and

tumor growth. The predicted effects of immune privilege on tumors that express either strong

tumor antigens (dark cells), or weak tumor antigens (shaded cells). Tumor antigen (Ag)

escape mutants are displayed as white cells.
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only whether immune surveillance is present within the eye, but also whether

immune surveillance has a significant impact on tumor development and pro-

gression in human ocular tumors.
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Abstract
Corneal allografts enjoy a remarkable success rate when compared to all other forms of

organ transplants. In routine keratoplasties, HLA matching and systemic immunosuppressive

drugs are not employed, yet 90% of the uncomplicated transplants survive. The success of

corneal allografts was recognized over half a century ago and led to the term ‘immune privi-

lege’. The original explanation for the immune privilege of corneal allografts attributed the

escape of immune rejection to the avascular and alymphatic nature of the corneal graft bed,

which sequestered the corneal allograft from the immune apparatus. In the past 20 years, the

widespread use of animal models of keratoplasty has shed light on the mechanisms of

corneal immune privilege and has revealed that the success of corneal allografts is due to a

combination of properties of the corneal graft bed and the cornea itself.

Copyright © 2007 S. Karger AG, Basel

Keratoplasty is the oldest, most common, and arguably, the most successful

form of solid tissue transplantation [1]. First time, uncomplicated, corneal trans-

plants in human subjects can expect a 90% success rate, even in the absence of

tissue typing and use of systemic immunosuppressive drugs [2]. This year marks

the 100th anniversary of the first documented successful keratoplasty in a

human and, thus, is a timely occasion to reconsider the basis for the remarkable

immune privilege of corneal transplants [3]. Clinicians sometimes protest that

corneal transplants do not express immune privilege, as keratoplasties can fail

and immune rejection remains the leading cause of such failures. In this regard,

it is useful to define immune privilege and provide specific examples. Studies

using rodents help to define the immune privilege of corneal allografts and

demonstrate that immune privilege is not an ‘all or none’ phenomenon. In many

donor-host combinations, corneal allografts that are mismatched with the host at

Treatment of Immune-Mediated Ocular Diseases
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the entire major histocompatibility complex (MHC) plus multiple minor histo-

compatibility (H) loci are permanently accepted in over 50% of the hosts [4]. By

contrast, skin allografts transplanted across the same barriers are invariably

rejected [5]. Immune privilege is even more evident when the histocompatibility

disparities are reduced (table 1). Two fundamental observations demonstrate the

immune privilege of corneal allografts: (1) histocompatibility matching and sys-

temic immunosuppressive drugs are not normally needed in routine keratoplasty,

and (2) corneal allografts enjoy a profoundly greater success rate when com-

pared to all other forms of solid tissue transplantation. Two factors contribute to

the immune privilege of corneal allografts: (1) the reduced immunogenicity of

the corneal graft itself, and (2) the unique properties of the eye and graft bed into

which the corneal transplant is placed.

The Immunogenicity of Corneal Allografts: Heterotopic Corneal

Transplantation in Animal Models

The normal corneal allograft possesses immunologic privilege. Even corneas

grafted into eyes of pre-immunized recipients (mice) often fail to succumb to

immune rejection [6]. Interpretation of results of this type is complicated by the

fact that the graft bed itself is regarded as an immune-privileged site. Each layer

of the cornea has the potential of contributing to the immunogenicity of this tis-

sue as a graft. However, when full-thickness corneal allografts are placed ortho-

topically in eyes of experimental animals, it is difficult to discern the

immunogenic potential of the various layers because the graft is placed in an

immune-privileged site [1, 4, 7, 8]. Any analysis of immune responses to

alloantigens expressed on orthotopic corneal grafts is complicated by the

immunoregulatory properties of the avascular corneal graft bed and the under-

lying anterior chamber (AC) [4, 8–10].

Table 1. Survival of corneal and skin allografts across different histocompatibility barriers

Donor/host mismatch Incidence of immune rejection, %

skin allograft corneal allograft

MHC � minors 100 50–55

MHC class I only 100 35

MHC class II only 100 0–10

References found in a previously published review [4].
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Skin and Subcutaneous Space

Although the site of engraftment is immune privileged, the cornea itself

has also been considered to be an immune-privileged tissue. Early experiments

by Barker and Billingham [11] and Medawar [12] showed that the cornea has

the capacity to escape destruction by the alloimmune rejection process. To

eliminate the contribution of the immune privilege of the site to graft outcome,

allogeneic corneas have been grafted to the skin, or placed in subcutaneous

pouches – sites known not to be immune privileged [13]. Whether conducted in

rabbits, rats, or mice, experiments of this type have revealed that rejection of

allogeneic corneal grafts usually takes place at these heterotopic sites. The only

exception is when the alloantigens confronting the recipient are encoded solely

by genes within the MHC class II region. Because the normal cornea does not

constitutively express MHC class II antigen-bearing cells [14–16], disparate

corneal grafts of class II alone are not rejected in the skin [17].

Subcapsular Space of Kidney

The skin is a particularly inhospitable site for solid tissue grafts. By con-

trast, the subcapsular sinus of the kidney is a heterotopic site that is regarded by

transplantation immunologists as ‘conventional’, i.e. not privileged. The sub-

capsular space of the kidney resembles the skin in its possession of lymphatics

that drain via a superficial capsular system and a deeper hilar system to the

para-aortic nodes [18]. The capsular microcapillary network is supplied by

interlobular arteries of the kidney [19]. The kidney capsule contains antigen-

presenting cells such as macrophages. Numerous reports indicate that allografts

of the kidney, liver, skin, and islets of Langerhans are acutely rejected when

placed beneath the kidney capsule [20–22]. In fact, it was the acceptance of

allogeneic testis grafts beneath the kidney capsule that led Bellgrau et al. [23] to

conclude that testicular tissue is indeed immune privileged, and that immune

privilege in this instance arises from constitutive expression of CD95 ligand

(CD95L) on Sertoli cells within the grafts. To follow on this lead, Hori et al.

[24, 25] showed that the cornea’s potential to display immune privilege is man-

ifest at this site, and this property is largely derived from the endothelium.

Immunogenic Potential and Immune Privilege of 

Each Layer of the Corneal Allograft

The different layers of the normal cornea display either immunogenicity or

immune privilege. Moreover, the properties of one layer can influence the prop-

erties and fate of another layer. Khodadoust and Silverstein [26] conducted a

series of experiments in which individual layers of the cornea from outbred
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rabbits were placed for 4 weeks at orthotopic sites in eyes of allodisparate rab-

bit hosts. The allogeneic corneal tissue was then removed and grafted back into

the fellow eye of the original donor. All of the grafts were rejected, and the con-

clusion was drawn that all three layers (epithelium, stroma, and endothelium)

were immunogenic. However, the authors were unaware at that time of the abil-

ity of bone marrow-derived cells (such as Langerhans cells, LCs) to infiltrate

into the corneal epithelium when it resurfaces a wound, and to migrate into the

stroma of a corneal graft. In light of recent information indicating that grafted

corneal tissue acquires recipient bone marrow-derived cells (expressing MHC

class II molecules) in both the epithelial and stromal layers, the grafts used by

Khodadoust and Silverstein [26], which were parked for 4 weeks on the rabbit

hosts, were most likely repopulated with bone marrow-derived cells from the

second rabbit host. Thus, these results do not reveal unequivocally whether each

layer of the normal cornea is immunogenic in the absence of recipient-derived

antigen-presenting cells.

When each layer of the cornea is placed beneath the kidney capsule, the

epithelium and the stroma independently display alloimmunogenic potential at

this site [25]. Either layer of the cornea is capable of inducing donor-specific

delayed-type hypersensitivity responses to the donor alloantigens and succumb-

ing to immune destruction. Only the corneal endothelium appears to lack these

properties. In fact, the corneal endothelium not only lacks inherent immuno-

genicity, but it also prevents allosensitization by allogeneic corneal stroma that

has been grafted into naive mice. The endothelium is even able to resist its own

elimination when grafted into mice pre-sensitized to donor alloantigens. Thus,

at least in this heterotopic grafting model, the immune privilege of the cornea

resides solely with the endothelium. The capacity of the corneal endothelium to

promote immune privilege is, however, overwhelmed if the corneal epithelium

is included in the graft placed beneath the kidney capsule [25]. In this situation,

the overwhelming immunogenicity of the epithelium prevents corneal allografts

from surviving at the heterotopic site. Since full-thickness corneal allografts

often survive indefinitely when placed orthotopically, the potent immunogenic-

ity of corneal epithelium revealed beneath the kidney capsule is at least par-

tially eclipsed in the eye.

