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The Basic and Clinical Science Course is one component of the Lifelong
Education for the Ophthalmologist (LEO) framework, which assists mem-
bers in planning their continuing medical education. LEO includes an array
of clinical education products that members may select to form individu-
alized, self-directed learning plans for updating their clinical knowledge.
Active members or fellows who use LEO components may accumulate sufficient CME
credits to earn the LEO Award. Contact the Academy’s Clinical Education Division for
further information on LEO.

The American Academy of Ophthalmology is accredited by the Accreditation Council
for Continuing Medical Education to provide continuing medical education for phy-
sicians.

The American Academy of Ophthalmology designates this educational activity for a
maximum of 30 AMA PRA Category 1 Credits™. Physicians should only claim credit
commensurate with the extent of their participation in the activity.

The Academy provides this material for educational purposes only. It is not intended to
represent the only or best method or procedure in every case, nor to replace a physician’s
own judgment or give specific advice for case management. Including all indications,
contraindications, side effects, and alternative agents for each drug or treatment is be-
yond the scope of this material. All information and recommendations should be veri-
fied, prior to use, with current information included in the manufacturers’ package in-
serts or other independent sources, and considered in light of the patient’s condition
and history. Reference to certain drugs, instruments, and other products in this course
is made for illustrative purposes only and is not intended to constitute an endorsement
of such. Some material may include information on applications that are not considered
community standard, that reflect indications not included in approved FDA labeling, or
that are approved for use only in restricted research settings. The FDA has stated that
it is the responsibility of the physician to determine the FDA status of each drug or
device he or she wishes to use, and to use them with appropriate, informed patient
consent in compliance with applicable law. The Academy specifically disclaims any and
all liability for injury or other damages of any kind, from negligence or otherwise, for any

and all claims that may arise from the use of any recommendations or other information
contained herein.
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General Introduction

The Basic and Clinical Science Course (BCSC) is designed to meet the needs of residents
and practitioners for a comprehensive yet concise curriculum of the field of ophthalmol-
ogy. The BCSC has developed from its original brief outline format, which relied heavily
on outside readings, to a more convenient and educationally useful self-contained text.
The Academy updates and revises the course annually, with the goals of integrating the
basic science and clinical practice of ophthalmology and of keeping ophthalmologists cur-
rent with new developments in the various subspecialties.

The BCSC incorporates the effort and expertise of more than 80 ophthalmologists,
organized into 13 Section faculties, working with Academy editorial staff. In addition, the
course continues to benefit from many lasting contributions made by the faculties of pre-
vious editions. Members of the Academy’s Practicing Ophthalmologists Advisory Com-
mittee for Education serve on each faculty and, as a group, review every volume before
and after major revisions.

Organization of the Course

The Basic and Clinical Science Course comprises 13 volumes, incorporating fundamental
ophthalmic knowledge, subspecialty areas, and special topics:

Update on General Medicine

Fundamentals and Principles of Ophthalmology
Clinical Optics

Ophthalmic Pathology and Intraocular Tumors
Neuro-Ophthalmology

Pediatric Ophthalmology and Strabismus
Orbit, Eyelids, and Lacrimal System

External Disease and Cornea

Intraocular Inflammation and Uveitis
Glaucoma

Lens and Cataract

Retina and Vitreous

13 Refractive Surgery

O 00 N1 QN Ul W N~

—
N = O

In addition, a comprehensive Master Index allows the reader to easily locate subjects
throughout the entire series.

References

Readers who wish to explore specific topics in greater detail may consult the references
cited within each chapter and listed in the Basic Texts section at the back of the book.

Xi



xii * General Introduction

These references are intended to be selective rather than exhaustive, chosen by the BCSC
faculty as being important, current, and readily available to residents and practitioners.

Related Academy educational materials are also listed in the appropriate sections.
They include books, online and audiovisual materials, self-assessment programs, clinical
modules, and interactive programs.

Study Questions and CME Credit

Each volume of the BCSC is designed as an independent study activity for ophthalmology
residents and practitioners. The learning objectives for this volume are given on page 1.
The text, illustrations, and references provide the information necessary to achieve the
objectives; the study questions allow readers to test their understanding of the material
and their mastery of the objectives. Physicians who wish to claim CME credit for this edu-

cational activity may do so by mail, by fax, or online. The necessary forms and instructions
are given at the end of the book.

Conclusion

The Basic and Clinical Science Course has expanded greatly over the years, with the addi-
tion of much new text and numerous illustrations. Recent editions have sought to place
a greater emphasis on clinical applicability while maintaining a solid foundation in basic
science. As with any educational program, it reflects the experience of its authors. As its
faculties change and as medicine progresses, new viewpoints are always emerging on
controversial subjects and techniques. Not all alternate approaches can be included in
this series; as with any educational endeavor, the learner should seek additional sources,
including such carefully balanced opinions as the Academy’s Preferred Practice Patterns.

The BCSC faculty and staff are continuously striving to improve the educational use-
fulness of the course; you, the reader, can contribute to this ongoing process. If you have
any suggestions or questions about the series, please do not hesitate to contact the faculty
or the editors.

The authors, editors, and reviewers hope that your study of the BCSC will be of lasting
value and that each Section will serve as a practical resource for quality patient care.



Objectives

Upon completion of BCSC Section 9, Intraocular Inflammation
and Uveitis, the reader should be able to

outline the immunologic and infectious mechanisms involved
in the occurrence and complications of uveitis and related in-
flammatory conditions, including acquired immunodeficiency
syndrome (AIDS)

identify general and specific pathophysiologic processes that
affect the structure and function of the uvea, lens, intraocular
cavities, retina, and other tissues in acute and chronic intraocu-
lar inflammation

differentiate and identify infectious and noninfectious uveitic
entities

choose appropriate examination techniques and relevant ancil-
lary studies based on whether an infectious or noninfectious
cause is suspected

develop appropriate differential diagnoses for ocular inflamma-
tory disorders

describe the principles of medical and surgical management of
infectious and noninfectious uveitis and related intraocular in-
flammation, including indications for and complications of im-
munosuppressive agents

describe criteria that can be applied to differentiate the mas-
querade syndromes from true uveitis







Introduction

This section of the BCSC is divided into 2 parts. Part II, Intraocular Inflammation and
Uveitis, will come as no surprise to the reader opening a volume of the same name. Part
IT introduces the clinical approach to uveitis and devotes a chapter each to infectious and
noninfectious forms of uveitis and to endophthalmitis. The chapter on noninfectious uve-
itis is organized anatomically. Because infectious uveitic conditions can involve any part
of the uveal tract, the chapter on infectious uveitis is organized by causative agents. Part
II then discusses the masquerade syndromes, both nonneoplastic and neoplastic. The fol-
lowing chapter discusses the complications of all forms of uveitis, and the final chapter of
Part II covers ocular involvement in AIDS, offering the most complete summary of this
topic in the BCSC series.

The reader may, however, not expect to find one third of the book, Part I, Inmunology,
going into such great depth. Why are so many pages given to this topic? What relevance
does it have to Part II? Progress in basic immunology, as well as in the regional immunol-
ogy of the eye, has translated into major advances in recent years. Our understanding of the
mechanisms by which uveitis and other intraocular diseases develop has helped clinicians
to identify and establish uveitis entities and to develop specific treatments directed at altered
immune processes. These clinically relevant advances include the discovery of unique im-
mune responses in the intraocular cavities and subretinal space; the delineation of the as-
sociation between HLA and various uveitis entities; and the detection of infectious agents
by immunologic methods such as Western blot, ELISA, and others. Lymphocytic studies for
cell surface markers and in vitro studies based on antibodies have helped in clearly separat-
ing those uveitis entities that are mediated by immune mechanisms, in particular those re-
sulting from organ-specific antibodies, from those caused by altered lymphocyte functions.
The latter mechanism appears to be prevalent in posterior uveitis, and altered cell-mediated
immunity can be directed to retinal proteins or other ocular antigens in these intraocular
inflammations. Such findings have led to the introduction of potential therapeutic modalities
such as oral tolerance, a promising though still experimental approach.

The section on immunology describes basic aspects of the human immune response,
including responses specific to the ocular structures; the effector mechanisms of immunity,
including antibody-mediated and lymphocyte-generated mechanisms; and the various pro-
and anti-inflammatory cytokines and other effector molecules, including reactive oxygen spe-
cies and nitric oxide products. Clinical examples are interspersed throughout the immunol-
ogy text, discussing the clinical relevance of the issues covered in diagnosis and management
of uveitis. A clear understanding of the immune mechanisms will enhance an appreciation of
the clinical features and principles behind the management of uveitis triggered by either an
infectious agent or another insult.

The authors would like to acknowledge Nalini Bora, PhD, for her assistance in review-
ing Part I.
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Immunology






Introduction to Immunology

Chapters 1 through 5 discuss the human immune system and its ocular effects in detail. Many
specific terms are used, and some may be defined only briefly in an early chapter and then
explained in depth in a later chapter. Similarly, abbreviations that may be unfamiliar to the
reader often are used after the term has been spelled out at first mention. The following glos-
sary and list of abbreviations are designed to provide the reader with a handy reference to ter-
minology used in Part I, especially those terms discussed in later chapters and abbreviations
that appear far from their original descriptions, and not as comprehensive listings.

Glossary

Antibody A glycoprotein that is able to bind biochemically to a specific antigenic substance.
Antigen Foreign substance that activates an adaptive immune response.

Antigen-presenting cells Specialized cells that carry antigen to a lymph node, process it
into fragments, and present the fragments to T-cell antigen receptors.

Chemotaxis Attraction generated in macrophages, neutrophils, eosinophils, and lym-
phocytes by substances released at sites ot inflammatory reactions, such as lymphokines,
complement, and various mediators.

Complement Effector molecules used to amplify inflammation for both innate and adap-
tive immunity.
Cytokine A generic term for any soluble polypeptide mediator synthesized and released

by cells for the purposes of intercellular signaling and communication.

Epitope Each specific portion of an antigenic molecule to which the immune system re-
sponds.

Fc receptor The Fc domain of each immunoglobulin monomer contains the attachment
site for effector cells and complement activation.

Hapten A small molecule, not antigenic by itself, that can react with antibodies when
conjugated to a larger antigenic molecule.

Isotype Different subclasses of immunoglobulin.

Leukotriene A compound formed from arachidonic acid that functions as a regulator of
allergic and inflammatory reactions, probably contributing significantly to inflammatory
infiltration.
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Lymphatics Common term for afferent lymphatic channels, which drain extracellular fluid to a

regional lymph node, conveying immune cells and whole antigen, and efferent lymphatic chan-
nels, which drain to the circulatory system.

Mediator Substance released from cells as the result of the interaction of antigen with
antibody or by the action of antigen with a sensitized lymphocyte.

Abbreviations

ACAID anterior chamber-associated immune deviation
ADCC antibody-dependent cellular cytotoxicity
ANCA antineutrophil cytoplasmic antibody
APC antigen-presenting cell(s)

CAM cell-adhesion molecule(s)

CTL cytotoxic T lymphocytes

DC dendritic cells

DH delayed hypersensitivity

HLA human leukocyte antigen

IFN interferon

IL interleukin

LC Langerhans cells

LPS lipopolysaccharide

MAC membrane attack complex

MALT mucosa-associated lymphoid tissue
MHC major histocompatibility complex

PAF platelet-activating factor(s)

PG prostaglandin

TGF transforming growth factor

Th helper T cell, as in Th0, Th1, etc.

TNF tumor necrosis factor




CHAPTER 1
T PR3 20 O T e e

Basic Concepts in Immunology

Definitions

In general, an immune response is a sequence of cellular and molecular events designed
to rid the host of an offending stimulus, usually from a pathogenic organism, toxic sub-
stance, cellular debris, or neoplastic cell. Two broad categories of immune responses have
been recognized: adaptive and innate. Simply put, adaptive (also called specific or acquired
immunity) responses react to specific environmental stimuli (ie, unique antigens) with a
stimulus-specific (ie, antigen-specific) immunologic response. In contrast, innate immune
responses, also called natural immunity, require no prior contact with or “education” about
the stimulus against which they mount an attack.

Adaptive Inmune Response

Adaptive immunity is a host response set in motion by a specific environmental stimulus,
or antigen. An antigen usually represents an alien substance completely foreign to the
organism, and the immune system must generate, de novo, a specific receptor against it
that must, in turn, recognize a unique molecular structure in the antigen for which no
specific preexisting receptor was present. The organism attempts to defend itself by the
following steps:

1. recognizing the unique foreign antigenic substance as distinguished from self

2. processing the unique antigen with receptors newly created by specialized tissues
(the immune system)

3. generating unique antigen-specific immunologic effector cells (especially T and
B lymphocytes) and unique antigen-specific soluble effector molecules, such as
antibodies, that function to remove the specific stimulating antigenic substance
from the organism while ignoring the presence of other, irrelevant antigenic
stimuli

Thus, the adaptive immune system is not genetically predetermined but evolves as an
ongoing way for an individual’s T and B lymphocytes to continually generate new antigen
receptors through recombination, rearrangement, and mutation of the germline genetic
structure. This creates a vast repertoire of novel antigen receptor molecules that vary tre-
mendously among individuals within a given species.
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The immune response to a mutated virus is the classic example of this process. Viruses
such as influenza virus are continuously mutating, thus developing new antigenic struc-
tures. The susceptible host could not possibly have evolved the receptors needed to recog-
nize each of these new viral mutations. However, each new mutation serves as an antigen
that stimulates a specific adaptive immune response by the host to the virus. The adaptive
response recognizes the virus in question and not other organisms, such as polio virus.

The adaptive immune response has been programmed to adapt to the new specific antigen
following environmental exposure.

Innate Immune Response

Innate immunity is a pattern recognition response by the organism to

« identify various offensive stimuli (especially infectious agents, toxins, and cellular
debris from injury) in an antigen-independent manner

« respond in a stereotyped, preprogrammed fashion determined by the preexistence
of receptors for the stimulus

« generate biochemical mediators and cytokines that recruit nonspecific effector
cells, especially macrophages and neutrophils, to remove the offending stimulus in
a nonspecific manner through phagocytosis or enzymatic degradation

The stimuli of innate immunity interact with receptors that have been genetically
predetermined by evolution to recognize and respond to molecular motifs on triggering
stimuli. These motifs often include a specific amino acid sequence, certain lipoproteins,
certain phospholipids, or other specific molecular patterns. The receptors of innate immu-
nity are identical among all individuals within a species. In this way, the receptors on
monocytes, neutrophils, and sometimes parenchymal tissues resemble the receptors for
neurotransmitters or hormones.

The innate immune response to acute infection is the classic example of this process.
For example, in endophthalmitis, bacteria-derived toxins or host cell debris stimulate the
recruitment of neutrophils and monocytes, leading to the production of inflammatory
mediators and phagocytosis of the bacteria. The triggering mechanisms and subsequent
effector response to Staphylococcus are nearly identical to those mounted against other

organisms. Nonspecific receptors that recognize families of related toxins or molecules in
the environment determine this response.

Similarities Between Adaptive and Innate Inmune Responses

Receptor activation

Both responses use receptors present on white blood cells to recognize offending stimuli,
but the recognition receptors are fundamentally different.

Inflammatory or noninflammatory responses

Both responses can trigger inflammation, but they usually operate at a subclinical level so
the individual is unaware of the response.
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Nonspecific effector cells and molecules

Although only the adaptive immune response employs T and B lymphocytes as antigen-
specific effector cells, both forms of immunity use neutrophils, eosinophils, and monocytes
as nonspecific effector cells and the same chemical mediators as amplification systems.

Differences Between Adaptive and Innate Inmune Responses

Triggering stimuli

Adaptive immunity is triggered by an antigen, usually in the form of a protein, although
carbohydrates or lipids can sometimes be antigenic. Innate immunity is triggered by bac-
terial toxins and cell debris, often in the form of carbohydrate, phospholipid, or other
nonprotein molecules.

Recognition receptors

The antigen receptors, or paratopes, of adaptive immunity, which are on antibody mol-
ecules and T lymphocytes, are specific for each antigen, recognizing unique molecular
regions of an antigen called epitopes. The receptors used by innate immunity, such as scav-
enging receptors or toxin receptors, recognize conserved molecular patterns or motifs
shared among various triggering stimuli.

Time of onset after triggering

Because adaptive immune responses are acquired, they require recognition, processing, and
effector phases that need several days for activation. Therefore, onset is delayed. Innate immu-
nity is preprogrammed, requiring only the direct activation of a cellular receptor to initiate an
effector response, which induces release of mediators or recruitment of cells within hours.

Memory

Adaptive immune responses demonstrate memory, so that on second exposure to the
same antigen, the release of effectors is more vigorous and more rapid than it was dur-
ing the original response. Innate responses are genetically preprogrammed to react ste-
reotypically to each encounter. Memory implies that the secondary, or repeat encounter,
immune response is regulated by mechanisms different from the primary, or initial virgin
encounter, immune response, specifically by memory T and B lymphocytes.

Specificity

Adaptive immune responses demonstrate specificity for each unique offending antigen.
Innate responses do not. Specificity is maintained through the use of antibodies and
antigen-specific T and B lymphocytes that recognize specific biochemical information,
such as linear amino acid sequences for T lymphocytes and 3-dimensional geometry for
B lymphocytes. Subtle biochemical changes (eg, amino acid substitutions) in the structure
of the antigen remove specific recognition for memory responses but preserve overall
antigenicity for a new primary response. In contrast, similar subtle changes in toxin struc-
ture or other stimuli for innate immunity do not necessarily alter the innate response if the
changes do not involve the pattern recognition sites within the molecule.
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Immunity Versus Inflammation

An immune response is the process for removing an offending stimulus. When this
response becomes clinically apparent within a tissue, it can be termed an inflamma-
tory response. More precisely, an inflammatory response is a sequence of molecular and

cellular events triggered by innate or adaptive immunity resulting in 5 characteristic
cardinal clinical manifestations:

pain
hyperemia
edema

heat

loss of function

S

These clinical signs reflect 2 main physiologic changes within a tissue: cellular recruitment
and altered vascular permeability. Inflammatory response is associated with the following
typical pathologic findings:

+ infiltration of effector cells mediated by and resulting in the release of biochemi-
cal and molecular mediators/amplifiers of inflammation, such as cytokines (eg,
interleukins and chemokines) and lipid mediators (eg, prostaglandins and platelet-
activating factors)

» presence of oxygen metabolites (eg, superoxide and nitrogen radicals)

« presence of granule products as well as catalytic enzymes (eg, collagenases and
elastases)

+ activation of plasma-derived enzyme systems (ie, complement components such as
anaphylatoxins)

See Chapter 3 for a more detailed discussion.

In practice, many clinicians use the term immune response to mean adaptive immu-
nity and the term inflammation to imply innate immunity. However, it is important
to remember that both adaptive and innate immune responses usually function physi-
ologically at a subclinical level without overt manifestations. For example, in most per-
sons, ocular surface allergen exposure, which occurs daily in all humans, or bacterial
contamination during cataract surgery, which occurs in most eyes, is usually cleared by
innate or adaptive mechanisms without overt inflammation. Similarly, both adaptive
and innate immunity can trigger inflammation, and the physiologic changes induced by
each form of immunity may be indistinguishable. For example, the hypopyon of bacte-
rial endophthalmitis, which results from innate immunity against bacterial toxins, and
the hypopyon of lens-associated uveitis, which presumably results from an inappropriate

adaptive immune response against lens antigens, cannot be clearly distinguished clini-
cally or histologically.

Delves PJ, Martin S, Burton D, Roitt IM. Roitt’s Essential Immunology. 11th ed. Malden, MA:
Blackwell Publishing; 2006.

Delves PJ, Roitt IM. The immune system. N Engl ] Med. 2000;343:37-49 (part 1); 108-117 (part 2).
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Goldsby RA, Kindt TJ, Osborne BA, Kuby J. Immunology. 5th ed. New York: W.H. Freeman;
2003.
Medzhitov R, Janeway C Jr. Innate immunity. N Engl ] Med. 2000;343:338-344.

Components of the Inmune System

Leukocytes

White blood cells, or leukocytes, are nucleated cells that can be distinguished from one
another by the shape of their nuclei and the presence or absence of granules. They are
further defined by uptake of various histologic stains.

Neutrophils
Neutrophils, 1 of the 3 types of polymorphonuclear leukocytes, are the most abundant granu-
locytes in the blood. They are efficient phagocytes that readily clear tissues and degrade
ingested material. They act as important effector cells through the release of granule prod-
ucts and cytokines. Through specific receptors, such as complement receptors, neutro-
phils can be recruited and triggered by immune mechanisms. Nonimmune mechanisms
also recruit neutrophils at sites of injury through poorly characterized receptor ligand
interactions. Chapter 4 discusses neutrophil activation recruitment in greater detail.
Neutrophils dominate the infiltrate in experimental models and clinical examples of
active bacterial infections of the conjunctiva, sclera (scleritis), cornea (keratitis), and vit-
reous (endophthalmitis). Neutrophils are also dominant in many models of active viral
infections of the cornea (herpes simplex virus keratitis) and retina (herpes simplex virus
retinitis) and in some human viral infections. Neutrophils also constitute the principal
cell type in lipopolysaccharide-induced inflammation and after direct injection of most
cytokines into various ocular tissues.