Constitutive expression of CD95L on corneal endothelium is critical to its

immune-privileged status [27, 28]. CD95L renders corneal endothelium resis-

tant to immune destruction as revealed by the persistence of endothelial cells in

allografts at heterotopic sites of pre-sensitized mice, where the stroma is being

destroyed [25]. Moreover, some evidence indicates an immunomodulatory

role for CD95L in the induction of alloimmunity [25]. Stroma-endothelial

allografts induced donor-specific delayed-type hypersensitivity and rejection

only if the corneal grafts failed to express CD95L. Thus, CD95L interferes with
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allosensitization and perhaps promotes tolerance induction by mechanisms that

have yet to be characterized.

Strategies to Eliminate the Immunogenicity of 

Orthotopic Corneal Allografts

Full-thickness (epithelium-containing) allogeneic corneal allografts induce

donor-specific sensitization when: (a) grafted orthotopically [29–31]; (b) when

implanted into the AC [32, 33], or (c) when placed beneath the kidney capsule

[24, 25]. Corneal epithelium also expresses MHC class I antigens more stron-

gly than do either keratocytes or corneal endothelial cells [15, 16, 34]. In fact,

90% of the MHC class I antigen expression is found in the corneal epithelium

[35].

These findings have led to the proposal that the primary immunogenicity

of the cornea as an allograft resides within the epithelium. The validity of this

proposal is challenged, however, by the observation that corneal allografts from

which the epithelial layer had been removed proved to be much more immuno-

genic and vulnerable to rejection than full-thickness allogeneic corneas [36].

Moreover, simply covering an epithelium-deprived allogeneic cornea graft

(stroma plus endothelium) with an epithelium that was genetically identical to

the graft recipient virtually eliminated the aforementioned high risk for rejec-

tion when transplanted into low-risk graft beds [36].

Reconstitution of Immune Privilege and Promoting Corneal 

Allograft Acceptance in High-Risk Eyes

Whereas a significant proportion of orthotopic corneal allografts survive

indefinitely when transplanted into normal eyes of mice and rats [37, 38],

corneal allografts are inevitably rejected when transplanted into prevascular-

ized, ‘high-risk’ eyes [39]. Full-thickness allogeneic corneal allografts trans-

planted into graft beds that have been prevascularized by insertion of sutures,

are typically rejected within 14 days by an intense inflammatory and destructive

reaction [39]. A similarly poor outcome occurs when corneal transplants are

performed in high-risk human eyes [40]. In fact, the failure rate of corneas

transplanted into human high-risk eyes is at least as high as the failure rate of

other solid tissue grafts in humans (kidney, heart, liver, or islets of Langerhans).

Moreover, clinically available immunosuppressive therapy aimed at reversing

corneal graft rejection in high-risk eyes is often inadequate [40–42].

The use of murine composite corneal allografts has led to important

insights into the relative immunogenicity of individual layers of the corneal

allograft. A composite corneal allograft consists of a corneal epithelium that is
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prepared from the recipient mouse strain and is placed over a stroma and

endothelium from an unrelated, allogeneic donor mouse. Such composite

corneal allografts experience high acceptance rates, even in high-risk eyes of

mice [43]. Recipients of these grafts show no evidence of donor-specific sensi-

tization, implying that graft acceptance might result from immunologic igno-

rance. The corneal epithelium appears to reduce the immunogenicity of the

composite graft, but does not affect its antigenicity. That is, composite corneal

grafts do not provoke alloimmune responses in naïve hosts, but are susceptible

to immune attack if the hosts have been previously sensitized to the donor’s

alloantigens [43].

Immune Privilege of Corneal Allografts: Contributions of 

the Corneal Graft Bed and the Eye

The graft bed and eye contribute to the immune privilege of corneal allo-

grafts. Three fundamental factors contribute to the immune privilege of corneal

allografts: (a) afferent blockade of the inductive stage of the immune response;

(b) deviation of the systemic immune response, and (c) efferent blockade of the

efferent arm of the immune response. This privilege has been likened to a three-

legged stool in which each of these factors contributes equally to the success of

the corneal allograft [4, 44]. Removal or disruption of any of the three compo-

nents leads to rejection.

Afferent Blockade of the Immune Response

The avascular and alymphatic nature of the corneal graft bed is the time-

honored explanation to account for the immune privilege of corneal allografts.

Corneal grafts placed into vascularized graft beds are invariably rejected [39].

However, the absence of blood and lymph vessels alone cannot explain the

immune privilege of corneal allografts, as some corneal allografts placed into

avascular graft beds undergo immune rejection. This occurs when factors in

addition to an avascular graft bed prompt immune responses. One such factor

comes from the corneal allograft itself. Normally, the cornea has few if any

MHC class II� antigen-presenting cells, such as LCs. However, various stimuli

can induce the appearance of MHC class II� LCs in the corneal epithelium 

[1, 4, 44].

MHC class II� LCs express co-stimulatory molecules such as CD80 and

are potent inducers of alloimmune responses. In fact, as few as 10 LCs can

induce skin allograft rejection [45]. Corneal allografts prepared so as to contain

MHC class II� donor-derived LCs experience a dramatic increase in the inci-

dence and tempo of rejection [46, 47], and depletion of these ‘passenger cells’
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with UV irradiation or hyperbaric oxygen restores immune privilege and results

in a dramatic reduction in the incidence of rejection [47]. Thus, the absence of

resident, MHC class II� LCs and the alymphatic and avascular nature of the

graft bed conspire to block the afferent arm of the immune response and, thus,

prevent the induction of allodestructive immune responses.

Deviation of the Systemic Immune Response to Corneal Allografts

Orthotopic corneal allografts are in direct contact with the AC and the

corneal endothelium lines a significant portion of the AC. The juxtaposition of

the corneal allograft with the AC is important in determining the fate of the

corneal allograft. Antigens introduced into the AC are known to induce a

deviant immune response in which delayed-type hypersensitivity and complement-

fixing antibody responses are actively suppressed. This phenomenon has been

termed AC-associated immune deviation (ACAID) and is closely correlated

with the long-term survival of corneal allografts [4]. Mice with long-term

corneal allografts demonstrate key features of ACAID [48], and maneuvers that

prevent the induction of ACAID result in steep increases in the incidence of

corneal allograft rejection [49]. Moreover, AC injection of donor alloantigens

prior to corneal transplantation results in a significant reduction in corneal allo-

graft rejection [50, 51].

Efferent Blockade of Immune Response

As mentioned previously, the presence of Fas ligand (FasL) on cellular ele-

ments of the corneal allograft serves to shield the graft from immune attack.

Activated T cells and neutrophils express Fas receptor and are vulnerable to

Fas-induced apoptosis. Corneal allografts prepared from gld/gld mice, which

fail to express functional FasL, undergo rejection in 89–100% of the hosts, even

if the grafts are placed into avascular graft beds [27, 28]. By contrast, only 50%

of the FasL-expressing corneal allografts are rejected in the same donor-host

combinations.

The role of alloantibody in corneal graft rejection is unresolved. The weight

of evidence points to CD4� T cell-dependent, cell-mediated immunity as the

primary mechanism responsible for corneal allograft rejection [52]. However,

there is evidence that alloantibody might, under certain circumstances, con-

tribute to corneal allograft rejection. Passive transfer of alloantibody to T cell-

deficient, nude mice results in the development of transient opacity and edema

of the orthotopic corneal allografts, but does not culminate in frank graft rejec-

tion [53]. In vitro studies have shown that alloantibody produces extensive

complement-dependent lysis of allogeneic corneal endothelial cells, but has no

deleterious effect on corneal epithelial cells from the same donor strain [53]. The

disparity in the resistance of corneal cells to complement-mediated cytolysis is
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referable to the expression of complement-regulatory proteins, e.g. decay-

accelerating factor, on the corneal epithelium and its absence on the corneal

endothelium [54, 55]. However, in vivo, the corneal endothelium is bathed in

aqueous humor, which contains complement-regulatory proteins and protects

against complement-mediated lysis [54, 55]. Thus, the buffering effects of the

aqueous humor and the presence to two membrane-associated molecules (FasL

and decay-accelerating factor) shield the corneal allograft from the effector

elements of the alloimmune response.