Eosinophils

Eosinophils, a second type of polymorphonuclear leukocyte, also contain abundant
cytoplasmic granules and lysosomes. However, the biochemical nature of the granules
in eosinophils consists of more basic and therefore more acid-binding protein (eg, acidic
dye, such as eosin, will bind to these proteins), and eosinophils differ from neutrophils
in the way they respond to certain triggering stimuli. Eosinophils have receptors for
and become activated by many mediators; interleukin-5 (IL-5) is especially important.
Eosinophil granule products, such as major basic protein or ribonucleases, are ideal for
destroying parasites; not surprisingly, these cells accumulate at sites of parasitic infection.
Eosinophils are numerous in skin infiltrates during the late-phase allergic response, in
atopic lesions, and in lung infiltrates during asthma. T-lymphocyte production of IL-5
within the infiltrated site is probably an important regulator of eosinophil function locally,
although many of the specific mechanisms for regulation of eosinophil recruitment, acti-
vation, and function remain unknown.

Eosinophils are abundant in the conjunctiva and tears in many forms of atopic con-
junctivitis, especially vernal and allergic conjunctivitis. However, eosinophils are not con-
sidered major effectors for intraocular inflammation, except during helminthic infections
of the eye, especially acute endophthalmitis caused by toxocariasis.
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Basophils and mast cells

Basophils, a third type of polymorphonuclear leukocyte, are the bloodborne equivalent
of the tissue-bound mast cell. Mast cells exist in 2 major subtypes—connective tissue and
mucosal—both of which can release preformed granules and synthesize certain mediators
de novo. Connective tissue mast cells contain abundant granules with histamine and hepa-
rin, and they synthesize prostaglandin D, upon stimulation. In contrast, mucosal mast cells
require T-lymphocyte cytokine help for granule formation, and they therefore normally
contain low levels of histamine. Mucosal mast cells synthesize mostly leukotrienes after
stimulation. The tissue location can alter the granule type and functional activity, but the
regulation of these important differences is not well understood.

Basophils and mast cells differ from other granulocytes in several important ways.
The granule contents are different from those of neutrophils and eosinophils, and mast
cells express high-affinity Fc receptors for the immunoglobulin IgE. Fc, from “fragment,
crystallizable,” refers to the region of immunoglobulin that mediates cell surface receptors.
Mast cells act as major effector cells in IgE-mediated, immune-triggered inflammatory
reactions, especially allergy or immediate hypersensitivity. Mast cells may also partici-
pate in the induction of cell-mediated immunity, wound healing, and other functions not
directly related to IgE-mediated degranulation (ie, release of cell contents). Thus, other
stimuli, such as complement or certain cytokines, may also trigger degranulation.

The normal human conjunctiva contains significant numbers of mast cells localized
in the substantia propria but not in the epithelium. In certain atopic and allergic disease
states, such as vernal conjunctivitis, not only does the number of mast cells increase in the
substantia propria, but the epithelium also becomes densely infiltrated. Careful anatomi-
cal studies have shown that the choroid and anterior uveal tract also contain significant
densities of connective tissue-type mast cells; the cornea has none.

Monocytes and macrophages

Monocytes, the circulating cells, and macrophages, the tissue-infiltrating equivalents, are
important effectors in all forms of immunity and inflammation. Monocytes are relatively
large cells (12-20 pm in suspension but up to 40 pm in tissues) that travel through many
normal sites. Most normal tissues have at least 2 identifiable macrophage populations:
tissue-resident macrophages and blood-derived macrophages. Although many exceptions
exist, in general, tissue-resident macrophages represent monocytes that migrated into a
tissue during embryologic development, thereby acquiring tissue-specific properties and
specific cellular markers. In many tissues, resident macrophages have been given tissue-
specific names: Kupffer cells in the liver, alveolar macrophages in the lung, and microglia
in the brain and retina. Blood-derived macrophages usually represent monocytes that
have recently migrated from the blood into a fully developed tissue site.
Macrophages serve the following 3 primary functions:

1. as scavengers to clear cell debris and pathogens
2. as antigen-presenting cells (APCs) for T lymphocytes
3. as inflammatory effector cells

In vitro studies seem to indicate that resting monocytes can be primed through vari-
ous signals into efficient APCs and, upon additional signals, activated into effector cells.
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Effective activation stimuli include exposure to bacterial toxins such as lipopolysaccha-
ride, phagocytosis of antibody-coated or complement-coated pathogens, or exposure to
mediators released during inflammation, such as IL-1 or interferon-y.

Only on full activation do macrophages become most efficient at the synthesis and
release of inflammatory mediators and the killing and degradation of phagocytosed
pathogens. At some sites of inflammation, macrophages undergo a morphologic change
in size and histologic features into a cell called an epithelioid cell. Epithelioid cells can
fuse into multinucleated giant cells. Macrophages are extremely important effector cells in
both adaptive and innate immunity, with or without overt inflammation. They are often
detectable in acute ocular infections, even if other cell types such as neutrophils are more
numerous. Chapter 4 discusses these issues in more detail.

Dendritic cells and Langerhans cells

Dendritic cells (DCs) are terminally differentiated, bone marrow-derived, circulating
mononuclear cells that are distinct from the macrophage-monocyte lineage. They make
up approximately 0.1%-1.0% of blood mononuclear cells. However, in tissue sites, DCs
become large (15-30 um), with cytoplasmic veils that form extensions 2 to 3 times the
diameter of the cell, and resemble the dendritic structure of neurons. In many nonlym-
phoid and lymphoid organs, DCs become a system of APCs. These sites recruit DCs by
defined migration pathways, and DCs in each site share features of structure and function.
Dendritic cells function as accessory cells important to the processing and presentation
of antigens to T lymphocytes; the distinctive function of DCs is to initiate responses in
quiescent lymphocytes. Thus, DCs may act as the most potent leukocytes for generating
primary T-lymphocyte-dependent immune responses.

Epidermal Langerhans cells (LCs) are the best-characterized subset of DCs. LCs
account for approximately 3%-8% of the cells in most human epithelia, including the
skin, conjunctiva, nasopharyngeal mucosa, vaginal mucosa, and rectal mucosa. LCs are
identified on the basis of their many dendrites, electron-dense cytoplasm, and Birbeck
granules. They are not active APCs, although activity develops after in vitro culture with
certain cytokines. As a result, LCs transform and lose their granules and thus fully resem-
ble blood and lymphoid DCs. Evidence suggests that LCs can leave the skin and move
along the afferent lymph to draining lymphoid organs. LCs are important components
of the immune system and play a role in antigen presentation, control of lymphoid cell
traffic, differentiation of T lymphocytes, and induction of delayed hypersensitivity. Elimi-
nation of LCs from skin before an antigen challenge inhibits the induction of the contact
hypersensitivity response. In the conjunctiva and limbus, LCs are the only ones that con-
stitutively express class I major histocompatibility molecules (MHC). Langerhans cells
are present in the peripheral cornea, and any kind of irritation to the central cornea will
result in central migration of the peripheral LCs.

Lymphocytes

Lymphocytes are small (10-20 pum) cells with large, dense nuclei also derived from stem
cell precursors within the bone marrow. However, unlike other leukocytes, lymphocytes
require subsequent maturation in peripheral lymphoid organs. Lymphocytes can be subdi-
vided by the detection of specific cell-surface proteins (ie, surface markers). These markers
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are in turn related to the functional and molecular activity of individual subsets. Three
broad categories of lymphocytes have been identified: T lymphocytes; B lymphocytes; and

non-T, non-B lymphocytes. These subsets are discussed in greater detail in the following
section.

Gallin JI, Snyderman R, eds. Inflammation: Basic Principles and Clinical Correlates. 3rd ed.
Philadelphia: Lippincott Williams &Wilkins; 1999.

Lymphoid Tissues

Primary lymphoid tissues

The bone marrow is the site for replenishment and maturation of all leukocyte and lymphoid
precursors. Thus, pluripotential stem cells differentiate into various myeloid or lymphoid
precursor cells, which then differentiate into monocyte precursors, T- and B-lymphocyte
precursors, and so on. B lymphocytes mature within the bone marrow, whereas immature
T lymphocytes exit the bone marrow and mature within the thymus. Mature B and T lym-
phocytes then exit into the blood, where they enter secondary lymphoid tissues. Granulo-
cytes and monocytes exit the bone marrow directly as functional effectors, although some
monocyte subpopulations can further differentiate in peripheral tissues.

Secondary lymphoid tissues

The central lymphoid structures—lymph nodes and spleen—are very important to the
adaptive immune response. Mature but naive lymphocytes, those that have not been
exposed to antigens, enter lymph nodes through specialized postcapillary venules and
take up residence in specialized areas (follicles for B lymphocytes and the paracortical
region for T lymphocytes) until antigen exposure occurs. The lymphocytes can recirculate
and travel between different nodes. Certain sites, termed peripheral lymphoid structures,
especially mucosa and skin, are important for the initial interaction with antigen because
of their location as a barrier to the outside world.
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Immunization and Adaptive
Immunity: The Immune
Response Arc

To understand the clinically relevant features of the adaptive immune response, the reader
can consider the sequence of events that follows immunization with antigen using the
skin, which is the classic experimental method of introducing antigen to the adaptive
immune response. Several general immunologic concepts, especially the concept of the
immune response arc, the primary adaptive immune response, and the secondary adap-
tive immune response, are involved in this process.

Overview of the Inmune Response Arc

Interaction between antigen and the adaptive immune system at a peripheral site, such
as the skin, can be subdivided, using the concept of the immune response arc, into
3 phases:

1. afferent
2. processing
3. effector

Each phase of the immune response arc is analogous to the 3 phases of the neural reflex
arc (Fig 2-1). For example, in the neural response to the patellar deep tendon reflex, the
afferent response begins with the recognition of a stimulus (the activation of the stretch
receptor by percussion of the patellar tendon), followed by transformation of the stimulus
into a neural signal that is conveyed along an afferent neuron into the central nervous
system. In the central nervous system, complex neural processing occurs. Finally, along an
efferent neuron, the neural signal is conveyed back to the site (quadriceps muscle), which
is activated to contract (ie, an effector response).

Similarly, in the adaptive immune response, antigen is recognized during the affer-
ent phase of the immune response, when the antigenic information is conveyed through
the lymphatics and antigen-presenting cells (APCs) to the lymph node. There, processing
of the antigenic signal occurs, resulting in the release of immune messengers (antibodies,

17
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Figure 2-1 Comparison between the neural reflex arc and the immune response arc.
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B lymphocytes, and T lymphocytes) into efferent lymphatics and venous circulation.
The intent of the immune system is conveyed back to the original site, where an effector
response occurs (ie, immune complex formation or delayed hypersensitivity reaction). The
following discussion covers the important aspects of each phase in more detail.

Phases of the Inmune Response Arc

Afferent Phase

The initial recognition, transport, and presentation of antigenic substances to the adap-
tive immune system constitute the afferent phase of the immune response arc. The term
antigen refers to substances recognized by the immune system and resulting in antibody
production and development of “sensitized” T lymphocytes. The term epitope refers to
each specific portion of an antigen to which the immune system can respond. A complex
3-dimensional protein probably has multiple antigenic epitopes against which antibodies
with different paratopes might bind, as well as many other sites that remain invisible to the
immune system. The term paratope refers to the epitope-specific binding site on the Fab
(fragment, antigen-binding) portion of the antibody. In addition, such a protein often can
be enzymatically digested into many different peptide fragments, some of which contain
molecular information to serve as antigenic epitopes for T-lymphocyte recognition and
some of which are not recognized at all by the immune system.

Afferent lymphatic channels

Also simply called lymphatics, afferent lymphatic channels are veinlike structures that
drain extracellular fluid (ie, lymph) from a site into a regional node. Lymphatics serve
2 major purposes: to convey immune cells and to carry whole antigen from the site of
inoculation to a lymph node.

Antigen-presenting cells

Antigen-presenting cells are specialized cells that bind and phagocytize antigen at a site,
carry it to a lymph node, then “process” the antigen, which is almost always in the form
of a protein, into fragments (ie, uses intracellular enzymes to digest the antigen into pep-
tides of 7-11 amino acids), transport the peptide antigen fragments into a specialized
antigen-binding groove within human leukocyte antigen (HLA) molecules present on the
APC cell surface, and “present” the peptide to T-lymphocyte antigen receptors, thereby
beginning the activation process of adaptive immunity. Different HLA molecules vary
in their capacity to bind various peptide fragments within the groove, and thus the HLA
type determines the repertoire of peptide antigens capable of being presented to T lym-
phocytes. APCs from 1 individual cannot present to T lymphocytes derived from a second
individual unless the 2 individuals share a common HLA haplotype that can bind the anti-
gen in question. See Chapter 5 for a discussion of HLA molecules. Table 5-1, in Chapter 5,
gives a short history of research on the HLA system.
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Class II major histocompatibility complex (MHC) molecules (ie, HLA-DR, -DP,
and -DQ) serve as the antigen-presenting platform for CD4, or helper, T lymphocytes
(Fig 2-2). All APCs for CD4 T lymphocytes must express the class Il MHC molecule, and
the antigen receptor on the helper T lymphocyte can recognize peptide antigens only if
they are presented with class IT molecules simultaneously. However, only certain cell types
express class I MHC on their plasma membrane. Macrophages and dendritic cells are the
2 most important class II APCs. B lymphocytes can also function as class [I-dependent
APCs, especially within a lymph node. Any cell that is induced to express class Il MHC
molecules also can potentially serve as an APC, although this topic is beyond the scope of
this discussion. In general, class II-dependent APCs are the most efficient, “professional”
APCs for processing extracellular protein antigens that have been endocytosed from the
external environment (eg, bacterial or fungal antigens).

HLA

R, class I .
molecule
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Figure 2-2 Class Il-dependent antigen-processing cells (APCs). 1, APCs endocytose exogenous
antigens into the endosomal compartment. 2, There, the antigen is digested into peptide frag-
ments and placed into the groove formed by the a and 8 chains of the class || human leukocyte
antigen (HLA) molecule. 3, The CD4 T-lymphocyte receptor recognizes the fragment—class
Il complex. 4, With the help of costimulatory molecules such as CD28/B7 interactions and
cytokines, the CD4 T lymphocyte becomes primed, or partially activated. (iiustration by Barb Cousins,
modified by Joyce Zavarro.)
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Class I MHC molecules (ie, HLA-A, -B, and -C) serve as the antigen-presenting
platform for CDS8, or regulatory, T lymphocytes (Fig 2-3). Class I molecules are present
on almost all nucleated cells, indicating that most cells have the potential to stimulate
CD8 T lymphocytes. The CD8 T-lymphocyte antigen receptor must recognize its own
class I type before it can respond to tumor or viral antigens on the appropriate target
cell, and therefore CD8 T lymphocytes from 1 individual will not respond to a target cell
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Figure 2-3 Class |-dependent antigen- presenting cells (APCs). 1, APC is infected by a virus,
which causes the cell to synthesize virus-associated peptides that are present in the cyto-
sol. 2, The viral antigen must be transported (through specialized transporter systems) into
the endosomal compartment, where the antigen encounters class | human leukocyte antigen
(HLA) molecules. The fragment is placed into the pocket formed by the a chain of the class |
HLA molecule. Unlike class Il molecules, the second chain, called 8,-microglobulin, is constant
among all class | molecules. 3, The CD8 T-lymphocyte receptor recognizes the fragment-class
I complex. 4, With the help of costimulatory molecules such as CD28/B7 interaction and cytokines,
the CD8 T lymphocyte becomes primed, or partially activated. A similar mechanism is used to
recognize tumor antigens that are produced by cells after malignant transformation. (iiustration
by Barb Cousins, modified by Joyce Zavarro.)
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from another individual if the class | MHC molecules do not correspond. In general, class I
APCs are best for processing peptide antigens that have been synthesized by the host cell
itself, including most tumor peptides or viral peptides after host cell invasion.

Several other important topics that greatly influence the afferent phase are beyond the

scope of this book. The immunology texts listed as references can be consulted for more
detail concerning the following:

« the nature of antigen

« the immunologic microenvironment of different tissues (eg, anatomical and func-
tional differences among sites in APCs, growth factors, immunoregulatory mol-
ecules, blood-tissue barriers)

« the expression of HLA molecules on tissues other than leukocytes

Processing Phase

The conversion of the antigenic stimulus into an immunologic response through priming
of naive B and T lymphocytes within the lymph nodes and spleen occurs during the pro-
cessing phase of the immune response arc. This process is also called activation, or sensiti-
zation, of lymphocytes. Processing involves regulation of the interaction between antigen
and naive lymphocytes, B lymphocytes or T lymphocytes that have not yet encountered
their specific antigen, followed by their subsequent activation (Fig 2-4). The following
discussion focuses on a few key concepts.

Preconditions necessary for processing

Helper T lymphocytes are the key functional cell type for immune processing. Most
helper T lymphocytes express CD4 molecules on the cell membrane. T lymphocytes have
an antigen receptor that detects antigen only when a trimolecular complex is formed
consisting of an APC-HLA molecule, a processed antigen fragment, and a T-lymphocyte
antigen receptor. The CD4 molecule stabilizes binding and enhances signaling between
the HLA complex and the T-lymphocyte receptor. When helper T lymphocytes spe-
cific for an antigen become primed and partially activated, they acquire new functional
properties, including cell division, cytokine synthesis, and cell membrane expression of
accessory molecules such as cell-adhesion molecules and costimulatory molecules. The
synthesis and release of immune cytokines, especially IL-2, by T lymphocytes is crucial
for the progression of initial activation and the functional differentiation of T lympho-
cytes. The primed T lymphocyte produces IL-2, a potent mitogen, inducing mitosis,
with resultant autocrine stimulation.

Helper T-lymphocyte differentiation

At the stage of initial priming, CD4 T lymphocytes are usually classified as T helper 0, or
Tho, cells. However, CD4 T lymphocytes can differentiate into functional subsets as a con-
sequence of differences in gene activation and the secretion of specific panels of cytokines.
One subset, called T helper 1, or Th1, secretes interferon-y (IFN-y ), tumor necrosis factor B,
and IL-12 but not IL-4, IL-5, or IL-10. The other subset, T helper 2, or Th2, secretes IL-4,
IL-5, and IL-10 but not Th1 cytokines.
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Figure 2-4 Schematic illustration of immune processing of antigen within the lymph node. On
exposure to antigen and antigen-processing cells (APCs) within the lymph node, the 3 major
lymphocyte subsets—B lymphocytes, CD4 T lymphocytes, and CD8 T lymphocytes—are acti-
vated to release specific cytokines and perform specific functional activities. B lymphocytes are
stimulated to produce one of the various antibody isotypes, whose functions include comple-
ment activation, antibody-dependent cellular cytotoxicity, agglutinization, allergen recognition,
and release into secretions. (See Chapter 4 for a detailed discussion.) CD4 T lymphocytes
become activated into T helper 1 (Th1) or T helper 2 (Th2) subsets. Th1 lymphocytes function
to help B lymphocytes secrete immunoglobulin G1 (IgG1) and IgG3; inhibit Th2; and release
cytokines such as interleukin-2 (IL-2), interferon-y (IFN-y), tumor necrosis factor 8 (TNF-3), and
interleukin-12 (IL-12). Th2 lymphocytes function to help B lymphocytes secrete IgE and IgA;
inhibit Th1 lymphocytes; and synthesize cytokines such as IL-4, IL-5, and IL-10. CD8 T lympho-
cytes become activated into regulatory T lymphocytes that function by inhibiting other CD4 T
lymphocytes, often by secreting cytokines such as TNF-B. (iiustration by Barb Cousins, modified by Joyce
Zavarro.)