Summary and Conclusions

The success of keratoplasty is often attributed to the avascular nature of the

graft bed and the putative isolation of the corneal graft from the immune appa-

ratus. Although there is merit in this appealingly simplistic explanation, the fate

of corneal allografts is affected by a constellation of factors that conspire to

prevent the induction and expression of allodestructive immune responses.

Gaining a better understanding of how to enhance and restore immune privilege

could have enormous benefit for promoting corneal allograft survival in the

high-risk host.
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Abstract
Degenerative diseases of the retina afflict millions of Americans, and very few effective

treatments are available at present. Transplantation of solid tissue or stem cell grafts repre-

sents a promising, albeit challenging, approach to replace photoreceptor cells lost due to

injury or disease. However, there remain a number of formidable obstacles to be overcome

before these techniques can be applied in a clinical setting. Foremost of these challenges is

immunological acceptance and survival of the graft. We will refer to studies performed in

collaboration with J. Wayne Streilein over the past decade that address this issue. The

immune-privileged status of the subretinal space, as well as the inherent immune privilege of

retinal pigment epithelium, neuronal retina and neural stem cells will be described. The goal

of these studies is to gain a better understanding of the immunological properties of both the

donor tissues and recipient graft site in retinal transplantation. This information will allow

for the development of strategies to improve graft outcome and lead to successful repair of

the diseased eye.

Copyright © 2007 S. Karger AG, Basel

There have been many attempts in the last 2 decades to graft neural tissues

in an effort to treat central nervous system (CNS) diseases, including retinal

degenerations. Relatively little success has been reported from these experi-

ments, and poor graft survival has been a significant barrier to functional

restoration of damaged CNS structures. This has prompted a reevaluation of

two important questions: (1) does immune privilege actually exist within the

brain and the retina, and (2) are brain and retinal tissues ‘immune privileged’?

Immunologic studies of the brain and the eye during the past 20 years have re-

affirmed the existence of immune privilege within the brain [1], and within the

posterior segment of the eye, including both the vitreous cavity [2] and the sub-

retinal space [3]. However, the question of the immune-privileged status of
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brain and retinal tissue remained unanswered. Virtually all studies have placed

these neuroectodermally derived tissues into immune-privileged sites. It is not

possible to test the extent to which a particular cell or tissue is immune privi-

leged if such grafts are placed into sites that are themselves immune privileged.

Instead, assessment of graft immune privilege requires that the cells or tissue be

transplanted to a non-privileged site where its vulnerability to immune rejection

is not limited by the site.

Transplantation of Retinal Tissue and Retinal 

Pigment Epithelium to the Eye

In the early 90s, Jiang and Streilein [4–6] began work on the immunobiol-

ogy of retinal and retinal pigment epithelium (RPE) transplants, and elucidated

the importance of immune privilege in the success of these transplants. In this

series of experiments, C57BL/6 (H-2Kb) donor tissue was grafted to BALB/c

(H-2Kd) recipients. Implantation of either retinal fragments [4, 5] or RPE [6] in

the subconjunctiva resulted in a strong immune response in the recipient mice.

Delayed hypersensitivity (DTH) was assessed and the response was found to be

directed against both alloantigens and retinal autoantigens. When neuronal

retina was placed in the subretinal space, the graft thrived and survived for

more than 12 days [2]. DTH to alloantigens was impaired in these recipients.

Furthermore, this donor antigen-specific suppression could be adoptively trans-

ferred to naïve mice using spleen cells from the recipient mice.

These data demonstrated that the subretinal space is an immune-privileged

site. However, the neuronal retina itself may possess inherent immune privilege.

Wenkel and Streilein [7] transplanted P815 tumor cells (DBA/2 background)

into the anterior chamber or subretinal space of BALB/c mice. Grafts placed in

the subretinal space were rejected, but when placed into the anterior chamber

these tumor cells grew progressively until day 14, and the recipients exhibited

donor-specific immune deviation and concomitant immunity. These data

demonstrated that the immune properties of the subretinal space are different

from the anterior chamber.

Other studies have supported the notion that although the subretinal space

is an immune-privileged site, its immune-privileged status is not absolute.

Gregerson and Dou [8] used transgenic mice expressing �-galactosidase under

control of the arrestin promoter to demonstrate that immune deviation to �-

galactosidase occurred spontaneously in these mice. Microglia are one candi-

date cell type that might serve as antigen-presenting cells (APCs) responsible

for this altered immune response. Ng and Streilein [9] demonstrated that expo-

sure to high light levels caused microglial migration to the subretinal space.
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Groups of albino BALB/c mice were exposed to different light levels for

2 weeks. Whole-mounted retinas or cryosections of the eye were immunos-

tained with 5D4, a marker for resting microglia. Subretinal microglia in mice

exposed to the highest light levels (500 lux) were round in shape with short

processes (fig. 1a), but subretinal microglia in mice exposed to low light levels

(100 lux) were ramified with long processes (fig. 1b). Electron-microscopic

images demonstrated that mice exposed to bright light had subretinal microglia

that contained photoreceptor outer segments in their cytoplasm (fig. 1c, d).

We wondered if the presence of a high density of subretinal microglia has

a detrimental effect on the survival of allogeneic retinal grafts. Albino mice

were again exposed to different light levels for 2 weeks, ‘pre-conditioning’ the

subretinal space with 3 different densities of microglia [10]. Neonatal neuronal

retina (NNR) from C57BL/6 mice served as the source of donor tissue.

Recipients were kept in the same light conditions and were sacrificed on days

14, 35 and 56. The retinal grafts were examined, and their condition was scored

and compared (table 1). The survival of the retinal allografts was best in dim

light conditions, with 100% of the grafts surviving at least 56 days. Most of the

retinal allografts in bright light conditions had a disorganized structure and

were rejected by day 35. DTH specific to donor alloantigens was positive in

recipients in bright light but not dim light conditions.

Previous work [11] showed that microglia derived from the brain could

serve as potent APCs that prime naïve T cells. However, Gregerson and Yang

[12] collected fresh, adult retinal microglia and demonstrated that the retinal

microglia were neither efficient in priming naïve T cells, nor responsive to

treatment with interferon (IFN)-�, anti-CD40 and lipopolysaccharides. This

suggests that retinal microglia possess different immune properties from brain

microglia. Although we demonstrated that some subretinal microglia migrated

from the inner retinal layers [9], we could not exclude the possibility that some

cells identified as subretinal microglia were actually perivascular, or infiltrating

macrophages. The greater rejection rate for retinal allografts in the subretinal

space in the presence of a high density of microglia suggested that subretinal

microglia are different from resident retinal microglia. Nevertheless, these

results demonstrated that the presence of microglia could influence the survival

of retinal allografts.

Immune-Privileged Status of Potential Donor Tissues

In addition to the phenomenon of site-specific immune privilege, as seen

with transplantation to the eye, brain and testis [13–15], there is another form

of immune privilege that pertains specifically to transplanted cells or tissues.
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Fig. 1. Evidence that subretinal 5D4-positive cells are phagocytic. Eyes were

enucleated from adult BALB/c mice that had been exposed to bright light (500 lux,

continuous) for 2 weeks. a Light-microscopic image of 5D4-positive cells in the

subretinal space: the cells have large, round cell bodies and short, stubby dendrites. 

b Light-microscopic image of 5D4-positive cells in the subretinal space of a BALB/c

mouse placed in complete darkness for 2 weeks following a 2-week exposure to

bright light: 5D4-positive cells have slender cell bodies and extensively ramified den-

drites. c Electron-micrographic image of outer RPE layers: a microglia is present

between photoreceptor cells and its cytoplasm contains phagocytized rod outer-

segment (ROS) disks. d Electron-micrographic image of microglia with extensive

profile of phagocytized rod outer-segment (ROS) disks: the cell is adjacent to an RPE

cell. Scale bars: a, b 3�m. c, d 20�m. Reprinted in modified form with permission

from Ng and Streilein [9]. 
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This cell- or tissue-specific immune privilege allows donor material to survive

transplantation to an allogeneic host, even if the graft site does not exhibit char-

acteristics of immune privilege. Therefore, in situations where donor cells sur-

vive transplantation to an allogeneic host either type of immune privilege, or

both, could be involved. Survival of allogeneic cells in an immune-privileged

site, as seen with brain-derived stem cells transplanted into the retina [16, 17],

can be explained by the immunological properties of the recipient site alone,

and therefore, does not address the question of whether the cells exhibit cell-

specific immune privilege themselves.