These subsets are important because the different cytokines produced by Thl and
Th2 profoundly influence subsequent “downstream” immune processing, B-lymphocyte
antibody synthesis, and cell-mediated effector responses (see the following section). For
example, IFN-y, produced by Th1 lymphocytes, blocks the differentiation and activation
of Th2 lymphocytes, and IL-4, produced by Th2 lymphocytes, blocks the differentiation of
Th1 lymphocytes. The regulation determining whether a Th1 or a Th2 response develops
consequent to exposure to a particular antigen is not entirely understood, but presumed
variables include cytokines preexisting in the microenvironment, the nature of the anti-
gen, the amount of antigen, and the type of APC. For example, IL-12, which is produced
by macrophage APCs, might preferentially induce Th1 responses.

von Andrien UH, Mackay CR. T-cell function and migration—two sides of the same coin.
N Engl ] Med. 2000;343:1020-1034.
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B-lymphocyte activation

One of the major regulatory functions for helper T lymphocytes is B-lymphocyte activa-
tion. B lymphocytes are responsible for producing antibodies, which are glycoproteins
that bind to a specific antigen. B lymphocytes begin as naive lymphocytes with IgM and
IgD on the cell surface; these serve as the B-lymphocyte antigen receptor. Through these
surface antibodies, B lymphocytes can detect epitopes on intact antigens and thus do not
require antigen processing by APCs. After appropriate stimulation of the B-lymphocyte
antigen receptor, helper T lymphocyte-B lymphocyte interaction occurs, leading to fur-
ther B-lymphocyte activation and differentiation. B lymphocytes acquire new functional
properties, such as cell division, cell surface expression of accessory molecules, and the
ability to synthesize and release large quantities of antibodies. Most important, activated
B lymphocytes acquire the ability to change antibody class from IgM to another class (eg,
to IgG1, IgA, or another immunoglobulin). This shift requires a molecular change of the
immunoglobulin heavy chain class at the genetic level, and this is regulated by specific
cytokines released by the helper T lymphocyte. For example, treatment of an antigen-
primed B lymphocyte with IFN-y induces a switch from IgM to IgG1 production. Treat-
ment with IL-4 induces a switch from IgM to IgE production. Chapter 4 discusses the
importance of the different antibody classes in immune reactivity.

Role of regulatory (suppressor) T lymphocytes

The regulation of the B-lymphocyte and helper T-lymphocyte response has recently been
clarified, and the roles of antigen receptors and tolerance are discussed in Chapter 5;
immunologic microenvironments are discussed later in this chapter and in Chapter 3.
The immunoregulatory role of regulatory, or suppressor, T lymphocytes has become par-
tially clarified, especially through the induction of immunomodulatory cytokine synthe-
sis by regulatory T lymphocytes. Originally, regulatory T lymphocytes were observed to
express the CD8 marker and to become activated during the initial phases of processing.
More recently, certain CD4 T lymphocytes have also been observed to have regulatory,
or suppressive, functions. In many cases, both CD8 and CD4 regulatory T lymphocytes
appear to operate by the release of immunomodulatory cytokines such as transforming
growth factor B, which can inhibit or alter the helper or effector function of other T lym-
phocytes. Other classic mechanisms of regulatory T-lymphocyte function, such as com-
plicated antigen-specific T-lymphocyte circuits and release of antigen-specific suppressor
molecules, have received less attention. Administration of antigen orally or via the ante-
rior chamber preferentially induces regulatory T lymphocytes (see the following section).

The relationship between CD8 regulatory T lymphocytes and CD8 cytotoxic effector cells
is not entirely clear.

Effector Phase

During the effector phase, the adaptive immune response (eg, eliminate offending foreign
antigen) is physically carried out. Antigen-specific effectors exist in 2 major subsets:

1. T lymphocytes

2. B lymphocytes plus their antibodies
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A third population of non-T, non-B effector lymphocytes, formerly called null cells, is some-
times also grouped with immune effectors, although these cells are not antigen-specific and
might be considered part of the innate immune system.

In general, effector lymphocytes require 2 exposures to antigen:

1. the initial exposure, often called priming or activation, occurring in the lymph
node

2. asecond exposure, often called restimulation, happening in the peripheral tissue in
which the initial antigen contact occurred

This second exposure is usually necessary to fully exploit the effector mechanism within a
local tissue. All of these effector mechanisms are described in more detail in Chapter 4.
Subsets of effector T lymphocytes can be distinguished into 2 main types by functional
differences in experimental assays or by differences in cell surface molecules (Fig 2-5).
Delayed hypersensitivity (DH) T lymphocytes usually express CD4 and release IFN-y and
tumor necrosis factor p. They function by homing to a tissue, recognizing antigen and APCs,
becoming fully activated, and releasing cytokines and mediators that then recruit other

Immune Response Arc
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Figure 2-5 Schematic representation of effector mechanisms during adaptive immunity. Not
only is the immune response initiated within the tissue site, but ultimately the immune re-
sponse arc is completed when effectors encounter antigen within the tissue after release into
the circulation from the lymph node. The 3 most important effector mechanisms of adaptive
immunity include cytotoxic T lymphocytes (T.), delayed hypersensitivity T lymphocytes (Tpy),
and antibody-producing B lymphocytes, especially plasma cells. APC = antigen-processing
cells. (lilustration by Barb Cousins, modified by Joyce Zavarro.)
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nonspecific, antigen-independent effector cells such as neutrophils, basophils, or monocytes.
As with helper T lymphocytes, Th1 and Th2 types of DH effector cells have been identified.

Cytotoxic T lymphocytes are the other major type of effector T lymphocyte. Cytotoxic
T lymphocytes express CD8 and serve as effector cells for killing tumors or virally infected
host cells through release of cytotoxic cytokines or specialized pore-forming molecules.
The subset of effector lymphocytes now grouped as non-T, non-B lymphocytes includes
natural killer cells, lymphokine-activated cells, and killer cells.

Antibodies, or immunoglobulins, are soluble antigen-specific effector molecules of
adaptive immunity. After appropriate antigenic stimulation with T-lymphocyte help,
B lymphocytes secrete IgM antibodies, and later other isotypes, into the efferent lymph
fluid draining into the venous circulation. Antibodies then mediate a variety of immune
effector activities by combining with antigen in the blood or in tissues.

Immune Response Arc and Primary or Secondary
Immune Response

Concept of Inmunologic Memory

Immunologic memory is probably the most distinctive feature of adaptive immune
responses; protective immunization is the prototypical example of this powerful phenom-
enon. Classically, immunologic memory was the concept used to explain why serum
antibody production for a specific antigen began much more quickly and rose to much
higher levels after reexposure to that antigen but not after exposure to a different antigen.
Later it was learned that the concept of memory applied not only to antibody production by
B lymphocytes but also to that by T lymphocytes.

Differences in primary and secondary responses

The concept of an anamnestic response posits that the second encounter with an antigen
is regulated differently from the first encounter. Differences in the primary and second-
ary immune response arc, especially in the processing and effector phases, offer partial
explanation. During the processing phase of the primary response, antigen must find the
relatively rare specific B lymphocyte (perhaps 1 in 100,000) and T lymphocyte (perhaps
1 in 10,000) and then stimulate these cells from a completely resting and naive state, a

sequence that requires days. The secondary processing response for T and B lymphocytes
is shorter for at least 3 reasons:

1. Upon removal of antigen, T and B lymphocytes activated during the primary
response may gradually return to a resting state, but they retain the capacity to
become reactivated within 12-24 hours of antigen exposure. That is, they are now
memory cells rather than naive cells.

2. Because stimulated lymphocytes divide, the population of potential antigen-
responsive T or B lymphocytes will have increased manyfold, and these cells will
have migrated to other sites of potential encounters with antigen.
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3. In some cases, such as in mycobacterial infection, low doses of antigen may remain
in the node or site, producing a chronic, low-level, continuous antigenic stimula-
tion of T and B lymphocytes.

For antibody responses, another memory function dependent on antibody requires
even less time and operates primarily at the level of the effector phase. IgM produced
during the effector phase of the primary response and released into the blood is often too
large to passively leak into a peripheral site. However, during the secondary response,
antibody class switching has occurred so that IgG or other isotypes that have passively
leaked into a site or have been actively produced there can immediately combine with an
antigen, causing the secondary response triggered by antibody to be very rapid (immedi-
ate hypersensitivity).

Homing

Memory also requires that lymphocytes demonstrate a complex migratory pattern called
homing. Thus, lymphocytes pass from the circulation into various tissues, from which they
subsequently depart, and then pass by way of lymphatics to reenter the circulation. Hom-
ing involves the variable interaction between lymphocytes and endothelial cells using mul-
tiple cell-adhesion molecules, which are discussed in Chapter 4. Usually, the major types
of lymphocytes that migrate into tissue sites are memory lymphocytes that express higher
levels of certain cell-adhesion molecules, such as the integrins, than do naive cells. Naive
lymphocytes tend to migrate to lymphoid tissues, where they have the chance of meet-
ing their cognate antigen. Inflammation, however, changes the rules and serves to break
down homing patterns. At inflammatory sites, the volume of lymphocyte migration is far
greater and selection much less precise, although migration of memory cells or activated
lymphocytes still exceeds that of naive cells.

Regional Immunity and Imnmunologic Microenvironments

Regional Immunity

The idea that each organ and tissue site has its own particular immune response arc,
which may vary significantly from the classic cutaneous response, is called regional
immunity. Regional immunity of the tissue site can characterize all 3 phases—afferent, pro-
cessing, and efferent—of the responses involved. For instance, the immune response
arc for oral immunization (eg, polio vaccine) differs from that for intramuscular immu-
nization (eg, mumps/measles/rubella vaccine), which differs from that for cutaneous
vaccination (eg, bacille Calmette-Guérin vaccine). Regional immunity also affects
the transplantation of donor tissue, such as a kidney or cornea. Such transplantations
require the recipient to produce afferent, processing, and effector responses to the
transplant, all modified by the unique location. Chapter 3 describes regional immune
concepts relevant to the eye. See also BCSC Section 8, External Disease and Cornea, for
a discussion of the regional immunity of the cornea in Part XI, Corneal Transplantation.
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Immunologic Microenvironments

Regional immunologic differences occur because different tissue sites are composed of
different immunologic microenvironments. The concept of immunologic microenviron-

ment incorporates a broad range of anatomical and physiologic differences among tissues
or organs that regulate the immune response:

« the presence of well-formed lymphatics

» specialized immunologic structures (Peyer patches or conjunctival follicles)

+ blood-tissue barriers to macromolecules or cell migration

« type of resident APC

« constitutive synthesis of immunoregulatory cytokines or molecules by the paren-
chymal cell types

« many other factors

The analysis of immunologic microenvironments has become important for under-

standing the immunology of transplantation, infection, and autoimmunity for gene therapy
Or many organ systems.

Clinical Examples of the Concept of the Inmune Response Arc

The concept of the immune response arc is a powerful tool for understanding clinically
relevant immunologic phenomena. The 2 examples of cutaneous immunity (see Clinical
Examples 2-1) illustrate this feature. Throughout the discussion in Chapters 3, 4, and 5,
such clinical examples are interspersed with the text to provide similar illustrations.

Delves PJ, Martin S, Burton D, Roitt IM. Roitt’s Essential Immunology. 11th ed. Malden, MA:
Blackwell; 2006.

Male DK, Cooke A, Owen M, Trowsdale ], Champion B. Advanced Immunology. 3rd ed. St
Louis: Mosby; 1996.

CLINICAL EXAMPLES 2-1

Primary response to poison ivy toxin The first contact between the poison
ivy resin urushiol and the epidermal surface of an exposed extremity, such as
the forearm, triggers the immunologic mechanisms of poison ivy dermatitis.
The afferent phase of this primary response begins when the toxin permeates
into the epidermis, where much of it binds to extracellular proteins, forming a
protein-toxin conjugate technically called a hapten. Some of the toxin is taken
up by antigen-presenting cells (APCs), especially Langerhans cells (LCs), and
over the next 4-18 hours the toxin-stimulated LCs leave their normal location
in the basal epidermis and migrate along afferent lymphatics into the drain-
ing lymph nodes. During this time, the toxin is internalized into endocytic
compartments and processed by the LCs so that it can be recognized by helper
T lymphocytes within the node. Some of the free toxin or hapten is also carried
by lymph into the node.
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In the lymph node, the processing phase begins. The urushiol-stimulated
LCs interact with T lymphocytes, seeking over the next 3-5 days the rare
T lymphocyte that has the correct specific antigen receptor. Once located, the
naive T lymphocyte becomes primed. It is induced to undergo cell division, to
acquire new functions such as cytokine secretion, and to upregulate certain
surface molecules and receptors of the plasma membrane. These primed cells
ultimately either function as helper cells or become effector cells, which leave
the node through efferent lymphatics, accumulate in the thoracic duct, and
then enter venous blood, where they recirculate.

Free toxin or hapten not taken up by APCs experiences a different fate
during the processing phase. It enters a zone of the lymph node populated by
B lymphocytes. These naive B lymphocytes express membrane-bound anti-
body (IgM and IgD) that serves as an antigen receptor. If a chance encounter
occurs between the correct antibody and the toxin, the B lymphocyte becomes
partially activated. However, completion of B-lymphocyte activation requires
further interaction with helper T lymphocytes, which release cytokines, induc-
ing B lymphocytes to undergo cell division and to increase production of anti-
bodies, thus releasing antitoxin antibodies into the lymph fluid and ultimately
the venous circulation.

The effector phase begins when the primed T lymphocytes, primed B lym-
phocytes, or antibodies leave the lymphatics and enter the peripheral site of the
original antigen encounter. By 5-7 days after exposure, much of the urushiol
toxin might have already been removed through nonspecific clearance mecha-
nisms such as desquamation of exposed epidermis, washing of involved skin,
and subclinical effects of innate immunity. When toxin-stimulated APCs do
remain at the site, primed T lymphocytes become further activated into effector
cells, releasing inflammatory mediators to recruit other leukocyte populations.
This represents the contact hypersensitivity type of delayed hypersensitivity.
Rarely, if adequate free toxin is present, IgG antitoxin immune complexes can
form and mediate inflammation (see the following example). However, if most
of the antigen is already cleared, then the primed T lymphocyte may enter the
skin but become inactive, retaining memory. Or the T lymphocyte may exit the
skin through afferent lymphatics to reenter the lymph node. Similarly, antibod-
ies or antibody-producing B lymphocytes may remain in the skin or reach the
lymph nodes.

Secondary response to poison ivy toxin The immunologic mechanisms
work much faster after the second encounter with poison ivy toxin. The affer-
ent phase of this secondary response begins when the toxin permeates the
epidermis. Again, some of the toxin is taken up by the LCs, internalized over
the next 4-18 hours into endocytic compartments, and processed in a way that
can be recognized by T lymphocytes. If a memory T lymphocyte is present
at the cutaneous site, then the processing and effector phases occur within
24 hours at the site, as the memory T lymphocyte becomes activated upon
interacting with the LC. In addition, some LCs leave the skin, enter the draining
node, and encounter memory T lymphocytes there.

Processing during the secondary response is much quicker, and within
24 hours restimulated memory cells enter the circulation and migrate to the
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toxin-exposed cutaneous site. Because abundant toxin remains, additional
T lymphocyte-LC stimulation occurs, inducing vigorous T-lymphocyte cyto-
kine production. The inflammatory mediators, in turn, recruit neutrophils and
monocytes, leading to a severe inflammatory reaction within 12-36 hours after
exposure, causing the typical epidermal blisters of poison ivy. Because the
response is delayed by 24 hours, it is considered delayed hypersensitivity and,

in this case, a specific form of delayed hypersensitivity called contact hyper-
sensitivity.

Primary and secondary response to tuberculosis The primary and sec-
ondary immune response arcs can occur at different sites, as with the immu-
nologic mechanisms of the first and second encounter with Mycobacterium
tuberculosis antigens. The afferent phase of the primary response occurs after
the inhalation of the live organisms, which proliferate slowly within the lung.
Alveolar macrophages ingest the bacteria and transport the organisms to the
hilar lymph nodes, where the processsing phase begins. Over the next few
days, as T and B lymphocytes are primed, the hilar nodes become enlarged
because of the increased number of dividing T and B lymphocytes as well
as by the generalized increased trafficking of other lymphocytes through the
nodes. The effector phase begins when the primed T lymphocytes recirculate
and enter the infected lung. The T lymphocytes interact with the macrophage-
ingested bacteria, and cytokines are released that activate neighboring mac-
rophages to fuse into giant cells, forming caseating granulomas. Meanwhile,
some of the effector T lymphocytes home to other lymph nodes throughout
the body, where they become inactive memory T lymphocytes, trafficking and
recirculating throughout the secondary lymphoid tissue.

A secondary response using the immune response arc of the skin is the
basis of the tuberculin skin test to diagnose TB. The afferent phase of the
secondary response begins when purified protein derivative (PPD) reagent,
antigens purified from mycobacteria, is injected into the dermis, where the
PPD is taken up by dermal macrophages. The secondary processing phase
begins when these PPD-stimulated macrophages migrate into the draining
lymph node, where they encounter memory T lymphocytes from the previous
lung infection, leading to memory T-lymphocyte reactivation. The secondary
effector phase commences when these reactivated memory T lymphocytes
recirculate and home back into the dermis and encounter additional antigen/
macrophages at the site, causing the T lymphocytes to become fully activated
and release cytokines. Within 24-72 hours, these cytokines induce infiltration
of additional lymphocytes and monocytes as well as fibrin clotting. This pro-
cess produces the typical indurated dermal lesion of the tuberculosis skin test,
called the tuberculin form of delayed hypersensitivity.
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Ocular Immune Responses

Just as regional differences in immune responses occur because of differences in the
immunologic microenvironments of various tissue sites, regional differences can be iden-
tified for specific locations within and around the eye. Immune responses in health and
disease are affected by differences in the immunologic microenvironment (Table 3-1) in
such areas as the

 conjunctiva

« anterior chamber, anterior uvea (iris and ciliary body), and vitreous
« cornea and sclera

« retina/retinal pigment epithelium (RPE)/choriocapillaris

« choroid

Immune Responses of the Conjunctiva

Features of the Inmunologic Microenvironment

The conjunctiva shares many of the features typical of mucosal sites. It is composed of
2 layers: an epithelial layer and a connective tissue layer called the substantia propria.
The conjunctiva is well vascularized and has good lymphatic drainage to preauricular and
submandibular nodes. The tissue is richly invested with Langerhans cells, other dendritic
cells, and macrophages that serve as potential antigen-presenting cells (APCs). Conjunc-
tival follicles that enlarge after certain types of ocular surface infection or inflammation
represent collections of T lymphocytes, B lymphocytes, and APCs. Observation of the
function of similar sites, such as Peyer patches of the intestine, suggests that follicles might
represent a site for localized immune processing of antigens that permeate through the
thin overlying epithelium to be processed by T lymphocytes and B lymphocytes locally
within the follicle.

The conjunctiva, especially the substantia propria, is richly infiltrated with potential
effector cells, predominately mast cells. All antibody isotypes are represented, and pre-
sumably local production as well as passive leakage occurs. IgA is the most abundant anti-
body in the tear film. Soluble molecules of the innate immune system are also represented,
especially complement. The conjunctiva appears to support most adaptive and innate
immune effector responses, especially antibody-mediated and lymphocyte-mediated
responses, although IgE-mediated mast-cell degranulation is one of the most common
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and important. Chapter 4 discusses these mechanisms in greater detail. See also Part IV of
BCSC Section 8, External Disease and Cornea.

Immunoregulatory Systems

The most important immunoregulatory system for the conjunctiva is called mucosa-
associated lymphoid tissue (MALT). The MALT concept refers to the interconnected network
of mucosal sites (the epithelial lining of the respiratory tract, gut, and genitourinary tract
and the ocular surface and its adnexae) that share certain specific immunologic features:

o rich investment of APCs
« specialized structures for localized antigen processing (eg, Peyer patches and tonsils)
« unique effector cells (eg, intraepithelial T lymphocytes and abundant mast cells)

However, the most distinctive aspect of MALT is the distribution and homing of effector
T and B lymphocytes induced by immunization at 1 mucosal site to all MALT sites because
of the shared expression of specific cell-adhesion molecules on postcapillary venules of
the mucosal vasculature. MALT immune response arcs tend to favor T helper 2 (Th2)-
dominated responses that result in the production of predominantly IgA and IgE antibod-
ies. Immunization of soluble antigens through MALT, especially in the gut sites, often
produces oral tolerance, presumably by activating Th2-like regulatory T lymphocytes that
suppress Th1-delayed hypersensitivity (DH) effector cells.

Clinical Example 3-1 gives an example of a conjunctival immune response.

CLINICAL EXAMPLE 3-1

Immune response to viral conjunctivitis Conjunctivitis caused by adenovi-
rus infection is a common ocular infection (see BCSC Section 8, External Dis-
ease and Cornea). Although details of the immune response after conjunctival
adenovirus infection remain unknown, they can be inferred from knowledge
of viral infection at other mucosal sites and from animal studies. After infec-
tion with adenovirus, the epithelial cells begin to die within 36 hours. Innate
immune mechanisms that can assist in limiting infection become activated
soon after infection. For example, infected cells produce cytokines such as
interferons that limit spread of infectious virus and recruit nonspecific effector
cells such as macrophages and neutrophils.