Retinal Pigment Epithelium

RPE cells have an important role in maintaining immune privilege in the eye.

The RPE has been shown to produce CD95 ligand, a gene product that can induce

T cell apoptosis [18]. Furthermore, RPE secrete transforming growth factor-�, an

important factor for the induction of tolerance, as well as its activator, throm-

bospondin. Finally, the RPE has been shown to suppress T cell proliferation

induced by phytohemagglutinin [19], inhibit intraphotoreceptor retinoid binding

protein-specific T cell activation [20], and even phagocytose T cells [21].

Wenkel and Streilein [22] investigated whether RPE is an immune-

privileged tissue using transplantation to the kidney capsule. Neonatal RPE

sheets from wild-type (C57BL/6) and gld/gld (CD95 ligand-deficient) mice

were compared. Both were transplanted to the subcapsular space of the kidney

and examined 1, 2 and 12 weeks after grafting. gld/gld RPE sheets did not survive

and were rejected at 2 weeks. Interestingly, wild-type RPE sheets sensitized the

recipients with a positive DTH, but the RPE grafts remained intact throughout

the time course. This result is very different from previous data by Jiang and

Streilein [4–6] who injected RPE suspensions into the subconjunctival space

Table 1. Influence of light conditions on graft survival

Conditions Graft type Score Survival, %

Bright light allogeneic B6 1� 33

Conventional light allogeneic B6 4� 83

Dim light allogeneic B6 5� 100

Bright light syngeneic BALB/c 5� 100

Arbitrary scoring system reflecting the portion of the graft occupied by rosettes (0%: no

graft identifiable): 5� � �85%; 4� � 70–85%; 1� � �25%.
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where the RPE suspension did not survive. This suggests that the tight junctions

present in the RPE sheet are important for maintaining their immune privilege.

Neuronal Retina

To study the immune-privileged status of the neuronal retina, this tissue

was transplanted to the kidney capsule [23]. The laminar integrity of both

syngeneic and allogeneic adult neuronal retina was lost within 24 h, with the

graft slowly degenerating thereafter even in the absence of an obvious immune

response. However, neonatal neuronal retina (NNR) survived under the kidney

capsule and differentiated into a structure resembling native retina. In the case

of syngeneic NNRs, well-formed rosettes formed by photoreceptors were first

observed on day 7, and these structure remained intact until day 20 (fig. 2a, c).

Fig. 2. Histologic appearance of BALB/c and C57BL/6 NNR grafts in the kidney sub-

capsular space. Syngeneic BALB/c (a, c) and allogeneic C57BL/6 (b, d) NNR grafts 12 

(a, b) and 20 days (c, d) after implantation. Arrows: rosettes. Scale bar: 25�m. Reprinted

with permission from Ng et al. [23].
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Allogeneic NNRs also survived and rosettes were found in the grafts up to day

14, but the graft became disorganized by day 20 (fig. 2b, d).

Microglia were found in the central lumen as previously reported [24].

Interestingly, DTH was impaired on day 14. Adoptive transfer of the lymphoid

cells to naïve mice suppressed donor-specific DTH. However, DTH to alloanti-

gens emerged on day 20. We concluded that NNRs do not possess absolute

immune privilege as seen with neonatal RPE, but do display partial immune

privilege.

The Immunological Properties of CNS Stem Cells

In the past decade a new cell type, known as a ‘neural stem cell’ or ‘neural

progenitor cell’ has been isolated from various regions of the adult and embry-

onic CNS of mice, rats and humans, among other species [25]. These cells are

multipotent, i.e. they can give rise to the three cell lineages of the CNS: neu-

rons, astrocytes, and oligodendrocytes. Moreover, neural stem cells are self-

renewing, i.e. they divide to give rise to at least one daughter cell that

maintains ‘stemness’. The plasticity of neural stem cells has generated interest

as to whether these cells can be used to replace cells in the CNS. Studies in

animal models have shown that neural stem cells can replace populations of

diseased or damaged cells, in some cases leading to behavioral recovery [26].

The fact that these cells can be grown in large numbers ex vivo represents

another advantage over conventional solid tissue grafts, especially in a clinical

setting.

Neural stem cells derived from the rat hippocampus were able to integrate

into degenerating retinas of both rd mice and Royal College of Surgeons rats

[17]. No evidence of immune rejection was found in these experiments, raising

questions concerning the immunogenicity of neural stem or progenitor cells.

Might neural stem cells function as an immune-privileged tissue?

In order to illuminate this question we implanted syngeneic [transgenic

green fluorescent protein (GFP)-negative C57BL/6 to C57BL/6] and allogeneic

(transgenic GFP-negative C57BL/6 to BALB/c) neural stem cells beneath the

kidney capsule of adult mice [14]. The implants were evaluated for survival by

clinical inspection and immunohistochemical analysis. The ability of allogeneic

neural stem cells to sensitize recipients when implanted beneath the kidney cap-

sule was assessed. We also evaluated the vulnerability of implanted cells to

rejection following specific sensitization of the recipient to transplantation anti-

gens of the graft donor. Our results indicate that neural stem cells possess inher-

ent immune privilege, suggesting that allografts have utility in the setting of

CNS repair.
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Survival of Neural Stem Cells Placed beneath the Kidney Capsule

Grafts in allogeneic recipients were indistinguishable from those in syn-

geneic recipients at all observation points. I-Ab and H-2Kb were not expressed

in vitro, nor in the grafted cells placed beneath either allogeneic or syngeneic

kidney capsules. No evidence of rejection or necrosis of neural stem cell grafts

was seen over the course of this study, in contrast to control grafts of freshly iso-

lated neonatal cerebellum. Irrespective of whether CNS stem cells were placed

beneath the kidney capsule of syngeneic or allogeneic recipients, no evidence

of major histocompatibility complex (MHC) class I expression was detected

over the course of this study. Control grafts of neonatal cerebellum, however,

showed clear staining for H-2Kb-positive cells 14 days after grafting.

Importantly, we found no evidence, by morphology or by CD45� staining, for

the presence of ‘bone marrow-derived’ cell lineages within stem cell grafts.

Donor-Specific Delayed Hypersensitivity

We then examined whether allogeneic neural stem cell grafts could sensi-

tize recipients harboring these grafts beneath the kidney capsule by assaying for

donor-specific DTH. The data of a representative experiment are presented in

figure 3a. Allogeneic neural stem cells grafted beneath the kidney capsule

failed to induce DTH, in marked contrast to allogeneic spleen cells.

To determine whether the failure of induction of allospecific DTH was due

to active suppression of DTH or to a failure of allosensitization, we examined

the left ear pinna of the same set of mice that had been subjected to the DTH

assay by rechallenging with irradiated C57BL/6 spleen cells. The results pre-

sented in figure 3b indicate the induction of DTH in mice receiving neural stem

cell allografts. Thus, allogeneic neural stem cell grafts placed beneath the kid-

ney capsule neither sensitized their recipients for DTH, nor rendered these mice

incapable of becoming sensitized to donor alloantigens.