However, the adaptive immune response to adenovirus infection is con-
sidered more important in viral clearance. The primary adaptive response
begins when macrophages and dendritic cells presumably become infected
or take up cell debris and viral antigens. Both APCs and extracellular antigenic
material are conveyed to the preauricular and submandibular nodes along
lymphatics, where vigorous helper T-lymphocyte and antibody responses
are activated, producing lymphadenopathy. Local immune processing may
also occur within the follicle if virus invades the epithelial capsule. During
the early effector phase of the primary B-lymphocyte response, IgM antibod-
ies are released into the blood that will not be very effective in controlling
surface infection, although they will prevent widespread viremia. However,
IgM-bearing B lymphocytes eventually infiltrate the conjunctival stroma and
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may release antibodies locally in the conjunctiva. Later, during the primary
effector response, class switching to IgG or IgA may occur to mediate local
effector responses, such as neutralization or complement-mediated lysis of
infected cells.

The most active effector response later in acute viral infection comes from
natural killer cells and CD8 cytotoxic T lymphocytes (CTLs), which kill infected
epithelium. However, adenovirus can block the expression of class | MHC on
infected cells and thereby escape being killed by CTLs. Adaptive immunity can
also activate macrophages by antiviral delayed hypersensitivity (DH) mecha-
nisms later during infection. DH response to viral antigens is thought to con-
tribute to the development of the corneal subepithelial infiltrates that occur in
some patients late in adenovirus infection.

The secondary response of the conjunctiva, assuming a prior primary
exposure to the same virus at some other mucosal site, differs in that anti-
body-mediated effector mechanisms dominate. Because of MALT, antivirus
IgA is present not only in blood but also in tears as a result of differentiated
IgA-secreting B lymphocytes in the lacrimal gland, the substantia propria, and
follicles. Thus, recurrent infection is often prevented by preexisting neutral-
izing antibodies that had disseminated into tears or follicles following the pri-
mary infection. However, if the inoculum of recurrent virus overwhelms this
antibody barrier, or if the virus has mutated its surface glycoproteins recog-
nized by antibodies, then epithelial infection does occur. Additional immune
processing can occur in the follicle and draining nodes. Specific memory effec-
tor CTLs are effective in clearing infection within a few days.

Nathanson N, ed. Viral Pathogenesis and Immunity. Philadelphia: Lippincott;
2002.

Pepose JS, Holland GN, Wilhelmus KR, eds. Ocular Infection and Immunity.
St Louis: Mosby; 1996.

Immune Responses of the Anterior Chamber,
Anterior Uvea, and Vitreous

Features of the Inmunologic Microenvironment

Numerous specialized anatomical features of the anterior region of the eye affect ocu-
lar immune responses. The anterior chamber is a fluid-filled cavity; circulating aqueous
humor provides a unique medium for intercellular communication among cytokines,
immune cells, and resident tissue cells of the iris, ciliary body, and corneal endothe-
lium. Although aqueous humor is relatively protein-depleted compared to serum (about
0.1%-1.0% of total serum protein concentration), even normal aqueous humor contains a
complex mixture of biological factors, such as immunomodulatory cytokines, neuropep-
tides, and complement inhibitors, that can influence immunologic events within the eye.
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A partial blood-ocular barrier is present. Fenestrated capillaries in the ciliary body
allow a size-dependent concentration gradient of plasma macromolecules to permeate the
interstitial tissue; smaller plasma-derived molecules are present in higher concentration
than are larger molecules. The tight junctions between the pigmented and the nonpig-
mented ciliary epithelium provide a more exclusive barrier, preventing interstitial macro-
molecules from permeating directly through the ciliary body into the aqueous humor.
Nevertheless, low numbers of plasma macromolecules bypass the nonpigmented epithe-
lium barrier and may permeate by diffusion anteriorly through the uvea to enter the ante-
rior chamber through the anterior iris surface.

The inner eye does not contain well-developed lymphatics. Rather, clearance of solu-
ble substances depends on the aqueous humor outflow channels; clearance of particulates
depends on endocytosis by trabecular meshwork endothelial cells or macrophages. Never-
theless, antigen inoculation into the anterior chamber results in efficient communication
with the systemic immune response. Intact soluble antigens gain entrance to the venous
circulation, where they communicate with the spleen.

The iris and ciliary body contain a rich investment of macrophages and dendritic cells
that serve as APCs and possible effector cells. Immune processing is unlikely to occur
locally, but APCs leave the eye by the trabecular meshwork and home to the spleen, where
processing occurs that favors a Th2 response and preferential activation of CD8 regulatory
T lymphocytes. Few resident T lymphocytes and some mast cells are present in the normal
anterior uvea; B lymphocytes, eosinophils, and neutrophils are not present. Very low con-
centrations of IgG, complement components, and kallikrein occur in normal eyes.

The vitreous has not been described as carefully as the anterior chamber, but the vitre-
ous probably manifests most of the same properties, with several notable exceptions. The
vitreous gel can electrostatically bind charged protein substances and may thus serve as
an antigen depot as well as a substrate for leukocyte cell adhesion. Because the vitreous
contains type II collagen, it may serve as a depot of potential autoantigen in some forms of
uveitis related to arthritis in which type II collagen in the joint is an autoantigen. See also
BCSC Section 12, Retina and Vitreous.

Immunoregulatory Systems

The anterior uvea has an immunoregulatory system that has been described as immune
privilege. The modern concept of immune privilege refers to the observation that tumor
implants or allografts survive better within an immunologically privileged region, whereas
a similar implant or graft is rapidly rejected by immune mechanisms within the skin or
other nonprivileged sites. Other immune-privileged sites are the subretinal space, the
brain, and the testes. Although the nature of the antigen involved is probably important,
immune privilege of the anterior uvea has been observed with a wide variety of antigens,
including alloantigens (eg, transplantation antigens), tumor antigens, haptens, soluble
proteins, autoantigens, bacteria, and viruses.

Immune privilege is mediated by influences on both the afferent and the effector phases of
the immune response arc. Immunization using the anterior segment as the afferent phase of a
primary immune response arc results in a unique generation of immunologic effectors. Immu-
nization as with lens protein or other autoantigens through the anterior chamber does not
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result in the same pattern of systemic immunity as does immunization by skin. Immunization
by an anterior chamber injection in experimental animals results in an altered form of systemic
immunity to that antigen called anterior chamber-associated immune deviation (ACAID).
The “deviant” immune response is characterized by robust systemic antibody response to the
encounter with antigen but the absence of any elicitable DH response to that antigen.

Following injection of antigen into the anterior chamber, the afferent phase begins
when specialized macrophages residing in the iris recognize and take up the antigen. The
APC function of these uveal macrophages has been altered by exposure to immunoregula-
tory cytokines normally present within aqueous humor and uveal tissue, especially trans-
forming growth factor p2 (TGF-pB2). The process by which aqueous humor factors convert
macrophages into ACAID-inducing APCs is unknown. The TGF-B2-exposed antigen-
stimulated ocular macrophages leave by the trabecular meshwork and the Schlemm canal
to enter the venous circulation, where they preferentially migrate to the spleen. Here, the
antigen signal is processed, with activation of not only helper T lymphocytes and B lym-
phocytes but also regulatory T lymphocytes. The CD8 regulatory cells serve to alter CD4
helper T-lymphocyte responses in the spleen and to downregulate CD4 T-lymphocyte DH
responses to the specific immunizing antigen at all body sites. Thus, the resulting effector
response is characterized by a selective suppression of antigen-specific DH and a selec-
tively diminished production of complement-fixing isotypes of antibodies. The other anti-
body isotypes and cytotoxic T-lymphocyte precursors are the same as those occurring
after conventional cutaneous immunization.

Several other mechanisms for ACAID have been proposed. A small percentage of
intact antigen can leave the eye to enter the blood, where it tends to be processed within the
spleen. Low doses of intravenous antigens produce a form of immunomodulation that has
been called low-zone tolerance. Various mechanisms for immunoregulatory T-lymphocyte
activation within the eye have been suggested as well.

Especially important to the clinician is the capacity of a tissue site to sustain the second-
ary effector phase of the immune response arc, because the primary immune response arc in
autoimmune diseases might have occurred outside of the eye. In this regard, the secondary
effector phase of the anterior segment is also immunomodulatory and has been termed the
effector blockade. Because various immunoregulatory systems are normally present within
the eye, intact immunologic effectors that are functional elsewhere—in the skin, for
example—are partially blocked from activation and function within the anterior segment.
Thus, Th1 DH T lymphocytes, cytotoxic T lymphocytes, natural killer cells, and comple-
ment activation appear to function less effectively in the anterior uvea than elsewhere. For
instance, the anterior uvea is relatively resistant to induction of a secondary purified protein
derivative DH response after primary immunization with mycobacteria in the skin. Mecha-
nisms for effector blockade are multifactorial but include production of the following:

« immunomodulatory cytokines, produced by ocular tissues

« immunomodulatory neuropeptides, produced by ocular nerves
« functionally unique APCs

«+ complement inhibitors in aqueous humor

« other factors
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Fas ligand (FasL), or CD95 ligand, is constitutively expressed on iris and corneal endo-
thelium. FasL is normally expressed in the thymus and a few other immune-privileged
sites, such as the testes. FasL is a potent trigger of programmed cell death, or apoptosis,
of lymphocytes. Thus, FasL can induce apoptotic killing of infiltrating T lymphocytes,
thereby preventing T-lymphocyte effector function. The loss of these protective mecha-
nisms may occur prior to the development of uveitis.

The vitreous cavity has not been as well characterized immunologically, but preliminary
experimental evidence suggests that an ACAID-like primary immune response arc probably
applies to the vitreous as well, especially in an eye that has undergone vitrectomy. The exis-
tence of effector blockade in the vitreous is controversial, but it seems clear that soluble (as
opposed to particulate) antigen injected into the vitreous can elicit a phenomenon similar
to ACAID; this form of immunomodulation may also be facilitated by vitrectomy, even for
particulate antigens. Other rationales for performing vitrectomy in eyes with uveitis are

« to remove any depot of antigen, including type II collagen, trapped in the gel

« to remove the gel substrate for cell-adhesion molecules to recruit and adhere
leukocytes

« to allow circulation of immunomodulatory factors in aqueous humor

See Clinical Example 3-2.

Foster CS, Streilein JW. Basic immunology. In: Foster CS, Vitale AT, eds. Diagnosis and Treat-
ment of Uveitis. Philadelphia: Saunders; 2002:34-78.

Sugita S, Ng TF, Lucas PJ, Gress RE, Streilein JW. B7* iris pigment epithelium induce CD8*
T regulatory cells; both suppress CTLA-4" T cells. ] Immunol. 2006;176:118-127.

Zamiri P, Masli S, Kitaichi N, Taylor AW, Streilein JW. Thrombospondin plays a vital role in the
immune privilege of the eye. Invest Ophthalmol Vis Sci. 2005;46:908-919.

CLINICAL EXAMPLE 3-2

Therapeutic potential of immune privilege It is unknown whether ACAID
has practical consequences for clinical diseases, although it is thought to play
a role in immunologic tolerance to lens crystallins after cataract surgery and
in immunologic acceptance of corneal transplantation. ACAID can influence
the immune response to ocular autoantigens. Animals immunized through
the anterior chamber with the retinal autoantigens S-antigen or interphoto-
receptor retinol-binding protein develop ACAID, and they are then protected
from experimental autoimmune uveitis in the contralateral eye after sub-
sequent conventional cutaneous immunization. Recently, ACAID has been
reproduced by infusion of monocytes that were first treated extracorporeally
with TGF-3 and antigen, suggesting a potential clinically relevant method for
immunotherapy.

Ferguson TA, Griffith TS. A vision of cell death: insights into immune privilege.
Immunol Rev. 1997;156:167-184.
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Immune Responses of the Cornea

Features of the Inmunologic Microenvironment

The cornea is unique in that the periphery and the central portions of the tissue represent
distinctly different immunologic microenvironments (Fig 3-1). Obviously, only the lim-
bus is vascularized. Whereas the limbus is richly invested with Langerhans cells, the para-
central and central cornea are normally devoid of APCs. However, various stimuli, such
as mild trauma, certain cytokines (eg, IL-1), or infection, can recruit APCs to the central
cornea. Plasma-derived enzymes (eg, complement), IgM, and IgG are present in moderate
concentrations in the periphery, but only low levels of the IgM are present centrally.
Corneal cells also appear to synthesize various antimicrobial and immunoregulatory
proteins. Effector cells are absent or scarce in the normal cornea, but neutrophils, mono-
cytes, and lymphocytes can readily migrate through the stroma if appropriate chemotactic
stimuli are activated. Lymphocytes, monocytes, and neutrophils can also adhere to the
endothelial surface during inflammation, giving rise to keratic precipitates or the classic
Khodadoust line of endothelial rejection (Fig 3-2). Localized immune processing proba-
bly does not occur in the cornea. See also BCSC Section 8, External Disease and Cornea.

Immunoregulatory Systems

The cornea also demonstrates a form of immune privilege different from that observed in the
anterior uvea. Immune privilege of the cornea is multifactorial. Normal limbal physiology is a
major component, especially the maintenance of avascularity and lack of APCs in the mid- and
central cornea. The absence of APCs and lymphatics partially inhibits afferent recognition in
the central cornea, and the absence of postcapillary venules centrally can limit the efficiency of
effector recruitment, although both effector cells and molecules can ultimately infiltrate even

- Peripheral
zone

Paracentral
zone

Central
zone

Limbus

Pupil border

Figure 3-1 Topographic zones of the cornea. (lilustration by Christine Gralapp.)
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Corneal
edema

Khodadoust
rejection line

Figure 3-2 Endothelial graft rejection with stromal and epithelial edema on the trailing aspect
of the migrating Khodadoust line.

avascular cornea. Another factor is the presence of intact immunoregulatory systems of the
anterior chamber (ie, ACAID), to which the corneal endothelium is exposed.
See Clinical Example 3-3.

CLINICAL EXAMPLE 3-3

Corneal allograft rejection Penetrating keratoplasty, the transplantation of
foreign corneal allografts, enjoys an extremely high success rate (>90%) even
in the absence of systemic immunomodulation. This rate compares favorably
to the transplantation rates of other donor tissues. The mechanisms of corneal
graft survival have been attributed to immune privilege. In experimental mod-
els, factors contributing to rejection include the following:

» presence of central corneal vascularization

+ induction of MHC molecule expression by the stroma, which is normally
quite low

» contamination of the donor graft with donor-derived APCs prior to
transplantation

« MHC disparity between the host and the donor

« preimmunization of the recipient to donor transplantation antigens

In addition, loss of immunoregulatory systems of the anterior chamber can
apparently influence corneal allograft immunity, and the expression of FasL on
corneal endothelium has been observed to greatly influence allograft protec-
tion. Rapid replacement of donor epithelium by host epithelium removes this
layer as an antigenic stimulus. Once activated, however, antibody-dependent
DH and CTL-related mechanisms can target transplantation antigens in all cor-
neal layers.

Streilein JW. Regulation of ocular immune responses. Eye. 1997;11:171-175.
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Immune Responses of the Retina, RPE, Choriocapillaris,
and Choroid

Features of the Inmunologic Microenvironment

The immunologic microenvironments of the retina, RPE, choriocapillaris, and choroid
have not been well described. The retinal circulation demonstrates a blood-ocular bar-
rier at the level of tight junctions between adjacent endothelial cells. The vessels of the
choriocapillaris are highly permeable to macromolecules and allow transudation of most
plasma macromolecules into the extravascular spaces of the choroid and choriocapillaris.
The tight junctions between the RPE cells probably provide the true physiologic barrier
between the choroid and the retina. Well-developed lymphatics are absent, although both
the retina and the choroid have abundant potential APCs. In the retina, resident microglia
(bone marrow-derived cells related to monocytes) are interspersed within all layers and
can undergo physical changes and migration in response to various stimuli. The chorio-
capillaris and choroid are richly invested with certain potential APCs, especially macro-
phages and dendritic cells.

RPE can be induced to express class II major histocompatibility complex (MHC) mole-
cules, suggesting that RPE may also interact with T lymphocytes. The presence of T lym-
phocytes or B lymphocytes within the normal posterior segment has not been carefully
addressed, but effector cells appear to be absent from the normal retina. The density of
mast cells is moderate in the choroid, especially around the arterioles, but lymphocytes are
present only in very low density. Eosinophils and neutrophils appear to be absent. Under
various clinical or experimental conditions, however, high densities of T lymphocytes,
B lymphocytes, macrophages, and neutrophils can infiltrate the choroid, choriocapillaris,
and retina. The RPE and various cell types within the retina and the choroid (eg, peri-
cytes) can synthesize many different cytokines (eg, TGF-p) that may alter the subsequent

immune response. Local immune processing does not appear to occur. See also BCSC
Section 12, Retina and Vitreous.

Streilein JW, Ma N, Wenkel H, Ng TF, Zamiri P. Inmunobiology and privilege of neuronal
retina and pigment epithelium transplants. Vision Res. 2002;42:487-495.

Wenkel H, Streilein JW. Evidence that retinal pigment epithelium functions as an immune-
privileged tissue. Invest Ophthalmol Vis Sci. 2000;41:3467-3473.

Immunoregulatory Systems

Recently, it has been demonstrated that a form of immune privilege is present after sub-
retinal injection of antigen. The mechanism is unclear but is probably similar to ACAID.
This observation may be important because of growing interest in retinal transplantation
and gene therapy. (See Clinical Examples 3-4.) The capacity of the choriocapillaris and

choroid to function as unique environments for the afferent or effector phases has not yet
been evaluated.

Stein-Streilein J, Streilein JW. Anterior chamber-associated immune deviation (ACAID): regu-
lation, biological relevance, and implications for therapy. Int Rev Immunol. 2002;21:123-152.
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CLINICAL EXAMPLES 3-4

Retinal transplantation Transplantation of retina or RPE is being investi-
gated as a method for regenerating retinal function in various disorders. In
experimental animals, subretinal transplantation of fetal retinal tissue or vari-
ous kinds of RPE allografts often show longer survival than the same grafts
implanted elsewhere, even without systemic immunomodulation. The afferent
phase recognition of alloantigens is likely performed by retinal microglia or
recruited blood-derived macrophages from the choriocapillaris.

The subretinal cytokine environment remains unknown because trans-
plantation is performed in the setting of retinal diseases, such as retinitis pig-
mentosa or macular degeneration, in which the blood-retina barrier is altered
and retinal cell/RPE injury is present. However, injured RPE can still synthesize
either immunomodulatory or inflammatory cytokines. The site of immune pro-
cessing is unknown, but the spleen or some other secondary compartment
outside of the eye is probably involved. When rejection does occur, the effector
mechanisms are also unclear. In mice with fetal retinal grafts, immune rejec-
tion occurs by an unusual, slowly progressive cytotoxic mechanism not involv-
ing typical antibody-mediated cytolysis or DH T lymphocytes. In humans and
nonhuman primates, rejection of RPE allografts has occurred in both subacute
and chronic forms.

Retinal gene therapy Retinal gene therapy is the therapeutic use of inten-
tional transfection of photoreceptors or RPE with a replication-defective virus
that has been genetically altered to carry a replacement gene of choice. This
gene becomes expressed in any cell infected by the virus. Immune clearance
of the virus has been shown to cause loss of expression of the transferred gene
in other body sites. If immune privilege protects the viral vector or the protein
synthesized by the transferred gene from immune clearance, then subretinal
gene therapy might enjoy greater success in the eye than elsewhere. This topic
is currently under intense investigation.
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Mechanisms of Immune
Effector Reactivity

Immunologists have long been fascinated with all 3 phases of the adaptive immune
response, as well as related issues such as developmental biology and the ontogeny of lym-
phoid precursors. From the clinician’s perspective, however, the effector phase is the most
important aspect of both innate and adaptive immune responses, because patients who
present with inflammation presumably have already experienced the afferent and process-
ing phases of adaptive immunity or they are in the midst of the triggering mechanisms of
innate immunity. In the following discussion, immune effector responses are subdivided
into 3 categories:

1. innate immune effector responses: bacterial triggers, nonspecific effector molecules,
neutrophil activation, macrophage activation

2. adaptive immune effector responses: antibody-dependent responses, lymphocyte-
dependent responses, combination antibody/cellular responses

3. amplification mechanisms relevant to both immune responses: inflammatory media-
tors, cytokines, related topics

Effector Reactivities of Innate Immunity

Whereas adaptive immune responses use a complex afferent and processing system to
activate effector responses, innate immune responses generally use more direct triggering
mechanisms. Four of the most important triggering or response mechanisms to initiate an
effector response of innate immunity are reviewed here (Table 4-1).

Bacteria-Derived Molecules That Trigger Innate Immunity

Bacterial lipopolysaccharide

Bacterial lipopolysaccharide (LPS), also known as endotoxin, is an intrinsic component of
most gram-negative bacterial cell walls. One of the most important triggering molecules
of innate immunity, LPS consists of 3 components:

1. lipid A
2. lipopolysaccharide
3. aprotein core

43
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Table 4-1 Effector Reactivities of the Innate Inmune Response in the Eye

Bacteria-derived molecules that trigger innate immunity
Lipopolysaccharide (LPS)
Other cell wall components
Exotoxins and secreted toxins

Nonspecific soluble molecules that trigger or modulate innate immunity
Plasma-derived enzymes
Acute phase reactants
Local production of cytokines by parenchymal cells within a tissue site
Innate mechanisms for recruitment and activation of neutrophils
Cell adhesion and transmigration
Activation mechanisms
Phagocytosis of bacteria
Innate mechanisms for recruitment and activation of macrophages
Cell adhesion and transmigration
Activation mechanisms
Scavenging
Priming
Activation

Lipid A is responsible for most of the inflammatory effects of LPS.