Presentation of Alloantigens to Primed T Cells

We next determined whether neural stem cells are capable of expressing

alloantigens. As revealed in figure 3c, mice presensitized to C57BL/6 alloanti-

gens on neural stem cells developed significant ear swelling responses com-

pared to negative controls. This indicates that neural stem cells display

histocompatibility antigens in a manner that permits presensitized T cells to

recognize and respond to the cells.
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Fig. 3. Donor-specific DTH following CNS stem cell grafts. a Lack of induction of

donor-specific DTH. We evaluated the induction of DTH following implantation of CNS

stem cell allografts beneath the kidney capsule of BALB/c mice at 25 days. Positive immu-

nization controls (Immunized) received subcutaneous injection of 10 � 106 donor spleen

cells 1 week prior to assay. Right ear pinna received injection of irradiated C57BL/6 spleen

cells (1 � 106) and ear swelling responses were assessed 24 and 48 h later. Negative control

(naïve) received ear pinna challenge only. Mean 24-hour ear swelling responses are com-

pared with negative controls. b Lack of active suppression of donor-specific DTH. Donor-

specific DTH 24 h after initial ear challenge following implantation of neural stem cell

allografts beneath the kidney capsule of allogeneic BALB/c mice. Left ear of the recipient

mice received injection of irradiated C57BL/6 spleen cells (1 � 106), and ear swelling

responses were assessed 24 and 48 h later. Positive (Immunized) and negative (Naïve) con-

trols are similar to those described in the legend to a. Mean ear swelling responses are com-

pared with negative controls. *p � 0.001 vs. negative control. c Neural stem cells present

alloantigens to primed T cells. Elicitation of donor-specific DTH in BALB/c mice by injec-

tion of C57BL/6 neural stem cells following recipient presensitization with C57BL/6 spleen

cells. Both test mice and positive controls first received subcutaneous immunization with

10 � 106 C57BL/6 spleen cells. One week later, positive (Immunized) and negative (Naïve)

control mice received ear pinna challenge with 10�l of irradiated C57BL/6 spleen cells

(1 � 106), whereas test mice received ear pinna challenge with irradiated neural stem cells

(10�l of 1 � 106). Ear swelling responses were measured at 24 and 48 h. Mean ear swelling

responses (�SEM) at 24 h are presented. *p � 0.01 vs. negative control. Reprinted in modi-

fied form with permission from Hori et al. [35].
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Survival of Neural Stem Cells before and after Sensitization in Mice

Finally, we determined whether neural stem cells could serve as a target of

alloimmune rejection. The BALB/c mice with  enhanced GFP (EGFP)-positive

neural stem cells beneath the kidney capsule that had been challenged with

C57BL/6 spleen cells were sacrificed, and the fate of the grafts observed by

confocal microscopy. Results revealed that none of the recipient kidneys

contained EGFP-positive cells. Instead, CD45� cells accumulated at the graft

site in all samples indicating that EGFP-positive neural stem cells had been

eliminated after ear challenge with C57BL/6 spleen cells. To determine the

capacity of neural stem cells to be a target of alloimmune rejection, allogeneic

neural stem cells were placed beneath the kidney capsule of presensitized mice.

Thirteen days after grafting, the kidneys were inspected clinically, then

removed and examined by confocal microscopy. Both clinical inspection and

confocal microscopy showed no EGFP-positive cells in any samples, but

instead revealed an accumulation of CD45� cells at the graft site. Thus, allo-

geneic neural stem cells, incapable of sensitizing recipients, are nonetheless

vulnerable to rejection in specifically sensitized recipients regardless of

whether sensitization preceded engraftment or took place after the graft had

become established at its heterotopic site.

Stem cells harvested from the CNS of EGFP transgenic mice display the

properties of immune-privileged tissues. When implanted at a non-immune

privileged site, such as beneath the kidney capsule, both syngeneic and allo-

geneic CNS stem cells established residence and carried out a recognizable ver-

sion of their development program by differentiating into cells with neural and

glial phenotypes. Since allogeneic CNS stem cells formed stable grafts that

continued to thrive for at least 4 weeks, and since allogeneic neonatal cerebellar

grafts had been destroyed at this time, CNS stem cells displayed the properties

of an immune-privileged tissue. Thus, allogeneic CNS stem cell grafts proved

incapable of sensitizing their recipients, and therefore, lack the property of

alloimmunogenicity but retain the property of alloantigenicity.

The finding that allogeneic CNS stem cells were unable to survive in recipi-

ents sensitized systemically to donor alloantigens deserves special comment. The

terms ‘immunogenic’ and ‘antigenic’, when applied to tissue transplants, indicate

(a) the ability of an allograft to sensitize its recipient and (b) the vulnerability of

the graft to specific immune effectors of rejection, respectively. Allogeneic skin

grafts placed beneath the kidney capsule display both immunogenicity and anti-

genicity. By contrast, our results indicate that similarly implanted allogeneic CNS

stem cells lack immunogenicity but retain antigenicity.

In this study, we found no direct evidence for the expression of MHC anti-

gens by the mouse neural stem cells, or their differentiated progeny, except
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when such expression was induced in vitro using IFN-�. These data are consis-

tent with our transplantation results showing grafted CNS stem cells to be non-

immunogenic when transplanted to a conventional site. Alternatively, the rapid

and complete rejection of CNS stem cells from beneath the kidney capsule fol-

lowing peripheral immunization with allogeneic spleen cells from identical

donors indicates that the donor neural stem cells exhibited non-immunogenic

antigenicity. The antigens initiating this rejection remain to be elucidated. One

possibility is that MHC class I antigens were expressed at levels below the

threshold of detection by either immunocytochemistry or flow cytometry [27].

Alternatively, minor transplantation antigens may be the target of the rejection

response. Thus, the lack of immunogenicity we found in CNS stem cell allo-

grafts beneath the kidney capsule is no guarantee of universal acceptance of

these grafts under any circumstance. Our evidence indicates that exposure to

pro-inflammatory cytokines or the preexistence of donor-specific immunity

within the recipient can render the graft vulnerable to rejection.

Together with the virtual absence of MHC alloantigens on CNS stem cells,

the lack of immunogenicity of these grafts is understandable. It is relevant that

allogeneic neonatal cerebellar grafts, which do contain passenger cells in the

form of microglia, suffered a different fate from allogeneic CNS stem cell

grafts. Previously, evidence has been presented that microglia within NNR

grafts display properties similar to passenger leukocytes [24]. We suspect that

microglia within the neonatal cerebellar grafts placed beneath the kidney cap-

sule alerted the recipient’s immune system to the graft, thereby initiating its

eventual rejection.

Recent evidence that human embryonic stem [28] and germ [29] cells pos-

sess the intrinsic developmental capacity of pluripotent stem cells has generated

considerable interest in the burgeoning field of regenerative medicine. Results

from stem and progenitor cell transplantation experiments, in a variety of para-

digms, suggest to us that it is worth revisiting the historical concepts of plastic-

ity, fate commitment and lineage determination [30–32].

After more than a decade of human neural transplantation studies [33–35],

our knowledge of the basic immunological properties of conventional embry-

onic and fetal donor tissue remains inadequate. In most cases, immunological

concerns are not specifically addressed, with immunosuppressive drugs being

applied to elderly patients suffering from neurodegenerative diseases, under-

going highly invasive neurosurgical procedures. The results we present here

demonstrate that neuronal stem cells are a non-immunogenic immune-

privileged tissue, and that they can be grafted into allogeneic recipients without

the need to impose potentially toxic immunosuppressive regimens. These

results are encouraging with respect to the ultimate immunological success of

neural stem cell transplantation.
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MHC and Fas Expression by Mammalian CNS Stem Cells

The mechanisms underlying the properties of cell-specific immune privi-

lege exhibited by CNS stem cells have not been thoroughly examined and could,

in principle, be quite complex. As an initial examination of this issue, we looked at

the expression of immune-related surface molecules and immunomodulatory

cytokines by these cells, both from the brain and the retina. In the course of

these studies, we have examined CNS stem cells from a number of mammalian

species, including mouse, rat, and human. These results are consistent with our

previous work, both in vitro [36] and in vivo [37], and shed light on the molec-

ular mechanisms by which brain- and retina-derived stem cells evade immune

rejection, as we will now describe.

The molecules of the MHC represent surface antigens of particular interest

in the setting of allogeneic transplantation. We used flow cytometry to evaluate

the expression of MHC class I and class II molecules by CNS stem cells cul-

tured from the brain and retina of various mammalian species. Results from

these studies will be itemized by species and then summarized for potential sig-

nificance between cell types and across species.

In the mouse (C57B6), CNS stem cells did not express any detectible

MHC antigens under baseline culture conditions, including MHC class I (both

heavy chain and �2-microglobulin components) and MHC class II. This was the

case for both brain-derived [38] and retina-derived (fig. 4) stem cells. In the rat,

brain-derived stem cells (adult hippocampal) expressed low levels of MHC

class I (including �2-microglobulin), but did not express MHC class II mole-

cules [36]. In the human, brain-derived stem cells strongly expressed MHC

class I (including �2-microglobulin), but did not express detectible MHC class

II [38, 39]. Likewise, human retinal stem cells exhibited the same pattern as the

brain-derived cells, with prominent expression of MHC class I but no class II

expression that could be detected by flow cytometry [40].

Based on these data, we noted a number of trends worth pointing out since

they can be used to generate testable hypotheses for future experiments. First of

all, for a given species, both brain- and retina-derived stem cells appear to

express a very similar MHC profile and certainly cannot be distinguished from

each other on this basis. This was the case for both mouse and human cells,

even though the results from these two species differed when compared directly

to each other. It would be of interest to extend this result to additional mam-

malian species, including the rat, from which retinal stem cells have also been

cultured [41, 42]. Interestingly, both sources for these cells, namely the brain

and retina, exhibit evidence of being immune-privileged sites [1, 2].

Another trend evident across species was the absence of detectible MHC

class II expression. This finding was consistent for mice, rats, and humans and
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is of considerable importance in the setting of transplant immunology. Indeed,

the classical rejection response involves the nonspecific recognition of

foreign MHC class II molecules by CD4� lymphocytes of the host. The

absence of MHC class II molecules would therefore protect grafted stem cells

from this important mechanism of graft rejection. Thus CNS stem cells differ

from solid tissue grafts of either the brain or retina, which contain MHC class

II-expressing cell types such as microglia, macrophages, and endothelium that

increase the likelihood of classical immune rejection.

Fig. 4. Induction of MHC expression by treatment of retinal stem cells with IFN-�.

Under baseline culture conditions, retinal stem cells from GFP-negative transgenic mice do not

express the MHC antigens H-2Kd (MHC class I heavy chain), �2-microglobulin, or I-A
b (MHC

class II), nor do they express Fas or Fas ligand (FasL) (top row). After 4 days of treatment with

the pro-inflammatory cytokine IFN, class I and class II MHC antigens were induced, as was

Fas, but not Fas ligand (second row). After termination of IFN-� treatment, expression levels

were sustained for 7 days (third row) but eventually returned to baseline (bottom row).

Untreated

4 days on

7 days off

17 days off

Filled contour � marker

Empty contour � isotype

H-2Kd �2 Microglobulin I-Ab

Response to IFN-�

Fas FasL
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Finally, yet another trend we saw involved marked differences in MHC class I

expression across species. Based on data from mice, rats, and humans, this trend

appeared to show increasing expression of class I between species that was con-

sistent with relative phylogenetic complexity. In this way, mouse CNS stem cells

expressed the least class I (i.e. none), human stem cells the most, with rat stem

cells intermediate. Again, it would be very useful to explore this trend across

additional mammalian species. We have recently cultured CNS stem cells for the

pig [43], and data from these cells, among others, would be helpful in looking

for further evidence of a phylogenetic relationship for MHC class I expression

by CNS stem cells. If confirmed as a general phenomenon, it would be of great

interest to know whether this trend relates to increasing immunological com-

plexity or, perhaps, reflects a role for traditional immunological molecules in

neural development, as has been proposed by Huh et al. [27].

Interestingly, expression of Fas (CD95), a non-MHC molecule known to

play a role in lymphocyte selection, showed a profile across species very simi-

lar to MHC class I. Fas was not expressed by the mouse CNS stem cells [38],

lightly expressed by rat brain stem cells [36] and strongly expressed by human

CNS stem cells [38, 40]. Fas is termed a ‘death receptor’ and is known to play a

role in triggering apoptosis following binding of Fas ligand. Why Fas would be

strongly expressed by human but not murine CNS stem cells from both the

brain and retina remains unclear at this point, as is the reason for the apparent

relationship of Fas and MHC I expression across species.

Changes in Immune Marker Expression in Response to IFN-�

The baseline expression of MHC molecules by cultured mammalian CNS

stem cells can be altered by stimulation with extrinsic cytokines. Consistent with

results from other cell types, we have shown that these cells respond to species-

specific IFN-� by upregulating MHC. As described above, mouse brain-derived

stem cells do not express detectable MHC expression under baseline conditions in

culture. Three days after addition of murine recombinant IFN-�, the cells

expressed high levels of MHC class I, including �2-microglobulin, as well as MHC

class II. Cessation of IFN-� exposure resulted in diminution of MHC expression,

returning to undetectable levels (consistent with baseline) 11 days later.

We have obtained analogous results for retinal stem cells from the mouse

(fig. 4). Again, MHC levels went from undetectable at baseline to strong expres-

sion of class I and moderate expression of class II within 4 days of IFN-� treat-

ment, together with induction of moderate expression of Fas. Cessation of IFN

stimulation once again resulted in an eventual return to baseline for all of these

markers by 17 days. In contrast, Fas ligand remained undetectable throughout.
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Data from rat brain-derived stem cells also show dynamic upregulation of

MHC class I in response to rat recombinant IFN-� [38]. In addition, we

obtained similar results with human brain-derived stem cells [Klassen et al.,

unpublished data]. Although class II levels are high at baseline in the human

cells, levels increased even higher after 4-day exposure to human recombinant

IFN-�. MHC class II was also expressed at this time, as was the adhesion

marker intercellular adhesion molecule (CD54), the latter result being consis-

tent with the behavioral changes (increased flattening of cells and increased

adhesion to substrate) seen in culture during this time.

These findings show that MHC gene expression by CNS stem cells is quite

responsive to IFN-�modulation, regardless of species, site of origin or baseline

expression levels. While these cells appear to exhibit a high degree of immune

privilege as a cell type, it must be borne in mind that this status could be altered

by the microenvironment into which the cells are grafted. In the presence of an

active inflammatory response, the immunological status of the stem cells could

be altered. Induction of MHC class II by IFN-� from the host could markedly

increase the vulnerability of allogeneic stem cells to classical immune rejection.

Conclusion

The studies we have described lead to several conclusions. Firstly, the sub-

retinal space possesses immune privilege, although the nature of this status dif-

fers somewhat from what has been described for the anterior chamber. It is also

subject to modulation by the presence of microglial cells that migrate to this

location following injury. Second, the cell types presently being employed for

donor tissue in retinal transplantation all possess, to some degree, inherent

immune privilege. This is true for RPE cells, neuronal retinal and stem cells

derived from the CNS. There are a number of variables, such as graft organiza-

tion or exposure to light damage or pro-inflammatory cytokines that can pro-

foundly impact the immunogenicity of the graft. One must remain mindful of

these conditions when designing experimental studies or when contemplating

clinical translation of retinal transplantation.
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Abstract
Anterior chamber (AC)-associated immune deviation (ACAID) is a form of ocular-

derived peripheral tolerance that helps to maintain the immune privilege of the eye by sup-

pressing both the priming and elicitation of adaptive immune responses. ACAID is known

to facilitate the survival of corneal grafts and suppression autoimmune uveitis in the eye.

Intravenous inoculation of in vitro generated ACAID tolerance-inducing antigen presenting

cells (APCs) treated with transforming growth factor-�2 (tolerogenic APCs) generates the

kind of T regulatory cells found in in vivo ACAID when antigen is inoculated into the AC of

the eye. Here, we review the application of peripheral tolerance induction by ACAID with

either AC inoculation or in vitro generated tolerogenic ACAID-APCs in suppressing ongo-

ing Th1- and Th2-mediated immune pathogenesis in naïve and presensitized hosts. Transfer

of tolerogenic APCs has suppressed antigen-specific immune inflammation in animal mod-

els of experimental autoimmune encephalomyelitis, hapten immune pulmonary interstitial

fibrosis, and ovalbumin-induced allergic pulmonary inflammation. The possibility of

immune therapy by in vitro generated ACAID-like tolerogenic APCs in humans is dis-

cussed.