LPS is an important cause of morbidity and mortality during infections with gram-
negative bacteria and is the major cause of shock, fever, and other pathophysiologic
responses to bacterial sepsis. The pleiotropic effects of LPS include activation of mono-
cytes and neutrophils, leading to upregulation of genes for various cytokines (IL-1, IL-6,
tumor necrosis factor [TNF]); degranulation; activation of complement through the
alternative pathway; and direct impact on vascular endothelium. The cellular effects
of LPS are the result of interactions with specific cell receptors, such as CD18/CR3, an
LPS scavenger receptor on macrophages and lymphocytes. In addition, a circulating
LPS-binding protein has been identified. Binding by the LPS-binding protein complex
with the CD14 molecule on the macrophage surface leads to activation. See Clinical
Examples 4-1 and 4-2.

Other bacterial cell wall components
The bacterial cell wall and membrane are complex, with numerous polysaccharide, lipid,

and protein structures that can initiate the innate immune response whether or not they
act as antigens for adaptive immunity. Such toxins may include

« muramyl dipeptide

« lipoteichoic acids, in gram-positive bacteria

« lipoarabinomannan, in mycobacteria

« other poorly characterized soluble factors, such as heat shock proteins, common to
all bacteria

Killed lysates of many types of gram-positive bacteria or mycobacteria have been
demonstrated to directly activate macrophages, making them useful as adjuvants. Some
of these components have been implicated in various models for arthritis and uveitis. In
many cases, the molecular mechanisms are probably similar to LPS.
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CLINICAL EXAMPLE 4-1

Lipopolysaccharide-induced uveitis Humans are intermittently exposed to
low doses of LPS that are released from the gut, especially during episodes
of diarrhea and dysentery, and exposure to LPS may play a role in dysentery-
related uveitis, arthritis, and Reiter syndrome. Systemic administration of a
low dose of LPS in rabbits, rats, and mice produces a mild acute uveitis; this
effect occurs at doses of LPS lower than those that cause apparent systemic
shock. In rabbits, a breakdown of the blood-ocular barrier occurs because of
leakage of plasma proteins through uveal vessels and loosening of the tight
junctions between the nonpigmented ciliary epithelial cells. Rats and mice
develop an acute neutrophil and monocytic infiltrate in the iris and ciliary body
within 24 hours.

The precise mechanism of LPS-induced ocular effects after systemic admin-
istration is unknown. One possibility is that LPS circulates and binds to the
vascular endothelium or other sites within the anterior uvea. Alternatively, LPS
might cause activation of uveal macrophages or circulating leukocytes, lead-
ing them to preferentially adhere to the anterior uveal vascular endothelium.
It is clear that TLR2, a toll-like receptor, recognizes LPS, and binding of LPS
by TLR2 on macrophages results in macrophage activation and secretion of a
wide array of inflammatory cytokines. Degranulation of platelets is among the
first of histologic changes in LPS uveitis, probably mediated by eicosanoids,
platelet-activating factors, and vasoactive amines. The subsequent intraocular
generation of several mediators, especially leukotriene B,, thromboxane B,,
prostaglandin E,, and IL-6, correlates with the development of the cellular infil-
trate and vascular leakage.

Not surprisingly, direct injection of LPS into various ocular sites can initiate a
severe localized inflammatory response. For example, intravitreal injection of
LPS triggers a dose-dependent infiltration of the uveal tract, retina, and vitre-
ous with neutrophils and monocytes. Injection of LPS into the central cornea
causes development of a ring infiltrate as a result of the infiltration of neutro-
phils circumferentially from the limbus.

Exotoxins and other secretory products of bacteria

Various bacteria are known to secrete products such as exotoxins into the microenvi-
ronment in which the bacterium is growing. Many of these products are enzymes that,
although not directly inflammatory, can cause tissue damage that subsequently results in
inflammation. Examples include

« collagenases

« hemolysins such as streptolysin O, which can kill neutrophils by causing cytoplas-
mic and extracellular release of their granules

« phospholipases such as the Clostridium perfringens a-toxins, which kill cells and
cause necrosis by disrupting cell membranes

Intravitreal injection of a cytolytic toxin derived from Bacillus cereus can cause direct
necrosis of retinal cells. In addition, the metabolic by-products of bacterial physiology can
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CLINICAL EXAMPLE 4-2

Role of bacterial toxin production and severity of endophthalmitis The
effect of toxin production by various bacterial strains on the severity of endoph-
thalmitis has recently been evaluated in experimental studies. It has been
known for nearly a century that intraocular injection of LPS is highly inflam-
matory and accounts for much of the enhanced pathogenicity of gram-nega-
tive infections of the eye. Using clinical isolates or bacteria genetically altered
to diminish production of the various types of bacterial toxins, investigators
have recently demonstrated that toxin elaboration by the living organism in
gram-positive or -negative endophthalmitis greatly influences inflammatory
cell infiltration and retinal cytotoxicity. This research suggests that steriliza-
tion with antibiotic therapy alone, in the absence of antitoxin therapy, may not
prevent activation of innate immunity, ocular inflammation, and vision loss in
eyes infected by toxin-producing strains.

Booth MC, Atkuri RV, Gilmore MS. Toxin production contributes to severity of
Staphylococcus aureus endophthalmitis. In: Nussenblatt RB, Whitcup SM,
Caspi RR, et al, eds. Advances in Ocular Inmunology: Proceedings of the 6th
International Symposium on the Immunology and Immunopathology of the
Eye. New York: Elsevier; 1994:269-272.

Jett BD, Parke DW 2nd, Booth MC, Gilmore MS. Host/parasite interactions in
bacterial endophthalmitis. Zentralbl Bakteriol. 1997;285:341-367.

result in nonspecific tissue alterations that predispose to inflammation, such as altered
tissue pH.

Some bacteria secrete small formyl peptide molecules related to the tripeptide N-for-
mylmethionylleucylphenylalanine (FMLP). These formyl peptides are potent triggering
stimuli for innate immunity. FMLP interacts with specific receptors on leukocytes, result-
ing in their recruitment into the site. In vitro FMLP activates neutrophils, causes degran-
ulation, and stimulates chemotaxis. Injection of FMLP into the cornea, conjunctiva, or
vitreous produces infiltration with neutrophils and monocytes, which can be prevented

by pretreatment with corticosteroids, cyclooxygenase (COX) inhibitors, and competitive
inhibitors of FMLP.

Gallin JI, Snyderman R, eds. Inflammation: Basic Principles and Clinical Correlates. 3rd ed.
Philadelphia: Lippincott Williams & Wilkins; 1999.
Medzhitov R, Janeway C. Innate immunity. N Engl ] Med. 2000;343:338-344.

Other Triggers or Modulators of Innate Immunity

As discussed in earlier chapters, the adaptive immune response employs 1 main family of
soluble effector molecules: antibodies specific for antigen. Although no similar mecha-
nism exists for innate immunity, various nonspecific soluble protein molecules are used by
the innate immune response.

Plasma-derived enzyme systems, especially complement, are discussed later in
the chapter under amplification systems because they are effector molecules used to
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amplify inflammation for both innate and adaptive immunity. However, it is impor-
tant to emphasize that complement, especially when activated through the alternative
pathway, is a major effector molecule for innate immunity. Thus, stimuli that activate
the alternative pathway, such as microbial cell walls, plastic surfaces of IOLs, or trau-
matized tissues, are potential triggering mechanisms of innate immunity. See Clinical
Example 4-3.

Another important family of molecules for innate immunity is the group of acute-
phase reactants, such as C-reactive protein and a,-macroglobulin. Although generally
synthesized by the liver and released into blood, many of these molecules are also made
by macrophages or produced locally in tissues. o,-Macroglobulin is especially interesting.
It is a natural scavenging molecule, capable of binding various types of proteins and sub-
stances, presumably for clearance from the host. a,-Macroglobulin is present in aqueous
humor during uveitis and is synthesized by various ocular parenchymal cells of the eye as
well. Enzyme systems in tears, such as lysozyme and lactoferrin, also play a role in ocular
surface defenses.

Finally, various traumatic or toxic stimuli within ocular sites can trigger innate immu-
nity. For example, trauma or toxins interacting directly with nonimmune ocular paren-
chymal cells, especially iris or ciliary body epithelium, retinal pigment epithelium, retinal
Miiller cells, or corneal or conjunctival epithelium, can result in a wide range of mediator,
cytokine, and eicosanoid synthesis (see Table 4-7 later in the chapter), and this mecha-
nism probably should be considered a form of innate immunity. Thus, phagocytosis of

CLINICAL EXAMPLE 4-3

Uveitis-glaucoma-hyphema syndrome One cause of postoperative inflam-
mation following cataract surgery, uveitis-glaucoma-hyphema (UGH) syn-
drome is related to the physical presence of certain intraocular lens (IOL)
styles. Although UGH syndrome was more common when rigid anterior
chamber lenses were used during the early 1980s, it has also been reported
with posterior chamber lenses. The pathogenesis of UGH syndrome appears
to be related to various mechanisms for activation of innate immunity. One
of the most likely mechanisms is cytokine and eicosanoid synthesis triggered
by mechanical chafing or trauma to the iris or ciliary body. Plasma-derived
enzymes, especially complement or fibrin, can enter the eye through vascu-
lar permeability altered by surgery or trauma and can then be activated by
the surface of 10Ls, especially those composed of polymethylmethacrylate
(PMMA). Adherence of bacteria and leukocytes to the surface has also been
implicated. Toxicity caused by contaminants on the lens surface during manu-
facturing has become rare. Recent research suggests that surface modifica-
tion of I0Ls, such as coating with heparin, might diminish the capacity of IOL
materials to activate innate immune effector mechanisms. Nevertheless, even
many noninflamed eyes with IOLs can demonstrate histologic evidence of low-
grade foreign-body reactions around the haptics.

Pepose JS, Holland GN, Wilhelmus KR, eds. Ocular Infection and Immunity. St
Louis: Mosby; 1996.
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staphylococcus by corneal epithelium, microtrauma to ocular surface epithelium by con-
tact lenses, chafing of iris or ciliary epithelium by an IOL, or laser treatment of the retina
can stimulate ocular cells to produce mediators that assist in the recruitment of innate
effector cells such as neutrophils or macrophages.

Innate Mechanisms for the Recruitment and Activation of Neutrophils

Neutrophils are among the most efficient effectors of innate immunity following trauma or
acute infection. Neutrophils are categorized as either resting or activated, based on secre-
tory and cell membrane activity. Cellular recruitment of resting, circulating neutrophils

by the innate immune response occurs rapidly in a tightly controlled process requiring 2
main mechanisms:

1. neutrophil adhesion to the vascular endothelium through cell-adhesion molecules
(CAMs) on leukocytes as well as on endothelial cells in postcapillary venules

2. transmigration of the neutrophils through the endothelium and its extracellular
matrix, mediated by various chemotactic factors

For resting neutrophils to escape from blood vessels, an essential adhesion with acti-
vated vascular endothelial cells must occur; this is triggered by various innate stimuli,
such as LPS, physical injury, thrombin, histamine, or leukotriene release, as well as other
agonists.

The initial phase involves neutrophil rolling, a process by which neutrophils bind
loosely but reversibly to nonactivated endothelial cells (Fig 4-1). Involved are molecules
on both cell types belonging to at least 3 sets of CAM families:

1. the selectins, especially L-, P-, and E-selectin

2. the integrins, especially leukocyte function-associated antigen 1 (LFA-1) and
Mac-1

3. molecules in the immunoglobulin (Ig) superfamily, especially intercellular adhe-
sion molecule 1 (ICAM-1) and ICAM-2

The primary events are mediated largely by members of the selectin family and occur
within minutes of stimulation. The ligands for selectin molecules are as yet poorly charac-
terized oligosaccharides found in the cell membranes. Nonactivated neutrophils express
L-selectin, which mediates a weak bond to endothelial cells. Upon exposure to the acti-
vating factors just mentioned, endothelial cells become activated, expressing in turn at
least 2 other selectins (E and P) by which they can bind to the neutrophils and help sta-
bilize the interaction by a process called adhesion. Subsequently, other factors, such as
platelet-activating factor (PAF), various cytokines, and bacterial products, can induce the
upregulation of the B-integrin family. As integrins are expressed, the selectins are shed,
and neutrophils then bind firmly to endothelial cells through the immunoglobulin super-
family molecules.

Subsequent to adhesion, various chemotactic factors are required to induce trans-
migration of neutrophils across the endothelial barrier and extracellular matrix into
the tissue site. Chemotactic factors are short-range signaling molecules that diffuse in a
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Figure 4-1 Four steps of neutrophil migration and activation. 1, In response to innate stimuli,
such as bacterial invasion of tissue, rolling neutrophils within the blood vessel bind loosely but
reversibly to nonactivated endothelial cells by selectins. 2, Exposure to innate activating fac-
tors and bacterial products (dotted arrow) activates endothelial cells, which in turn express
E- and P-selectins, g-integrins, and immunoglobulin superfamily molecules to enhance and
stabilize the interaction by a process called adhesion. 3, Chemotactic factors triggered by the
infection induce transmigration of neutrophils across the endothelial barrier into the extracel-
lular matrix of the tissue. 4, Finally, neutrophils are fully activated into functional effector cells
upon stimulation by bacterial toxins and phagocytosis. (liustration by Barb Cousins, modified by Joyce
Zavarro.)

declining concentration gradient from the source of production within a tissue to the ves-
sel itself. Neutrophils have receptors for these molecules, and they are induced to undergo
membrane changes so they can migrate in the direction of highest concentration. A large
number of such factors have been identified:

« complement products (C5a)

« fibrin split products

« certain neuropeptides, such as substance P

« bacteria-derived formyl tripeptides, such as FMLP
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« leukotrienes
« a-chemokines, such as IL-8
« many others

Another function of certain chemotactic factors is that they may also enhance
endothelial cell activation to upregulate CAM and to synthesize additional chemotactic
factors.

Activation of neutrophils into functional effector cells begins during adhesion and
transmigration but is fully exploited upon interaction with specific signals within the
injured or infected site. Perhaps the most effective triggers of activation are bacteria and
their toxins, especially LPS. Other innate or adaptive mechanisms (especially comple-
ment) and chemical mediators (such as leukotrienes and PAF) can also contribute to neu-

trophil activation. Unlike monocytes or lymphocytes, neutrophils do not leave a tissue to
recirculate but remain and die.

Phagocytosis

Phagocytosis of bacteria and other pathogens is a selective receptor-mediated process, and
the 2 most important receptors are the antibody Fc receptors and the complement receptors.
Thus, those pathogens in complexes with antibody or with activated complement compo-
nents are specifically bound to the cell-surface membrane-expressed Fc or complement
(C) receptors and are effectively ingested. Other, less well characterized receptors may also
mediate attachment to phagocytes. Particle ingestion is an energy-requiring process that
is modulated by several biochemical events within the cells. Concomitant processes that
occur in the cells during ingestion include

« membrane synthesis

lysosomal enzyme synthesis

« generation of metabolic products of oxygen and nitrogen

« migration of the various types of granules toward the phagosome

Ultimately, several granules fuse with the phagosomes, a process that may occur
prior to complete invagination, spilling certain granule contents outside of the phago-
cyte. Phagocytes are endowed with multiple means of destroying microorganisms, espe-
cially antimicrobial polypeptides that reside within cytoplasmic granules, reactive oxygen
radicals generated from oxygen during the respiratory burst, and reactive nitrogen radi-
cals, which are discussed later in this chapter. Although these mechanisms are primarily
designed to destroy pathogens, released contents such as lysosomal enzymes may contrib-
ute to the amplification of inflammation and tissue damage.

Innate Mechanisms for the Recruitment and Activation of Macrophages

Monocyte-derived macrophages are the second important type of effector cell for the
innate immune response following trauma or acute infection. The various molecules
involved in monocyte adhesion and transmigration from blood into tissues are probably
similar to those discussed with neutrophils, although they have not been studied as thor-
oughly. However, the functional activation of macrophages is more complex. Macrophages
exist in different levels or stages of metabolic and functional activity, each representing
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different “programs” of gene activation and synthesis of macrophage-derived cytokines
and mediators:

« resting (immature or quiescent)

o primed

« activated

A fourth category of macrophages, often called stimulated, reparative, or inflamma-
tory, is used by some authorities to refer to those macrophages that are not quite fully
activated. This multilevel model is clearly oversimplified, but it does provide a framework
for conceptualizing different levels of macrophage activation in terms of acute inflamma-
tion (Fig 4-2).
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Figure 4-2 Schematic representation of macrophage activation pathway. Classically, resting
monocytes are thought to be the principal noninflammatory scavenging phagocyte. 1, Upon
exposure to low levels of interferon+y from T lymphocytes, monocytes become primed, upreg-
ulating class Il major histocompatibility complex molecules and performing other functions.
Primed monocytes function in antigen presentation. 2, Fully activated macrophages, after
exposure to bacterial lipopolysaccharide and interferon, are tumoricidal and bactericidal and
mediate severe inflammation. 3, Stimulated monocytes are incompletely activated, producing
low levels of cytokines and eicosanoids but not reactive oxygen intermediates. These cells
participate in wound healing, angiogenesis, and low-level inflammatory reactions. (iustration by
Barb Cousins, modified by Joyce Zavarro.)
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Resting and scavenging macrophages

Host cell debris is cleared from a tissue site by phagocytosis in a process called scavenging.

Resting macrophages are the classic scavenging cell, capable of phagocytosis and uptake
of the following:

« dead cell membranes, by recognition of phosphatidyl serine

« chemically modified extracellular protein, through acetylated or oxidized lipo-
proteins

« sugar ligands, through mannose receptors

« naked nucleic acids as well as bacterial pathogens

Resting monocytes express scavenging receptors of at least 3 types but synthesize very
low levels of proinflammatory cytokines. In general, scavenging can occur in the absence
of inflammation. See Clinical Example 4-4.

Primed macrophages

Resting macrophages become primed by exposure to certain cytokines. Upon priming,
these cells become positive for major histocompatibility complex (MHC) class II antigen
and capable of functioning as antigen-presenting cells (APCs) to T lymphocytes. Prim-
ing implies activation of specialized lysosomal enzymes such as cathepsins D and E for
degrading proteins into peptide fragments, upregulation of certain specific genes, such
as class II MHC, and costimulatory molecules, such as B7.1, and increased cycling of
proteins between endosomes and the surface membrane. Prototypically, primed macro-
phages resemble dendritic cells. They can exit tissue sites by the afferent lymphatics to
reenter the lymph node. Classically, T-lymphocyte-derived IFN-y was thought to be the
most important priming signal. It is now known, however, that many cytokines not neces-
sarily of T-lymphocyte origin can also prime macrophages, and the cellular response to
the priming stimulus has tissue-specific variations.

CLINICAL EXAMPLE 4-4

Phacolytic glaucoma Mild infiltration of scavenging macrophages centered
around retained lens cortex or nucleus fragments occurs in nearly all eyes
with lens injury, including those subjected to routine cataract surgery. This
infiltrate is notable for the absence of both prominent neutrophil infiltration
and significant nongranulomatous inflammation. An occasional giant cell may
be present, but granulomatous changes are not extensive.

Phacolytic glaucoma is a variant of scavenging macrophage infiltration in
which glaucoma occurs in the setting of a hypermature cataract that leaks lens
protein through an intact capsule. Lens protein-engorged scavenging macro-
phages are present in the anterior chamber, and glaucoma develops as these
cells block the trabecular meshwork outflow channels. Other signs of typical
lens-associated uveitis are conspicuously absent. Experimental studies sug-
gest that lens proteins may be chemotactic stimuli for monocytes.
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Activated and stimulated macrophages

Activated macrophages are classically defined as macrophages producing the full spec-
trum of inflammatory and cytotoxic cytokines; thus, they are the cells that mediate and
amplify acute inflammation (delayed hypersensitivity [DH]), tumor killing, and major
antibacterial activity. Epithelioid cells and giant cells represent the terminal differentiation
of the activated macrophage. Activated macrophages synthesize numerous mediators to
amplify inflammation:

« inflammatory or cytotoxic cytokines, such as IL-1, IL-6, TNF-a
« reactive oxygen or nitrogen intermediates

« lipid mediators

« other products

See Clinical Example 4-5.

Traditionally, full activation was observed to require stimulation by 2 signals: IFN-y
from DH T lymphocytes and LPS from gram-negative bacteria. However, the level of mac-
rophage activation can vary tremendously and can be regulated much more precisely than
is implied by the monolithic term activated.