Copyright © 2007 S. Karger AG, Basel

Studies in cellular and molecular mechanisms of ocular immune privilege

help us to understand how the eye and immune system collaborate to preserve

visual function while fighting off infections and insults. From 1974 to 1985,

research done by Streilein and Kaplan, and later by Niederkorn showed that

ocular immune privilege is, in part, maintained by an active suppression process

that involves both the eye and the spleen [1–8]. This model of immune privilege

and peripheral tolerance through the eye is known as anterior chamber 
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(AC)-associated immune deviation (ACAID). ACAID prevents corneal graft

rejection and autoimmune uveitis in the eye [9–16]. Indigenous eye-derived

antigen presenting cells (APCs) that generate ACAID after intracameral inocu-

lation of antigens can be reproduced in vitro by treating APCs with transform-

ing growth factor (TGF)-�2 and antigens [16–24]. Discoveries elucidating

ACAID mechanisms generating peripheral tolerance and preventing inflamma-

tion in the eye allowed us to manipulate APCs in vitro to functionally mimic the

eye-derived APCs. The fact that AC inoculation of antigens can be bypassed

raised the possibility that induction of ACAID might be a cell-based therapy for

regulating immune inflammation in general. In this review, we summarize the

work that has been done recently to apply in vitro generated ACAID-like tolero-

genic APCs as a therapy in various immune-mediated disease models outside of

the eye (fig. 1).

Fig. 1. Antigens introduced into the AC of the eye induce cellular and molecular

processes that culminate in the development of Treg cells that mitigate immune-mediated dis-

eases in the eye, lung, and central nervous system (CNS). EAE � Experimental autoimmune

encephalomyelitis.
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F4/80� Antigen-Presenting Cells: Messengers in the Camero-Splenic

Axis during Anterior Chamber-Associated Immune Deviation

ACAID generates both CD4� afferent and CD8� efferent T regulatory

(Treg) cells in the spleen after AC inoculation of antigens [8, 25, 26]. The path-

way that connects the eye and spleen and leads to the generation of Treg cells in

ACAID was dissected by Streilein and Niederkorn [8]. In the early 1990s,

Wilbanks and Streilein [21–24, 27] identified eye-derived APCs as the link

between the eye and the spleen during the generation of the Treg cell and the

induction of peripheral tolerance by ACAID. They showed that TGF-�2 in aque-

ous humor transformed APCs (in this case, thioglycollate elicited peritoneal

exudate cells, PECs) into tolerance-inducing APCs [21–24, 27]. Soon thereafter

Niederkorn’s group established ACAID in a dish (i.e. in vitro ACAID) and

showed that TGF-�2-treated antigen-pulsed PECs cultured with naïve spleen

cells resulted in the development of the Treg cell that could suppress delayed-

type hypersensitivity in vivo [28].

Knowing that the eye-derived APCs interacted with cells in the spleen

allowed our group to analyze the trafficking of F4/80� APCs to the spleen.

Faunce et al. [29] showed that F4/80� APCs were located in the marginal zone

(MZ) of the spleen during ACAID induction, and that they were physically in

close contact with T cells and natural killer (NK) T cells. Others showed that

ACAID F4/80� APCs educated B cells and transformed them into APCs that

induced tolerance through the Qa-1 molecule [28, 30–32]. Later Sonoda and

Stein-Streilein [33] showed that it was MZ B cells and not follicular B cells that

were required for ACAID induction. In summary, after AC inoculation of anti-

gens specialized F4/80�APCs from the iris and ciliary body take up antigens and

migrate through the blood into the spleen MZ where they interact with cells, such

as T cells, NKT cells, and MZ B cells, to induce tolerance. It is assumed that

intravenous administration of in vitro generated ACAID-APCs induce the same

cellular interactions to induce tolerance as does AC inoculation of antigens.

Mechanisms of Tolerance Induction by TGF-�2-Treated, 

Antigen-Pulsed Antigen-Presenting Cells

APCs, particularly dendritic cells (DCs), are endowed with considerable

plasticity in their ability to initiate an immune response. Maturation stage and

external activation signals are some of the factors that determine the different

functions of DCs [34, 35]. Plasmacytoid DCs and interleukin (IL)-10-producing

DCs in the lung generate CD4� Treg cells and induce tolerance [36, 37].

Human monocyte-derived immature DCs that are grown in the presence of
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granulocyte-macrophage colony-stimulating factor and IL-4 induce the genera-

tion of antigen-specific IL-10-producing T cells when they are injected subcu-

taneously into human volunteers [38]. Tumor necrosis factor-�- or vitamin D3
metabolite 1�,25(OH)2D3-treated in vitro monocyte-derived DCs induce the

differentiation of IL-10-producing CD4� Treg cells [34, 39, 40]. In general,

tolerogenic APCs have a semi-mature phenotype (MHC IIhigh, B7high, CD40low,

IL-12low, tumor necrosis factor-�low, and IL-6low), and functionally they are

defined by their ability to suppress immune responses and induce the genera-

tion of Treg cells [35].

ACAID-APCs have been generated in vitro with TGF-�2 using PECs,

macrophage hybridoma cells (No. 59) [21, 41, 42], and more recently, bone

marrow (BM)-derived APCs [43]. In vitro generated ACAID-APCs are pheno-

typically similar to the so-called semi-mature DCs. ACAID-APCs have low or

no expression of co-receptors like CD40 and IL-12 and an increased expression

of IL-10 and TGF-�.

It is known that APCs treated with TGF-�2 and antigen in vitro function-

ally mimic eye-derived APCs and generate CD4� afferent and CD8� efferent

Treg cells in both naïve and presensitized hosts. Transfer of in vitro generated

ACAID-APCs suppresses both Th1- and Th2-mediated immunity [44, 45].

Little is known about the molecules and mechanisms used by ACAID CD8�

Treg cells in efferent immune responses. Recent reports showed that Fas/Fas

ligand [46] and CD103 pathways [47] may play a role in ACAID CD8� Treg
suppression.

Therapeutic Application of Tolerance-Inducing 

Antigen-Presenting Cells in Disease Models

The effect of a variety of tolerogenic APCs has been tested in organ trans-

plantation and autoimmune disease models. Intravenous injection of myeloid

immature DCs generated in vitro with granulocyte-macrophage colony-

stimulating factor prolonged the survival of pancreatic islet or heart allografts

[35]. Splenic CD8� DCs use both contact-dependent and -independent mecha-

nisms to suppress Th2 responses and reverse Th2-mediated pathogenesis in a

mouse model of asthma [48].

The feature of ACAID-APCs suppressing preexisting immune inflamma-

tion in an antigen-specific fashion is relatively unique and supports the idea that

induction of ACAID tolerance by a cell-based therapy might be a successful

approach for preexisting autoimmune and immune-inflammatory conditions.

ACAID tolerance is known to be critical for the acceptance of a corneal graft

and suppression of uveitis in experimental disease models in the eye [49, 50].
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Studies using in vitro generated ACAID-APCs to reverse immune inflamma-

tion in the eye were first reported in 1992 when TGF-�2-treated, interphotore-

ceptor retinol binding protein-pulsed PECs were intravenously transferred and

blocked expression of experimental autoimmune uveitis in mice [16].

Experimental Autoimmune Encephalomyelitis 

Since the induction of tolerance in the eye leads to both local and periph-

eral tolerance, it was reasoned that the transfer of ACAID-APCs might suppress

ongoing inflammation in organs and tissues in addition to the eye. Faunce et al.

[51] showed that ACAID-APCs generated tolerance that suppressed immune

inflammation in myelin basic protein-induced experimental autoimmune

encephalomyelitis. TGF-�2-treated myelin basic protein-pulsed PECs inocu-

lated 7 days after induction of the immune response delayed the onset of the

symptoms and decreased both the severity and incidence of ongoing disease in

mice [51]. Splenic T cells harvested from treated mice with experimental

autoimmune encephalomyelitis, 30 days later, were able to transfer the suppres-

sion into another set of mice. The recipient mice were resistant to the develop-

ment of experimental autoimmune encephalomyelitis by myelin basic protein

plus adjuvant and the suppression was mediated by CD8� Treg cells that most

likely suppressed the CD4� T effector cells in the model. This study demon-

strates that in vitro generated ACAID-APCs are able to generate Treg cells dur-

ing an ongoing robust Th1 inflammatory response and subsequently suppress

the inflammation-mediated pathogenesis. Thus, ACAID-APCs are able to sup-

press immune responses in another example of an immune-privileged site, the

central nervous system.

The Autoimmune Pulmonary Fibrosis Model

The ability of in vitro generated ACAID-APCs to induce antigen-specific

tolerance suppressing immune-mediated pathogenesis in non-immune-privileged

tissues was shown in an autoimmune pulmonary interstitial fibrosis model

called adoptively transferred-hapten immune pulmonary interstitial fibrosis

(ADT-HIPIF) [43]. The ADT-HIPIF model shares the characteristics of idio-

pathic pulmonary interstitial fibrosis, a devastating and recurring condition in

humans that occurs in about 17/100,000 individuals yearly with unknown etiol-

ogy and no effective treatment. Mice that received hapten 2,4,6-trinitrobenzene

sulfonic acid-sensitized cells and challenged intratracheally in the lung with 

the immunizing hapten developed pulmonary interstitial fibrosis. However,



Zhang-Hoover/Stein-Streilein 322

intravenous transfer of TGF-�2-treated 2,4,6-trinitrobenzene sulfonic acid-

pulsed APCs to experimental mice even 1 day after pulmonary challenge

reduced the collagen deposition and subsequent scarring in the interstitium of

the lung. As in ACAID, ADT-HIPIF mice treated with tolerogenic APCs devel-

oped antigen-specific CD8� Treg cells that suppressed the efferent response by

regulating the presensitized T effector cells.

There are several interesting points worth mentioning in this study. This is

the first report to show that APCs derived from mouse BM cultures acquired

ACAID-tolerogenic characteristics. The BM-derived ACAID-APCs were

generated from mouse BM cells using L929 cell-conditioned medium in a dish

in vitro and have a phenotype of F4/80�, CD11b�, CD11cdim, CD40�, B7� [43].

After TGF-�2 treatment, BM-APCs reduced CD40 but maintained their surface

expression of F4/80 and B7 [43]. In addition, gene analyses (gene array and RT-

PCR) after TGF-�2 treatment showed that chemokine receptor expression on

BM-derived ACAID-APCs is modulated from CCR6high CCR7low CXCR4low to

CCR6low CCR7low CXCR4high [45]. The expression pattern of chemokine recep-

tors CCR6, CCR7, and CXCR4 on ACAID-APCs supports their unusual migra-

tion in the spleen [29]. Following AC inoculation, F4/80�APCs that transport

antigen to the spleen do not migrate to the T cell area (white pulp) of the spleen

like inflammatory APCs (CCR6low CCR7high) would do in response to a

chemokine (CCL19 and CCL21) gradient in the T cell area of secondary lym-

phoid organs. Instead they accumulate in the MZ of the spleen where they settle

in close contact with T cells, MZ B cells, and NKT cells to generate Treg cells

[29]. Second, Treg cells existed in both the spleen and the lung draining lymph

nodes of experimental mice after ACAID-APC treatment [43]. However, it was

not clear whether Treg cells were generated by ACAID-APCs in the lung drain-

ing lymph nodes or they migrated to the lymph nodes from the spleen. Third,

ADT-HIPIF shares etiological and pathological characteristics with a variety of

human immune-inflammatory conditions of the lung that eventuate into inter-

stitial fibrosis; these studies provide insight into potential therapies to alter the

course of pulmonary fibrosis in humans.

The Th2-Mediated Asthma Model

Earlier in the study of ACAID, it was reasoned that mechanisms that medi-

ated suppression of a Th1 response might in fact include a deviation toward a

Th2 response. More recently, it has been clearly shown that at least the develop-

ment of the CD8� efferent Treg cell is not dependent on a Th2 response [52].

Thus the question arose as to whether the efferent CD8� Treg cell might sup-

press Th2 responses, as well as Th1.
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Historically, ACAID-APCs are shown to induce suppression of Th1-

mediated immune responses. A recent publication by Katagiri et al. [44]

showed that preemptive induction of ACAID could inhibit Th2 responses using

a mouse model of ovalbumin (OVA)-induced, Th2-dependent pulmonary

inflammation. Injecting OVA alone into the AC or injecting OVA-pulsed, 

TGF-�2-treated PECs intravenously before sensitization blocked every aspect

of Th2 inflammation that included OVA-specific IgE production, Th2 cytokine

(IL-4, IL-5, and IL-13) production, and eosinophil and lymphocyte pulmonary

infiltration.

Further study showed that ACAID-APCs given to Th2-presensitized mice

suppressed most aspects of the Th2 response (i.e. reduced pulmonary inflam-

matory cell infiltration and Th2 cytokine production) as well as subsequent

pathogenesis (i.e. airway hyperresponsiveness and mucus production) [45].

Furthermore, suppression of the presensitized Th2 response is also mediated by

CD8� Treg cells in ACAID. However, there was no suppression of OVA-spe-

cific IgE in presensitized mice by ACAID-APC. Since IgE is produced by exist-

ing long-lived plasma cells in presensitized mice, the suppression of IgE may

be a late phenomenon, one that occurs after the immune traits are recessed. The

treatment with ACAID-APCs in both naïve and pre-sensitized mice did not alter

interferon-� production. Thus, ACAID-APC induced tolerance and not merely

an induction of a Th1 response capable of suppressing Th2-mediated pathogen-

esis in a mouse model of human allergic asthma.

Early explanations of ACAID mechanisms suggested that Th1 responses

were being modulated by generating a Th2 response. However, several pieces of

evidence support ACAID not being a Th2 response. Kosiewicz and Streilein

[53] reported that no Th2 cytokine-producing cells were found in spleen and

lymph nodes of mice that only received intracameral inoculation of antigens.

Instead, the splenic cells of these mice secreted only TGF-� when stimulated

with OVA in vitro. Furthermore, mice deficient in IL-4/IL-13 and STAT6 genes

that are critical for Th2 development readily acquired ACAID suppression after

intracameral inoculation of antigens [52]. Finally, the ability of ACAID and

ACAID-tolerogenic APCs to suppress Th2-mediated pathogenesis adds the

additional evidence to put the notion that ACAID is similar to a Th2 response to

rest.

Conclusions, Future Perspectives, and Possibilities in Humans

With the better understanding of cellular and molecular mechanisms of the

phenomenon of the eye’s ability to regulate immune responses, ACAID toler-

ance-inducing APCs were used to treat multiple immune-mediated disease
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models in various organs in mice. Several different kinds of APCs (PECs,

macrophage hybridoma, and BM-grown APCs) were shown to induce ACAID

tolerance after TGF-�2 pretreatment. The success in modifying in vitro grown

APCs (BM-derived APCs) to ACAID-inducing APCs in mice makes it possible

to test whether human peripheral blood- or BM-derived APCs can be trans-

formed into human ACAID-like tolerance-inducing APCs.

ACAID exists in rodents, rabbits, primates, and possibly in humans

[54, 55]. It needs to be tested whether TGF-�2 and antigen treatment modulates

human APCs toward a tolerance-inducing phenotype. Once it is shown

that human APCs are responsive to TGF-� treatment, it can be tested whether

human TGF-�2-treated, antigen-pulsed APCs are capable of suppressing

inflammation in vitro using human peripheral blood mononuclear cells or

inflammation-mediated pathogenesis in vivo using (human-SCID mouse)

chimera disease models. The SCID mice are like test tubes that hold human

immune cells because they lack T and B cells and cannot reject foreign tissues.

In cases where disease pathogenesis is mediated by factors from human

immune inflammatory cells, it may be possible to test the ACAID cell-based

therapy. Furthermore, in the clinical setting, peripheral blood APCs from

patients could be a source to be treated with TGF-�2 and antigens (e.g. allergens

and alloantigens) in vitro. After treatment, the modulated APCs may be moni-

tored for tolerogenic characteristics and then administered intravenously back

into the same patient.

Using ACAID-APCs in the treatment of immune-mediated pathogenesis in

humans may become the therapy of choice since it is an adaptation of a natural

immune-regulatory mechanism found in immune-privileged sites, a place

where the regulation allows for protection but prevents damaging inflammation

[54]. The unique features of tolerance mediated by ACAID and results from

using in vitro generated ACAID-inducing APCs in disease models in mice raise

the possibility that tolerance by ACAID-inducing APCs may be used to prevent

and reduce immune-inflammatory disease with specificity, effectiveness and

minimal side effects in a variety of tissues and organs in humans.
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Toll-like receptors 42, 43, 73

Insulin-like growth factor-I (IGF-I), eye

development role 6

Interferon-� (IFN-�), posterior uveitis

management 239

Interferon-� (IFN-�)

aqueous humor 74, 75, 158

delayed-type hypersensitivity role 72

experimental uveoretinitis response 236

microbial keratitis response 187, 188

neural stem cell immune marker response

to treatment 313, 314

Interleukin-1 (IL-1), microbial keratitis

response 186
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