It is now thought that macrophages can be partially activated by many different innate
stimuli, such as

« cytokines not derived from T lymphocytes, such as the chemokines

« bacterial cell walls or toxins from gram-positive or acid-fast organisms

« complement activated through the alternative pathway

« foreign bodies composed of potentially toxic substances, such as talc or beryllium
« exposure to certain surfaces, such as some plastics

CLINICAL EXAMPLE 4-5

Propionibacterium acnes endophthalmitis Infection of the capsular bag
and residual lens material with the anaerobic organism P acnes has been
found to cause some cases of chronic postoperative uveitis after cataract sur-
gery and IOL implantation. This bacterium, presumably introduced at the time
of surgery, replicates very slowly and fails to produce a significant purulent
infection. Thus, the initial infection is noninflammatory and clinically inappar-
ent. However, some clinical event, such as additional surgery with the Nd:YAG
laser or other unknown trigger, results in inflammation apparently related to
enhanced replication or release of the bacterium. Granulomatous inflammation
ultimately develops that spreads to involve the residual lens and vitreous.

No clear explanation for the pattern of inflammation in the P acnes syndrome
is presently known. Some investigators speculate that the infective plaque of
organisms is growing, initially, within an anaerobic environment formed by a
sequestered pocket of capsular flap and IOL, and the bacteria are thus isolated
from the immune response. After release of the toxins, especially cell wall
components, macrophages are directly activated through innate immunity to
initiate a subacute inflammatory reaction. Activated macrophages then pro-
duce mediators and cytokines that amplify the inflammation.
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Thus, macrophages that are partially activated to produce some inflammatory
cytokines—but perhaps not fully activated to antimicrobial or tumoricidal function—are
sometimes termed stimulated or reparative macrophages. Such partially activated macro-
phages also contribute to fibrosis and wound healing through the synthesis of mitogens
such as platelet-derived growth factors, metalloproteinases, and other matrix degradation

factors and to angiogenesis through synthesis of angiogenic factors such as vascular endo-
thelial growth factor.

Effector Reactivities of Adaptive Immunity

Although most adaptive (or innate) immune responses are protective and occur subclini-
cally, when adaptive immune responses do cause inflammation, these responses have
classically been called immune hypersensitivity reactions. The traditional classification for
describing the 4 mechanisms of adaptive immune-triggered inflammatory responses—
namely, anaphylactoid, cytotoxic antibodies, immune complex reactions, and cell-
mediated—was elaborated by Coombs and Gell in 1962, and a fifth category, stimulatory
hypersensitivity, was added later (Table 4-2). Although this system is still useful, it was
developed before T lymphocytes had been discovered, in a time when understanding was
limited to antibody-triggered mechanisms. In addition, it is unlikely that any effector
mechanism in a disease process is purely 1 type. For example, all antibody-dependent
mechanisms require a processing phase using helper T lymphocytes, which may also
contribute to effector responses. Finally, the term hypersensitivity may obscure the con-
cept that many of these same mechanisms are often protective and noninflammatory.
Thus, in some ways, this traditional classification is inadequate. This discussion intro-
duces an expanded classification system that incorporates modern concepts for immune

effector reactivities and, when appropriate, points out where the classic Coombs and Gell
system applies (Table 4-3).

Delves PJ, Martin S, Burton D, Roitt IM. Roitt’s Essential Immunology. 11th ed. Malden, MA:
Blackwell; 2006.

Goldsby RA, Kindt TJ, Osborne BA, Kuby J. Immunology. 5th ed. New York: W.H. Freeman;
2003.

Male DK, Cooke A, Owen M, et al. Advanced Immunology. 3rd ed. St Louis: Mosby; 1996.

Table 4-2 Types of Hypersensitivity (Coombs and Gell)

Type | Anaphylactoid

Type Il Cytotoxic antibodies

Type Il Immune complex reactions
Type IV Cell-mediated

Type V Stimulatory
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Table 4-3 Effector Reactivities of the Adaptive Immune Response in the Eye

e s S

Predominantly antibody-mediated soluble effectors
Intravascular circulating antibodies that form circulating immune complexes with bloodborne
antigen (Type Ill)
Passive leakage of antibody into a tissue followed by complex formation with tissue-bound
antigen causing
Complement-mediated cell lysis (Type Il)
Complement activation with inflammation (a variant of Type Ill)
Novel cytotoxic mechanisms
Stimulation of cell activities (Type V)
Local infiltration of circulating B cells into a tissue with local secretion of antibody and other cell
activities (a variant of Type Ill)
Predominantly lymphocyte-mediated (cellular) effectors
Delayed hypersensitivity T cells (Type V)
Th1 type of delayed hypersensitivity
Th2 type of delayed hypersensitivity
Cytotoxic lymphocytes
Cytotoxic T lymphocytes
Natural killer cells
Lymphokine-activated killer cells
Combined antibody and cellular effector mechanisms
Antibody-dependent cellular cytotoxicity (ADCC) with killer cells or macrophages
Acute IgE-mediated mast-cell degranulation (Type I)
Chronic mast-cell degranulation and Th2-delayed hypersensitivity

Antibody-Mediated Immune Effector Responses
Structural and functional properties of antibody molecules

Structural features of immunoglobulins Five major classes (M, G, A, E, and D) of immu-
noglobulin exist in 9 different subclasses, or isotypes (IgG1, IgG2, IgG3, 1gG4, IgM, IgAl,
IgA2, IgE, and IgD). The basic immunoglobulin structure is composed of 4 covalently
bonded glycoprotein chains that form a monomer of approximately 150,000-180,000 dal-
tons (Fig 4-3). This monomer is about 2% to 3 times the size of albumin. Each antibody
monomer contains 2 identical light chains, either kappa (k) or lambda ()), and 2 identical
heavy chains from 1 of the 9 structurally distinct subclasses of immunoglobulins. Thus,
the heavy chain type defines the specific isotype (Table 4-4). IgM can form pentamers or
hexamers in vivo, and IgA can form dimers in secretions, so the molecular size of these
2 classes in vivo is much larger than those of the others.

Each monomer has analogous regions called domains. Certain domains carry
out specific functions of the antibody molecule. In particular, the Fab region on each
molecule contains the antigen recognition/combining domain, called the hypervari-
able region. The opposite end of the molecule, on the heavy chain portion, contains the
attachment site for effector cells (Fc portion); it also contains the site of other effector
functions, such as complement activation (eg, as for IgG3) or binding to the secretory
component so it can be transported through epithelia and secreted into tears (eg, as for
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Figure 4-3 Schematic representation of an immunoglobulin molecule. The solid lines indicate
the identical 2 heavy chains; the open lines indicate the identical light chains; -s-s- indicates
intra- and interchain covalent disulfide bonds. (Reprinted with permission from Dorland's lllustrated Medical
Dictionary. 28th ed. Philadelphia: Saunders; 1994:824.)

IgA). Table 4-4 summarizes the important structural differences among immunoglobu-
lin isotypes.

Functional properties of immunoglobulins The immunoglobulin isotypes do not all medi-
ate the effector functions of antibody activity equally. For example, human IgM and IgG3
are good complement activators, but IgG4 is not. Only IgA1 and IgA2 can bind secretory
component and thus be actively passed into mucosal secretions after transport through
the epithelial cell from the subepithelial location, where they are synthesized by B lym-
phocytes. Other isotypes must remain in the subepithelial tissue. A partial list of isotype-
specific functions is included in Table 4-4. The importance of these differences is that
2 antibodies with the identical capacity to bind to an antigen, but of different isotype, will
have different effector and inflammatory outcomes.

Terminology

Various regions of an antibody can themselves be antigenic. These antigenic sites are
called idiotopes, as distinguished from epitopes, the antigenic sites on foreign molecules.
Antibodies to idiotopes are called idiotypes. Anti-idiotypic antibodies might be important
feedback mechanisms for immune regulation.

The concept of monoclonal antibodies has become very important in research and
diagnostic medicine. After immunization with a particular antigen, a high frequency of
B lymphocytes producing antibodies specific for that antigen will be present in the spleen
or lymph nodes. Although 1 B lymphocyte synthesizes antibody of 1 antigenic specific-
ity, different B lymphocytes responding to different epitopes of the same antigen produce
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specific antibodies to each different epitope. The population of all antigen-specific anti-
bodies to the various epitopes is termed polyclonal, as these antibodies derive from differ-
ent B lymphocyte clones or progeny from 1 initial parental B lymphocyte, each producing
antibodies of different specificities.

Myeloma cells are immortal tumor cells that have the cellular machinery for producing
an unlimited amount of 1 antibody without additional helper stimulation by T lymphocytes,
antigen, or cytokines. If activated B lymphocytes from an immunized host and myeloma cells
are fused by various laboratory manipulations, then a population of hybridomas is formed.
Each hybridoma makes an unlimited amount of the original lymphocyte’s single antibody, yet
it is immortal and therefore easy to grow and care for in the laboratory. Thus, the antibody is
monoclonal, because it represents the product of 1 specific parental B lymphocyte fused to the
myeloma tumor. The population of hybridomas produced by this fusion can be screened for
selection of the ones that may be synthesizing the monoclonal antibody of interest.

Intravascular circulating antibodies that form circulating immune
complexes with bloodborne antigen
Systemic release of antibody into the circulation or into external secretions occurs fre-

quently after immunization, and antibody interactions with antigen solubilized in plasma
or secretions are important effector mechanisms in this setting (Fig 4-4).

CYTOLYSIS

Figure 4-4 Schematic representation of the 4 most important antibody effector mechanisms
in the blood. Neutralization: When an antibody combines with a live pathogen, it neutralizes
the ability of the pathogen to bind to most cell receptors. Opsonization: When an antibody
coats a soluble antigen or pathogen in blood, the antibody enhances clearance by macro-
phages or similar cells in the liver or spleen. Cytolysis: Antibodies can coat cells and acti-
vate complement, which can result in cytolysis via formation of porelike membrane attack
complexes (MACs). Immune complex deposition occurs when soluble antibody-antigen com-

plexes deposit on tissues, resulting in complement activation and inflammation. (iustration by
Barb Cousins, modified by Joyce Zavarro.)
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Neutralization, opsonization, and agglutinization When antibody combines with a live patho-
gen such as a virus or bacteria, it can block, or neutralize, the ability of the pathogen to
bind to host cell receptors, thereby preventing infection of host cells. This process can occur
in the blood or in external secretions such as tears. The role of this process in preventing
reinfection with adenovirus is discussed in Clinical Example 3-1, Immune response to viral
conjunctivitis, in Chapter 3. When an antibody coats a soluble pathogen or antigen in blood,
the antibody can enhance phagocytosis or reticuloendothelial clearance by macrophage-like
cells in the spleen or liver in a process called opsonization. Opsonization is usually facilitated
by Fc receptor recognition by the phagocyte. In some cases, such as in certain bacterial cell
wall antigens, an antigen contains multiple identical antigenic sites on 1 molecule so more
than 1 antibody can bind each molecule. In these cases, the antibody/antigen complex may
agglutinize, causing the complex to precipitate out of solution.

Deposition of circulating soluble immune complexes Usually, when antigen is soluble
within blood, as during viremia or bacteremia, soluble immune complexes formed
between antigen and antibody bind to erythrocytes and are efficiently removed from the
circulation, then cleared by the reticuloendothelial system. However, in some cases, solu-
ble immune complexes can passively deposit within the blood vessels, kidneys, and other
vascular structures, usually facilitated by predisposing stimuli that cause altered vascular
permeability (eg, mast-cell degranulation). This mechanism must be differentiated from
the in situ formation of immune complexes within a tissue, which is discussed next. Tis-
sue deposition of circulating immune complexes can trigger an inflammatory response by
activating complement, one variant of Coombs and Gell Type III.

The classic clinical setting in which circulating immune complexes caused a systemic
disease was serum sickness, a disease occurring in the preantibiotic and presteroid era that
was caused by a late primary or secondary immune response following intravenous treat-
ment with animal serum in a patient suffering from infection or inflammation. Massive
intravascular immune complex formation caused severe systemic vasculitis and chronic
inflammation in many organs. Now, serum sickness occurs rarely, after certain infections
such as Lyme disease, or in rare individuals treated with certain drugs, such as antibiotics. In
these cases, the drug binds to self-proteins to form a drug/protein neoantigen, or hapten, that
inadvertently initiates an immune response. Deposition of circulating immune complexes
may occur in some forms of systemic vasculitis. See Clinical Examples 4-6 and 4-7.

Passive leakage of antibody into peripheral tissues followed

by complex formation with tissue-bound antigen

Antibody in serum, especially of the IgG subclasses, can passively leak into peripheral
tissues, particularly those with fenestrated capillaries, leading to formation of a local com-
plex of antibody with tissue-associated antigens. Figure 4-5 illustrates the antibody effec-
tor mechanisms discussed next.

Complement-mediated cell lysis, or immune cytolysis If an antigen is associated with the
external surface of the plasma membrane, antibody binding might activate the comple-
ment cascade to induce cell lysis through formation of specialized porelike structures
called the membrane attack complex (MAC) (ie, Coombs and Gell Type II). Hemolytic
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CLINICAL EXAMPLE 4-6

Anterior uveitis is probably not caused by circulating immune complexes Fol-
lowing observations that uveitis developed in some animal models of serum
sickness, investigators in the 1970s and 1980s sought to confirm a role for cir-
culating immune complexes as a cause of anterior uveitis. Although elevated
levels of immune complexes were detected in many patients, a convincing cor-
relation with disease activity was never established. Now, most immunologists
and clinicians think that the ocular deposition of circulating immune complexes
is not an important pathogenic mechanism for uveitis in humans.

CLINICAL EXAMPLES 4-7

Retinal vasculitis in systemic lupus erythematosus Although rare, retinal
vasculitis can develop in patients with systemic lupus erythematosus (SLE) (see
Chapter 7). Observation of the probable mechanism for vasculitis elsewhere in
SLE suggests that local immune complex formation plays a role in this develop-
ment. DNA and histones released from injured cells can become trapped in the
basement membrane of the blood vessel wall, perhaps as a result of electrostatic
binding by matrix proteins. Circulating cationic anti-DNA IgG autoantibodies
permeate into the vessel wall, bind the autoantigen, and activate complement.
These cationic IgG antibodies are thought to have a stronger affinity for anionic
extracellular matrix and therefore permeate tissues efficiently.

Complement fragments, or anaphylatoxins, initiate an Arthus reaction. The
observed vascular sheathing in the retinal vessels is presumed to be caused by
infiltration of neutrophils and macrophages in response to complement activa-
tion. However, helper T-lymphocyte responses and innate mechanisms may
also contribute. In addition to DNA, other potential autoantigens in SLE include
collagen and phospholipids.

Alternatively, molecular mimicry between basement membrane compo-
nents and DNA may occur. The mechanism for the initiation of afferent events
causing the induction of aberrant autoimmunity to DNA and other antigens

is unknown. A similar effector mechanism has been postulated for scleritis in
rheumatoid arthritis.

Cancer-associated retinopathy Cancer-associated retinopathy is a paraneo-
plastic syndrome in which some patients with carcinoma, especially small cell
carcinoma of the lung or occasionally cutaneous melanoma, develop antibod-
ies against a tumor-associated antigen that happens to cross-react with an
ocular autoantigen. For example, some small cell carcinomas aberrantly syn-
thesize recoverin, a normal protein in photoreceptors. The immune system
inappropriately recognizes and processes recoverin and produces an antibody
effector response, releasing antirecoverin antibodies into the circulation. These
antibodies passively permeate the retina, are taken up by photoreceptors,
and cause slowly progressive photoreceptor degeneration by a novel, poorly
understood cytotoxic mechanism. Current research speculates that induction
of programmed cell death may be caused by intracellular antibody/antigen
complex formation after photoreceptor uptake of antirecoverin antibodies.
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Figure 4-5 Schematic representation of the most important antibody effector mechanisms
caused by passive leakage of antibody into tissues. (lllustration by Barb Cousins, modified by Joyce Zavarro.)

anemia of a newborn as a result of Rh incompatibility is the classic example of this process.
Others include Hashimoto thyroiditis, glomerulonephritis of Goodpasture syndrome, and
autoimmune thrombocytopenia. This mechanism does not appear to be very important in
uveitis or ocular inflammation, although it may play a role in killing virus-infected cells
during viral conjunctivitis.

Tissue-bound immune complexes and the acute Arthus reaction When free antibody pas-
sively leaks from the serum into a tissue, it can combine with tissue-bound antigens trapped
in the extracellular matrix or with cell-associated antigens such as a viral protein expressed
on the surface of an infected cell. These in situ, or locally formed, complexes sometimes
activate the complement pathway to produce complement fragments called anaphylatoxins
(a second variant of Coombs and Gell Type III). This mechanism should be difterentiated
from the deposition of circulating immune complexes, which are preformed in the blood.
Typically, the histology is dominated by neutrophils and monocytes. The resultant lesion,
called the acute Arthus reaction, can be produced experimentally by injection of antigen
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into a tissue site of an animal previously immunized in a way to optimize antibody rather
than T-lymphocyte production. In general, many types of glomerulonephritis and vasculi-
tis are thought to represent this mechanism. See Clinical Examples 4-7.

Novel cytotoxic mechanisms Circulating antibodies can cause tissue injury by mecha-
nisms different from cytolysis or complement activation, using pathogenic mechanisms
not yet understood. For example, some autoantibodies in systemic lupus erythematosus
appear to be taken up by renal cells, leading to loss of function, and these may cause some
cases of nephritis in the absence of immune complex activation. In paraneoplastic syn-
dromes, autoantibodies to various tissues can develop and mediate cellular degeneration
or other manifestations. See Clinical Examples 4-7.

Stimulatory antibodies Tissue- or cell-bound immune complexes that stimulate receptors
on target cells are known as stimulatory antibodies. In some cases, antibody leaking into
tissues or binding to cells in the blood can cross-react with and bind to a receptor or mol-
ecule expressed on the surface of normal parenchymal cells, thereby activating the recep-
tor as if the antibody were the natural ligand for that receptor (Coombs and Gell Type V).
For example, in Graves disease, antibodies to the thyroid-stimulating hormone receptor
activate the thyroid gland as if the patient had taken an overdose of thyroid-stimulating
hormone. Immunologists have used this information to develop many antibodies to acti-
vate cell receptors in the absence of the natural ligand and to develop antibodies with
enzymatic or other metabolic functions. In other cases, the autoantibody can block the
function of the receptor, as in myasthenia gravis, wherein antiacetylcholine antibodies
cause internalization of the normal receptor without activation, thereby depleting func-
tional receptors from the nerve ending. Many other examples of stimulatory, or metaboli-
cally active, antibodies have been identified. See Clinical Example 4-8.

Infiltration of B lymphocytes into tissues and local production of antibody

B-lymphocyte infiltration B lymphocytes can infiltrate the site of an immunologic reaction
in response to persistent antigenic stimulus, leading to a clinical picture of moderate to
severe inflammation. If the process becomes chronic, plasma cell formation occurs, repre-
senting fully differentiated B lymphocytes that have become dedicated to antibody synthe-
sis. In both of these cases, local production of antibody specific for the inciting antigen(s)
occurs within the site. If the antigen is known, as for certain presumed infections, local
antibody formation can be used as a diagnostic test.

Differentiation between local production of antibody and passive leakage from the
blood involves calculation of the Goldmann-Witmer (GW) coefficient, which is generated
by comparison of the ratio of intraocular fluid/serum antibody concentration for the spe-
cific antibody in question to the intraocular fluid/serum ratio of total immunoglobulin
levels. Theoretically, a coefficient above 1.0 would indicate local production of antibodies
within the eye. In practice, however, positive quotients above 3.0 are used most often to
improve specificity and positive predictive value. See Clinical Example 4-9.

Local antibody production within a tissue and chronic inflammation Persistence of antigen
within a site, coupled with infiltration of specific B lymphocytes and local antibody forma-
tion, can produce a chronic inflammatory reaction with a complicated histologic pattern,



CHAPTER 4: Mechanisms of Immune Effector Reactivity « 63

CLINICAL EXAMPLE 4-8

Scleritis or retinal vasculitis in Wegener granulomatosis Necrotizing scleri-
tis is a common feature in Wegener granulomatosis, and retinal vasculitis can,
rarely, develop in some of these patients as well (see Chapter 7). Although the
mechanism for scleritis and retinal vasculitis in Wegener granulomatosis is
unknown, the primary pathogenesis can be inferred from experimental studies
of systemic disease to be a vasculitis mediated in part by stimulatory autoanti-
bodies. The autoantigen is thought to be the neutrophil-derived serine protease
proteinase-3. The initial effector process is thought to require the translocation
of proteinase-3 from cytoplasmic granules to the cell surface after neutrophil
exposure to various innate activational stimuli, such as a predisposing infec-
tion or systemic cytokine release. Then, antineutrophil cytoplasmic antibodies
can bind surface proteinase-3, further activating and stimulating the neutro-
phils. This process, in turn, causes the neutrophils to bind to endothelium
and to release granules and other mediators that injure the vessel wall. The
endothelial cells then synthesize cytokines to recruit additional inflammatory
cells, especially T lymphocytes, which amplify the process. The mechanism
for the initiation of afferent events causing the induction of aberrant autoim-
munity to proteinase-3 is unknown. However, the processing phase must also
include proteinase-specific helper T lymphocytes, which are responsible for
providing cytokine help to B lymphocytes; DH effector cells presumably con-
tribute to granuloma formation in tissue sites.

Kallenberg CG, Brouwer E, Mulder AH, Stegeman CA, Weening JJ, Tervaert
JW. ANCA—pathophysiology revisited. Clin Exp Immunol. 1995;100:1-3.

CLINICAL EXAMPLE 4-9

Diagnosis of atypical necrotizing retinitis The sensitivity, specificity, and
accuracy of aqueous humor antibody levels (intraocular antibody synthesis)
were compared in the diagnoses of atypical retinitis ultimately caused by
Toxoplasma gondii, varicella-zoster virus, herpes simplex virus, cytomegalovi-
rus, and noninfectious causes. In general, the authors found that results were
best (78% diagnostic accuracy) when the highest quotient greater than 1.0
was used for diagnosis even in the face of multiple positive quotients. False-
positive quotients for cytomegalovirus were the most frequent confounding
finding, causing 4 of 6 false diagnoses.

Davis JL, Feuer W, Culbertson WW, Pflugfelder SC. Interpretation of intraocular
and serum antibody levels in necrotizing retinitis. Retina.1995;15:233-240.

often demonstrating lymphocytic infiltration, plasma cell infiltration, and granulomatous
features (a third variant of Coombs and Gell Type III). This process is sometimes called
the chronic Arthus reaction. This mechanism may contribute to the pathophysiology of
certain chronic autoimmune disorders, such as rheumatoid arthritis, which feature for-
mation of pathogenic antibody. See Clinical Example 4-10.
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CLINICAL EXAMPLE 4-10

Phacoantigenic endophthalmitis Phacoantigenic endophthalmitis is a form of

lens-associated uveitis with 3 distinct zones of inflammation centered around
the lens:

1. an inner zone of neutrophils invading the lens substance

2. a secondary zone of macrophages, epithelioid cells, or giant cells (or a
combination thereof) surrounding the capsule injury site

3. an outer zone of fibrotic reparative or granulation tissue infiltrated with
nongranulomatous inflammation and plasma cells, presumably secret-
ing specific antibodies into ocular fluids

Antibody-mediated autoimmunity has been well demonstrated in rats immu-
nized against whole-lens proteins. The mechanism for the initiation of afferent
events causing the induction of aberrant autoimmunity to lens crystallins is
unknown. The adaptive immune system of unaffected patients has already
been exposed to crystallins in a “tolerizing” manner (see Chapter 5).

Because lens-associated uveitis almost always occurs in a severely traumatized
or congenitally abnormal eye, it has been suggested that the disease is initiated
in eyes with an atypical immunologic microenvironment that allows a second-
ary afferent response to override tolerance. The effector phase appears to be
dominated by complement-fixing antibodies specific for lens crystallins, which
are either produced locally by B lymphocytes or plasma cells within the eye or
leaked passively from the blood. Presumably, generation of the anaphylatoxin
Cba by complement-activating immune complexes within the lens substance
explains the neutrophil infiltration into the lens. Diffusion of anaphylatoxins into
the anterior chamber probably results in a chemotactic gradient, yielding a zonal
pattern. Activated macrophages must also contribute, because epithelioid and
giant cells that are subsets of activated, differentiated macrophages are classic
features. The mechanism for giant cell formation has not been totally resolved,
but phagocytosis of immune complexes coated with complement can contribute
to macrophage activation and induce giant cell formation. Injury to retina or other
tissues is probably exacerbated by toxic oxygen radicals. It has been suggested
that T-lymphocyte and innate effector mechanisms may also be involved.

Foster CS, Streilein JW. Immune-mediated tissue injury. In: Albert DM, Jakobiec FA. Principles
and Practice of Ophthalmology. 2nd ed. Philadelphia: Saunders; 2000:74-82.

Samson CM, Foster CS. Hypersensitivity: antibody-mediated cytotoxic (type II). Encyclopedia
of Life Sciences. London: John Wiley & Sons; 2001.

Lymphocyte-Mediated Effector Responses

Delayed hypersensitivity T lymphocytes

Delayed hypersensitivity (Coombs and Gell Type IV) represents the prototypical adap-
tive immune mechanism for lymphocyte-triggered inflammation. It is especially power-
ful in secondary immune responses. Previously primed DH CD4 T lymphocytes leave
the lymph node, home into local tissues where antigen persists, and become activated
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by further restimulation with the specific priming antigen and class II MHC-expressing
APCs. Fully activated DH T lymphocytes secrete mediators and cytokines, leading to the
recruitment and activation of macrophages or other nonspecific leukocytes (Fig 4-6). The
term delayed for this type of hypersensitivity refers to the fact that the reaction becomes
maximal 12-48 hours after antigen exposure.

Analysis of experimental animal models and the histopathologic changes of human
inflammation suggest that different subtypes of DH might exist. One of the most important
determinants of the pattern of DH reaction is the subtype of DH CD4 T effector cells that
mediate the reaction. Just as helper T lymphocytes can be differentiated into 2 groups—Th1
and Th2 subsets—according to the spectrum of cytokines secreted, DH T lymphocytes can
also be grouped by the same criteria. Experimentally, the Th1 subset of cytokines, especially
IFN-y, also known as macrophage-activating factor, and TNF-f, activates macrophages to
secrete inflammatory mediators and kill pathogens, thus amplifying inflammation.
Th1-mediated DH mechanisms, therefore, are thought to produce the following:

« the classic delayed hypersensitivity reaction (eg, the purified protein derivative
[PPD] skin reaction)
« immunity to intracellular infections (eg, to mycobacteria or pneumocystis)

Cytokines
CDA4 Th1 effector cell (primarily), CD8 cells (occasionally)
IL-2
‘ IFN-Y
- \ ‘ TNF-B
\ IL-12

GM-CS7
Antigen " Inflammatory
ChemOklneS mediators
IL-8 )
I Activated MCAF Classic DH
DHT Iymphocyte MIF

b Activated
i “ Macrophage
APC k

CD 4 Th2 effector cell Antiparasites
IL-4 ic di
e Atopic diseases

=0 Eosinophils

Primed
CD4T lymphocyte

Figure 4-6 Schematic representation of the 2 major forms of delayed hypersensitivity (DH).
CD4 T lymphocytes, having undergone initial priming in the lymph node, enter the tissue site,
where they again encounter antigen-presenting cells (APC) and antigen. Upon restimulation,
they become activated into either Th1 or Th2 effector cells. Th1 lymphocytes are the classic
DH effector cells, which are associated with most severe forms of inflammation. Th2 lympho-
cytes are thought to be less intensively inflammatory, but they have been associated with par-
asite-induced granulomas and atopic diseases. (fliustration by Barb Cousins, modified by Joyce Zavarro.)
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« immunity to fungi

« most forms of severe T-lymphocyte-mediated autoimmune diseases
« chronic transplant rejection

The Th2 subset of DH cells secretes IL-4 and IL-5 and other cytokines. IL-4 can induce
B lymphocytes to synthesize IgE, and IL-5 can recruit and activate eosinophils within a
site. IL-4 can also induce macrophage granulomas in response to parasite-derived antigens.
Thus, Th2-mediated DH mechanisms are thought to play a major role in the following:

« response to parasite infections
« late-phase responses of allergic reactions
o asthma

« atopic dermatitis or other manifestations of atopic diseases

The inciting antigen and the immunologic microenvironment of the tissue site are
other important variables in determining the pattern of DH, affecting the afferent and
efferent phases, respectively. Some of these variables probably influence the development
of a Th1 versus Th2 pattern of cytokine production as well. Some soluble antigens, espe-
cially in mucosal sites, can induce a type of DH with features of immediate hypersensi-
tivity and basophil infiltration called cutaneous basophil hypersensitivity. Most epidermal
toxins, especially heavy metals, plant toxins, and chemical toxins, cause monocyte infil-
tration and epidermal desquamation of the skin, the contact hypersensitivity type of Th1
DH. Deposition of certain insoluble antigens (bacterial or fungal debris) or immunization
with soluble proteins using adjuvants causes the classic tuberculin type of Th1 DH that is
characterized by fibrin deposition and monocyte and lymphocyte infiltration.

The persistence of certain infectious agents, especially bacteria within intracellular
compartments of APCs or certain extracellular parasites, can cause destructive indura-
tion with granuloma formation and giant cells, the granulomatous form of DH. How-
ever, immune complex deposition (see “Lens-associated uveitis” in Chapter 7) and innate
immune mechanisms in response to heavy metal or foreign-body reactions can also cause
granulomatous inflammation, in which the inflammatory cascade (resulting in DH) is
triggered in the absence of specific T lymphocytes. Unfortunately, for most clinical entities
in which T-lymphocyte responses are suspected, especially autoimmune disorders such as

multiple sclerosis or arthritis, the precise immunologic mechanism remains highly specu-
lative. See Clinical Examples 4-11.

Cytotoxic lymphocytes

Cytotoxic T lymphocytes Cytotoxic T lymphocytes (CTLs) are a subset of antigen-specific
T lymphocytes, usually bearing the CD8 marker, that are especially good at killing tumor
cells and virus-infected cells. CTLs can also mediate graft rejection and some cases of
autoimmunity. In most cases, the ideal antigen for CTLs is an intracellular protein that
either occurs naturally or is produced as a result of viral infection. CTLs appear to require
help from CD4 helper T-lymphocyte signals to fully differentiate. Primed precursor CTLs
leave the lymph node and migrate to the target tissue, where they are restimulated by the
interaction of the CTL antigen receptor and foreign antigens within the antigen pocket
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CLINICAL EXAMPLES 4-11

Toxocara granuloma (Th2 DH) Toxocara canis is a nematode parasite that
infects up to 2% of all children worldwide and may occasionally produce vit-
reoretinal inflammatory manifestations. Although the ocular immunology
of this disorder is not clearly delineated, animal models and a study of the
immunopathogenesis of human nematode infections at other sites suggest
the following scenario. The primary immune response begins in the gut after
ingestion of viable eggs, which mature into larvae within the intestine. The pri-
mary processing phase produces a strong Th2 response, leading to a primary
effector response that includes production of IgM, IgG, and IgE antibodies, as
well as Th2-mediated DH T lymphocytes. Hematogenous dissemination of a
few larvae may result from accidental avoidance of immune effector mecha-
nisms, leading to choroidal or retinal dissemination followed by invasion into
the retina and vitreous. There, a Th2-mediated T-lymphocyte effector response
recognizes larva antigens and releases Th2-derived cytokines to induce eosin-
ophil and macrophage infiltration, causing the characteristic eosinophilic
granuloma seen in the eye. In addition, antilarval B lymphocytes can infiltrate
the eye and are induced to secrete various immunoglobulins, especially IgE.
Finally, eosinophils, in part by attachment through Fc receptors, can recog-
nize IgE or IgG bound to parasites and release cytotoxic granules containing
the antiparasitic cationic protein directly in the vicinity of the larvae, using a
mechanism similar to antibody-dependent cellular cytotoxicity.

Grencis RK. Th2-mediated host protective immunity to intestinal nematode in-
fections. Philos Trans R Soc Lond Biol Sci. 1997;352:1377-1384.

Sympathetic ophthalmia (Th1 DH) Sympathetic ophthalmia is a bilateral
panuveitis that follows penetrating trauma to 1 eye (see Chapter 7 for a more
detailed discussion). This disorder represents one of the few human diseases
in which autoimmunity can be directly linked to an initiating event. In most
cases, penetrating injury activates the afferent phase. It is unclear whether
the injury causes a de novo primary immunization to self-antigens, perhaps
because of externalization of sequestered uveal antigens through the wound
and exposure to the afferentimmune response arc of the conjunctiva/extraocu-
lar sites, or if it instead somehow changes the immunologic microenvironment
of the retina, RPE, and uvea so that a secondary afferent response is initiated
that serves to alter preexisting tolerance to retinal and uveal self-antigens.

It is generally thought that the inflammatory effector response is domi-
nated by a Th1-mediated DH mechanism generated in response to uveal or
retinal antigens. CD4 T lymphocytes predominate early in the disease course,
although CD8, or suppressor, T lymphocytes can be numerous in chronic
cases. Activated macrophages are also numerous in granulomas, and Th1
cytokines have been identified in the vitreous or produced by T lymphocytes
recovered from the eyes of affected patients. Although the target antigen for
sympathetic ophthalmia is unknown, cutaneous immunization in experimental
animals with certain retinal antigens (arrestin, rhodopsin, interphotoreceptor
retinol-binding protein), RPE-associated antigens, and melanocyte-associated



68 * Intraocular Inflammation and Uveitis

tyrosinase can induce autoimmune uveitis with physiology or features sugges-
tive of sympathetic ophthalmia. Th1-mediated DH is thought to mediate many
forms of ocular inflammation. Table 4-5 lists other examples.

Rao NA. Mechanisms of inflammatory response in sympathetic ophthalmia
and VKH syndrome. Eye. 1997;11:213-216.

of class I molecules (HLA-A, -B, or -C) on the target cell. Additional CD4 T lymphocytes
help at the site, and expression of other accessory costimulatory molecules on the target is
often required to obtain maximal killing.

CTLs kill cells in 1 of 2 ways: assassination or suicide induction (Fig 4-7). Assassi-
nation refers to CTL-mediated lysis of targets; a specialized pore-forming protein called
perforin, which puts pores, or holes, into cell membranes, causes osmotic lysis of the cell.
Suicide induction refers to the capability of CTLs to stimulate programmed cell death of
target cells, called apoptosis, using the CD95 ligand, the FasL, to activate its receptor on
targets. Alternatively, CTLs can release cytotoxic cytokines like TNF to induce apoptosis.
Activation of the apoptosis pathway induces the release of target cell enzymes and nucle-
ases that cause fragmentation of chromosomal DNA and blebbing of the cell membrane,
ultimately killing the cell. CTLs produce low-grade lymphocytic infiltrate within tumors
or infected tissues and usually kill without causing significant inflammation.

Natural killer cells Natural killer (NK) cells—a subset of non-T, non-B lymphocytes—
were originally called null cells, or large granular lymphocytes. They too kill tumor cells and
virally infected cells, but, unlike CTLs, NK cells do not have a specific antigen receptor.
Instead, they are triggered by a less well characterized NK cell receptor. Once triggered,
however, NK cells kill target cells using the same molecular mechanisms as CTLs. Because
NK cells are not antigen-specific, they theoretically have the advantage of not requiring the

Table 4-5 Ocular Inflammatory Diseases Thought to Require a Major Contribution
of Th1-Mediated DH Effector Mechanisms

Site Disease

Presumed Antigen

Conjunctiva Contact hypersensitivity to contact
lens solutions
Giant papillary conjunctivitis

Phlyctenulosis

Thimerosal or other chemicals

Unknown

Bacterial antigens
Cornea and sclera

Anterior uvea

Retina and choroid

Orbit

Chronic allograft rejection

Marginal infiltrates of blepharitis

Disciform keratitis after viral
infection

Acute anterior uveitis

Sarcoid-associated uveitis
Intermediate uveitis

Sympathetic ophthalmia
Vogt-Koyanagi-Harada syndrome
Birdshot choroiditis

Acute thyroid orbitopathy

Giant cell arteritis

Histocompatibility antigens
Bacterial antigens
Viral antigens

Uveal autoantigens, bacterial
antigens
Unknown
Unknown
Retinal or uveal autoantigens
Retinal or uveal autoantigens
Unknown
Unknown
Unknown
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CTL FUNCTION
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Figure 4-7 Schematic representation of the 2 major mechanisms of CD8 T-lymphocyte cyto-
toxicity. CD8 T lymphocytes, having undergone initial priming in the lymph node, enter the
tissue site, where they again encounter antigen in the form of infected target cells. Upon
restimulation, usually requiring CD4 helper T-lymphocyte factors, they become activated into
fully cytolytic T lymphocytes. CD8 T lymphocytes can kill by lysing the infected cell, using a
pore-forming protein called perforin, or cytotoxic lymphocytes (CTLs) can kill by inducing pro-
grammed cell death, or apoptosis, using either FasL or cytokine-mediated mechanisms. (/liustra-
tion by Barb Cousins, modified by Joyce Zavarro.)

time delay caused by induction of the adaptive, antigen-specific CTL immune response.
However, NK cells do seem to require some of the same effector activational signals at the
tissue site, especially cytokine stimulation. Thus, NK cells are probably most effective in
combination with adaptive effector responses.

In some ways, NK cells and CTLs are complementary in that they are inversely regu-
lated—that is, cell processes, such as diminished class I molecule expression, that inhibit
CTL function often enhance activation of NK cells, and vice versa. NK cells thereby pro-
vide another layer of protection against pathogens that interfere with class I expression,
as do many viruses, especially cytomegalovirus. Experimental evidence suggests that NK
cells may contribute to antiviral protection in cytomegalovirus and herpes simplex virus
infections of the eye. See Clinical Example 4-12.

Lymphokine-activated killer cells Lymphokine-activated killer (LAK) cells are T lympho-
cytes that have become nonspecifically activated by iatrogenic administration of immune
cytokines such as IL-2 and others. LAK cells kill by various mechanisms, including those
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CLINICAL EXAMPLE 4-12

Antiviral immunity in cytomegalovirus retinitis Cytomegalovirus (CMV)
retinitis is the most frequent opportunistic ocular infection in patients with
AIDS. The majority of most populations have serologic evidence of prior CMV
infection, which is typically thought to occur during chldhood or after contact
with infected children. The pathophysiology of CMV infection is not entirely
understood, but it can be inferred from analysis of animal experiments and
human epidemiologic studies. The primary afferent phase is usually initiated
after upper respiratory tract infection, not uncommonly associated with vire-
mia. The site of processing is unknown. Innate effectors, such as macrophages,
natural killer cells, and neutrophils, provide some antiviral activity. However,
most investigators think that virus-specific CD8 T lymphocytes are the best
antiviral effector for controlling active infection. Some evidence also suggests
a role for DH T lymphocytes. Antibodies are also generated, but they do not
seem to play a major role in controlling virus infection, spread, or clearance.
Antibodies may limit reinfection, however.

During the primary infection, virus is not completely cleared from the
infected host but remains in a chronic state. It was originally thought that virus
disseminated to various target tissues, such as eye, gut, or kidney, and became
latent. More recent research suggests that the virus chronically infects the
bone marrow and lung, probably persisting in certain macrophage precursor
cells. Alternatively, CMV might infect the salivary gland, where it remains in
epithelial cells. CMV appears to persist in these sites in a chronic but nonpro-
ductive state, and the existence of true latency is debated. However, as long as
the host immune response is intact, the virus does not replicate effectively to
infect the eye or other target organs.

Immunomodulation allows the virus to reactivate into a productive infec-
tion. Virus infects neutrophils, macrophages, and other leukocytes and spreads
through the blood to susceptible target sites such as the retina. Alternatively,
viremia during a primary CMV infection that occurs in previously uninfected
immunomodulated persons, especially after organ transplantation, can spread
virus by a similar mechanism. It is thought that virus-specific CD8 T lymphocytes
are the most important effector cells in preventing spread, but natural killer cells
might also be effective. CD4 T lymphocytes play a role primarily by providing
helper cytokines to fully activate CD8 T lymphocytes. Thus, in AIDS, CMV retini-
tis presumably occurs late in the disease because CD8 effectors become dimin-
ished later in the course of infection than do CD4 T lymphocytes. Transfusion of
virus-specific CD8 T lymphocytes in organ transplant patients and replacement
of helper cytokines to activate CD8 T lymphocytes in a mouse model of AIDS
have both been shown to prevent CMV. Highly active antiretroviral therapy to
suppress the HIV viral load has dramatically decreased the incidence of new
cases of CMV retinitis in AIDS. The role of intravenous immune globulins, poly-
clonal antibodies enriched from human sera, in prophylaxis or treatment is con-
troversial, but they may help prevent CMV disease after organ transplantation.

Riddell SR. Pathogenesis of cytomegalovirus pneumonia in immunocompro-
mised hosts. Semin Respir Infect. 1995;10:199-208.
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described earlier. Once it was learned that T lymphocytes are produced and become acti-
vated upon exposure to immune cytokines, or lymphokines, clinicians began to evaluate the
clinical efficacy of treatment with cytokine immunotherapy. Originally, it was discovered
that patients with certain tumors, especially metastatic malignant melanoma, who were
treated with large doses of intravenous IL-2, sometimes responded with immune-mediated
rejection of the tumor. Efficacy was subsequently improved when CTLs were removed from
the blood or even from within metastatic tumor foci (ie, tumor-infiltrating lymphocytes)
and treated with cytokines extracorporeally, then reinfused. Currently, numerous biotech-
nological approaches are being developed to enhance immunotherapy of LAK function for
the treatment of tumors and viral infections. See Clinical Example 4-13.

Streilein JW. T lymphocyte responses. In: Albert DM, Jakobiec FA. Principles and Practice of
Ophthalmology. 2nd ed. Philadelphia: Saunders; 2000:61-65.

Combined Antibody and Cellular Effector Mechanisms

Antibody-dependent cellular cytotoxicity

Antibody can combine with a cell-associated antigen such as a tumor or viral antigen, but
if the antibody is not a subclass that activates complement, it may not induce any apparent
cytotoxicity. However, because the Fc tail of the antibody is externally exposed, various

CLINICAL EXAMPLE 4-13

Immune responses to malignant melanoma Several investigators have
evaluated the immune response to human uveal melanomas. Although con-
troversial, data suggest that most primary or metastatic uveal melanomas
demonstrate melanoma antigen genes (MAGE) and that these growing tumors
express at least 1 family of tumor-associated antigens that should be recog-
nized by CD8 cytolytic adaptive immune responses. Tumor-infiltrating lym-
phocytes were isolated from eyes undergoing enucleation because of large,
growing melanomas. Numerous CD8 T lymphocytes could be isolated from all
tumors, including tumor-specific T lymphocytes (indicating that afferent and
processing phases had been initiated).

In cell culture, the cytolytic T lymphocytes failed to effectively kill melanoma
cells. After treatment with the cytokine (or lymphokine) IL-2, however, the
CD8 T lymphocytes became fully cytolytic and did effectively kill the mela-
noma cells. The investigators concluded that uveal melanomas might create
an immunologic microenvironment that prevents activation of the antitumor
effector responses even though sensitized CTLs may be present in the tumor.
Lymphokine activation may be a method to overcome this suppressive micro-
environment and to upregulate the host’s antitumor response to melanoma in
order to prevent or control metastases.

Chen PW, Murray TG, Uno T, Salgaller ML, Reddy R, Ksander BR. Expression
of MAGE genes in ocular melanoma during progression from primary to
metastatic disease. Clin Exp Metastasis. 1997;15:509-518.

Niederkorn JY. Immunoregulation of intraocular tumours. Eye. 1997;11:249-
254,
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leukocytes can recognize the Fc domain of the antibody molecule and be directed to the
cell through the antibody. When this happens, binding to the antibody activates various
leukocyte cytotoxic mechanisms, including degranulation and cytokine production.

Because human leukocytes can express various types of Fc receptors—IgG subclasses
have 3 different Fcg receptors, IgE has 2 different Fce receptors, and so on—leukocyte
subsets differ in their capacity to recognize and bind different antibody isotypes. Classi-
cally, antibody-dependent cellular cytotoxicity (ADCC) was observed to be mediated by a
special subset of large granular (non-T, non-B) lymphocytes, called killer cells, that induce
cell death in a manner similar to that of CTLs. The killer cell itself is nonspecific but gains
antigen specificity through interaction with specific antibody. Macrophages, NK cells, cer-
tain T lymphocytes, and neutrophils can also participate in ADCC using other Fc receptor
types. An IgE-dependent form of ADCC might also exist for eosinophils.

ADCC is presumed to be important in tumor surveillance, antimicrobial host protec-
tion, graft rejection, and certain autoimmune diseases such as cutaneous systemic lupus ery-
thematosus. However, this effector mechanism probably does not play an important role in
uveitis, although it might contribute to corneal graft rejection and antiparasitic immunity.

Acute IgE-mediated mast-cell degranulation

Mast cells can bind IgE antibodies to their surface through a high-affinity Fc receptor specific
for IgE molecules, positioning the antigen-combining site of the bound IgE externally (Fig
4-8). The combining of 2 adjacent IgE antibody molecules with a specific allergen (see Clini-
cal Examples 4-14) causes degranulation of the mast cell and release of mediators within min-

MAST CELL

Figure 4-8 Schematic represen-
tation of IgE-mediated mast cell
degranulation.

Antigen z} Release of vasoactive
amines from granules

|

Anaphylaxis
Bronchospasm
Edema
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CLINICAL EXAMPLES 4-14

Allergic conjunctivitis Allergic conjunctivitis is an atopic (out of place or
inappropriate) immune response to a family of antigens called allergens, ordi-
narily harmless and tolerated by most humans, that induce predominantly an
acute IgE-mast-cell effector response in individuals genetically destined to be
“allergic” to such substances. The primary response presumably has occurred
during a prior exposure to the allergen, often within the nasopharynx, in which
afferent and processing phases were initiated. During this primary response,
allergen-specific B lymphocytes were distributed to specialized areas in various
MALT sites. At these sites, the B lymphocytes, with T-lymphocyte help, switch
from IgM-antiallergen production to IgE-antiallergen production. IgE released
at the site then combines with Fc receptors of mast cells, thereby “arming”
the mast cells with a specific allergen receptor (ie, the antigen-recognizing Fab
portion of the IgE). Thus, 1 mast cell may have bound IgE specific for numer-
ous different allergens.

When reexposure to allergen occurs, allergen must permeate beyond the
superficial conjunctival epithelium to the subepithelial region, where the anti-
gen binds allergen-specific IgE on the surface of mast cells. Degranulation
occurs within 60 minutes, leading to the release of mediators, most particularly
histamine, causing chemosis and itching. A late response, within 4-24 hours,
is characterized by the recruitment of lymphocytes, eosinophils, and neutro-
phils. The role of Th2 DH or helper T lymphocytes in the effector response has
not been confirmed for allergic conjunctivitis, but presumably both play a role,
especially in B-lymphocyte differentiation, because the IgE is thought to be
produced locally within the conjunctiva.

Atopic keratoconjunctivitis Atopic keratoconjunctivitis (AKC) is a complex,
vision-threatening ocular allergy with chronic inflammation of the palpe-
bral and bulbar conjunctiva with both immediate and delayed cell-mediated
inflammation (see BCSC Section 8, External Disease and Cornea). Analysis of
biopsy specimens reveals the inflammatory infiltration to consist of mast cells
and eosinophils, as well as activated CD4 T lymphocytes and B lymphocytes.
Although immunopathogenesis is not clearly defined, a mechanism similar to
that of atopic dermatitis can be inferred, combining poorly understood genetic
mechanisms, chronic mast-cell degranulation, and features of Th2-type DH.
Immunopathogenesis of vernal conjunctivitis and giant papillary conjunctivitis
is probably also similar. The eosinophil, with its highly toxic cytokines, eosino-
phil major basic protein and eosinophil cationic protein, is the effector cell
most responsible for corneal damage and vision loss in patients with AKC.

utes, producing an acute inflammatory reaction called immediate hypersensitivity (Coombs
and Gell Type I), which is characterized by local plasma leakage and itching. When severe, this
response can produce a systemic reaction called anaphylaxis, which ranges in severity from
generalized skin lesions such as erythema, urticaria, or angioedema to severe altered vascular
permeability with plasma leakage into tissues that causes airway obstruction or hypotensive
shock. Mast cells and vasoactive amines are discussed in greater detail later in the chapter.
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Chronic mast-cell degranulation plus Th2 DH

Recent research has suggested that mast cells, B lymphocytes, and T lymphocytes can
cooperate in atopic diseases to mediate chronic inflammatory reactions with a pattern that
represents a mixture of acute allergy and DH. As discussed earlier, a Th2 subset of CD4*
DH cells not only releases inflammatory mediators but also secretes certain cytokines
(IL-4) that induce B lymphocytes to synthesize IgE and to recruit and activate eosinophils
within a site (IL-5). Because mast cells can degranulate in response to stimuli other than
IgE, the precise contributions of IgE-mediated mast-cell degranulation in these chronic
reactions have not been clarified. This pathogenic mechanism is thought to be especially
important in the skin and at mucosal sites.

Mediator Systems That Amplify Innate and Adaptive Inmune
Responses

Although innate or adaptive effector responses may directly induce inflammation, in
most cases these effectors instead initiate a process that must be amplified to produce
overt clinical manifestations. Molecules generated within the host that induce and amplify
inflammation are termed inflammatory mediators, and mediator systems include sev-
eral categories of these molecules (Table 4-6). Most act on target cells through receptor-

mediated processes, although some act in enzymatic cascades that interact in a complex
fashion.

Plasma-Derived Enzyme Systems
Complement factors

Complement is an important inflammatory mediator in the eye. Components and frag-
ments of the complement cascade, which account for approximately 5% of plasma protein
and more than 30 different proteins, represent important endogenous amplifiers of innate
and adaptive immunity, as well as mediators of inflammatory responses. Both adaptive
and innate immune responses can initiate complement activation pathways, which gener-
ate products that contribute to the inflammatory process (Fig 4-9). Adaptive immunity

Table 4-6 Mediator Systems That Amplify Innate and Adaptive Inmune Responses

Plasma-derived enzyme systems: complement, kinins, and fibrin
Vasoactive amines: serotonin and histamine

Lipid mediators: eicosanoids and platelet-activating factors
Cytokines

Reactive oxygen intermediates

Reactive nitrogen products

Neutrophil-derived granules and products
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Classic pathway Alternative pathway

Antigen—antibody complex LPS
Plastic surfaces
Microbial cell wall

C3b
Anaphylatoxins C3a C3b
Chemotaxis C4a Opsonizes (coats) surfaces
Leukocyte activation 5a Promotes phagocytosis through
Altered vascular permeability C3 receptors on leukocytes
C6-C9

Membrane Attack Complex (MAC)
Forms pores in cell membranes
Osmotic lysis

Figure 4-9 Overview of the essential intermediates of the complement pathway.

typically activates complement by the classic pathway with antigen-antibody (immune)
complexes, especially those formed by IgM, IgG1, and IgG3. Innate immunity typically
activates complement by the alternative pathway using certain carbohydrate moieties or
LPS on the cell wall of microorganisms.

Complement serves the following 4 basic functions during inflammation:

1. coats antigenic or pathogenic surfaces by C3b to enhance phagocytosis

2. promotes lysis of cell membranes through pore formation by MACs

3. recruits neutrophils and induces inflammation through generation of the ana-
phylatoxins C3a, C4a, and C5a

4. modulates antigen-specific immune responses by complement activation products
such as iC3b and MAC

The anaphylatoxins, so named because they cause anaphylaxis upon systemic
administration into animals, are the principal complement-derived mediators. The
effects of these anaphylatoxins include chemotaxis and changes in cell adhesiveness,
mediated principally by C5a, and degranulation and release of mediators from mast
cells and platelets, mediated by all 3 anaphylatoxins (these effects are described later in
the chapter, in the discussions of vasoactive amines, arachidonic acid [AA] metabolites,
and PAFs). The proinflammatory complement mediator C5a also stimulates oxidative
metabolism and the production and release of toxic oxygen radicals from leukocytes,
as well as the extracellular discharge of leukocyte granule contents. Complement
activation products such as iC3b and MAC can modulate antigen-specific immune
responses.

Walport MT. Complement. First of two parts. N Engl ] Med. 2001;344:1058-1066.
Walport MT. Complement. Second of two parts. N Engl ] Med. 2001;344:1140-1144.
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Kinin-forming system

Kinins are low-molecular-weight polypeptides derived from precursors, or kininogens, in
plasma and tissue fluids. They mediate numerous inflammatory effects, including vasodi-
lation, pain, constriction of smooth muscle, increased vascular permeability, and stimula-
tion of AA metabolism. The generation of kinins proceeds in the multiple steps typical of
cascade reactions, and more than 1 pathway is known. In 1 pathway, innate triggers such
as LPS activate Hageman factor, which in turn converts inactive proenzymes (prekalli-
krein) into active forms, or kallikrein. Substrates for the kallikrein enzymes are kininogens
that are converted into kinins. The best-known kinin product of the Hageman factor-
dependent pathway is bradykinin. Interestingly, the 4 cascade systems that play major or
minor roles during inflammation (kinin, fibrinolytic, clotting, and complement) may all
interact with Hageman factor, a plasma protein that can be activated by numerous stimuli,

including negatively charged surfaces, collagen, trypsin, plasmin, kallikrein, coagulation
factor XI, and LPS.

Fibrin and other plasma factors

Fibrin is the final deposition product of another important plasma-derived enzyme sys-
tem, and its deposition during inflammation promotes hemostasis, fibrosis, angiogenesis,
and leukocyte adhesion. Fibrin is released from its circulating zymogen precursor, fibrino-
gen, upon cleavage by thrombin, also a zymogen, or proenzyme. In situ polymerization
of smaller units gives rise to the characteristic fibrin plugs or clots. Fibrin dissolution is
mediated by plasmin, which is activated from its zymogen precursor, plasminogen, by
plasminogen activators such as tissue plasminogen activator. Thrombin, which is derived
principally from platelet granules, is released after any vascular injury that causes platelet
aggregation and release.

Fibrin deposition has long been considered a clinical sign of DH, because fibrin de-
posits in skin lesions of DH reactions give the skin a hardened or indurated feel on palpa-
tion, and extracellular fibrin deposits are histologically visible. However, significant fibrin
deposits occur in forms of inflammation triggered by innate mechanisms as well. The role
of fibrin deposition in the eye during uveitis is unknown, but it is thought to promote
complications such as synechiae, cyclitic membranes, and tractional retinal detachment.

Vasoactive Amines

Serotonin and histamine are small preformed molecules released early during inflamma-
tory responses that cause smooth-muscle contraction and strongly influence vascular per-
meability and blood flow. In addition, histamine can influence cytokine production and
receptor expression by leukocytes. Both of these amines subserve other functions as well.
For example, serotonin also acts as a neurotransmitter. Vasoactive amines are important

mediators for certain types of ocular inflammation, especially allergic reactions on the
ocular surface such as vernal conjunctivitis.

Serotonin

Platelets are probably the principal source of serotonin, which, like histamine, partici-
pates in regulating the initial increased blood flow and vascular permeability responses
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of inflammation. Platelets release serotonin from the granules following activation or
aggregation. Because platelet plasma membranes are easily activated and respond rapidly
to a wide variety of injuries and inflammatory stimuli, serotonin probably acts synergisti-
cally with other platelet-derived inflammatory mediators, such as PAFs and thrombox-
anes. Further platelet aggregation and activation then ensues (see later in the chapter).

Histamine

Histamine is present in the granules of mast cells and basophils, and it is actively secreted
from this source following exposure of cells to a wide range of stimuli. Histamine acts by
binding to 1 of at least 3 known types of receptors present differentially on target cells. The
best-studied pathway for degranulation is antigen cross-linking of IgE bound to mast-cell
Fc IgE receptors, but many other inflammatory stimuli can stimulate secretion, including
complement, direct membrane injury, and certain drugs. Classically, histamine release has
been associated with allergy. The contribution of histamine to intraocular inflammation
remains equivocal.

Lipid Mediators

Two groups of lipid molecules synthesized by stimulated cells act as powerful mediators
and regulators of inflammatory responses: the AA metabolites, or eicosanoids, and the
acetylated triglycerides, usually called platelet-activating factors. Both groups of molecules
may be rapidly generated from the same lysophospholipid precursors by the enzymatic
action of cellular phospholipases such as phospholipase A, (Fig 4-10).

Eicosanoids

All eicosanoids are derived from AA. AA is liberated from membrane phospholipids by
phospholipase A,, which is activated by various agonists. AA is oxidized by 2 major path-
ways to generate the various mediators:

1. the cyclooxygenase (COX) pathway, which produces prostaglandins (PGs), throm-
boxanes, and prostacyclins; COX is also known as prostaglandin G/H synthase
(PG/H synthase)

2. the 5-lipoxygenase pathway, which produces hydroxyeicosatetraenoic acid, lipox-
ins, and leukotrienes

Many other important enzymes also function in eicosanoid metabolism.

The COX-derived mediators are evanescent compounds induced in virtually all
cells by a variety of stimuli. In general, they act in the immediate environment of their
release to directly mediate many inflammatory activities, including effects on vascular
permeability, cell recruitment, platelet function, and smooth-muscle contraction. Per-
haps of even greater importance, COX-derived products act on cells to regulate other
functions, and they have very complicated effects on immune responses. Depending
on conditions, COX-derived products can either upregulate or downregulate the pro-
duction of cytokines, enzyme systems, and oxygen metabolites. Two forms of COX
exist: COX-1 and COX-2. COX-1 is thought to be constitutively expressed in many
cells, especially in cells that use PG for basal metabolic functions, such as the gastric
mucosa or the renal tubular epithelium. COX-2 is inducible by many inflammatory
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Figure 4-10 Overview of the essential intermediates of the eicosanoid and platelet-activating

factor (PAF) pathways. (Modified with permission from Pepose JS, Holland GN, Wilhelmus KR, eds. Ocular Infec-
tion and Immunity. St Louis: Mosby; 1996.)

stimuli, including other inflammatory mediators (eg, PAF and some cytokines) and
innate stimuli (eg, LPS).

Of the COX-derived mediators, PGs probably play the most important role in ocular
inflammation. PGs have long been associated with regulation of vascular permeability
in the eye, although their part in mediating cellular infiltration is not completely clear.
Among the best characterized PGs are PGE, and PGE,, but their ultimate role in the eye,
whether harmful or protective, is unclear. For instance, increased levels of PGE, have been
associated with uveitis, yet this PG can suppress effector cell function in vitro. The role of
PGs in miosis of the pupil during inflammation has generated great interest, yet most PGs
have minimal or no significant miotic activity on nonhuman primates or in human eyes.
Some PGs have been hypothesized to cause corneal neovascularization.

Finally, PGs may be the cause of cystoid macular edema (CME) in association with
anterior segment surgery or inflammation. Posterior diffusion of 1 or more of the eicosa-
noids through the vitreous is assumed to alter capillary permeability of the perifoveal
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network, leading to the characteristic pattern of intraretinal fluid accumulation and cyst
formation. Clinical trials in humans have indicated that topical treatment with COX
inhibitors does diminish the onset of mild CME after cataract surgery, and both topical
and systemic nonsteroidal anti-inflammatory drug (NSAID) therapy might be efficacious
in the treatment of persistent CME. Systemic NSAID therapy is effective in treating recur-
rent episcleritis and mild cases of scleritis and may be effective in preventing recurrence
of additional episodes of uveitis in some patients with recurrent idiopathic or HLA-B27-
associated uveitis.

Prostaglandins and other eicosanoids indisputably play a major role in the physiology
of the eye, reaching far beyond their putative participation as mediators of inflammation.
For example, PGE, regulates the alternative (uveoscleral) outflow pathway for aqueous
humor, perhaps explaining why IOP is diminished in some inflamed eyes. Latanoprost, a
PGF,, analog, may act with a similar mechanism.

The products of the other major pathway of AA metabolism, the 5-lipoxygenase path-
way, are also numerous, and some of them are extremely potent mediators of the inflam-
matory response. Derivatives of 5-lipoxygenase, an enzyme found mainly in granulocytes
and some mast cells, have also been detected in the brain and retina. In contrast with
prostaglandins, leukotrienes probably contribute significantly to inflammatory infiltra-
tion. One of the best characterized is leukotriene B,, a potent chemotactic factor that also
causes lysosomal enzyme release and reactive oxygen radical production by granulocytes.
Some leukotrienes may have 1000 times the effect of histamine on vascular permeability.
Another lipoxygenase product, lipoxin, is a potent stimulator of superoxide anion.

Platelet-activating factors

Platelet-forming factors are a family of phospholipid-derived mediators that appear to be
important stimuli in the early stage of inflammation. PAFs also serve physiologic functions
unrelated to inflammation, especially in reproductive biology, physiology of secretory epi-
thelium, and neurobiology. In these physiologic roles of PAFs, a de novo biosynthetic
pathway has been identified. However, the remodeling pathway is the one implicated in
PAF inflammatory actions.

Phospholipase A, metabolizes phosphocholine precursors in cell membranes, releas-
ing AA and PAF precursors, which are then acetylated into multiple species of PAF. PAF
release can be stimulated by various innate triggers, such as bacterial toxins, or trauma
and cytokines. PAFs not only activate platelets but also activate most leukocytes as well,
which in turn produce and release additional PAFs. The PAFs function by binding to 1 or
more guanosine triphosphate protein-associated receptors on target cells.

In vitro, PAFs induce an impressive repertoire of responses, including phagocyto-
sis, exocytosis, superoxide production, chemotaxis, aggregation, proliferation, adhe-
sion, eicosanoid generation, degranulation, and calcium mobilization, as well as diverse
morphologic changes. PAFs seem to be a major regulator of cell adhesion and vascular
permeability in many forms of acute inflammation, trauma, shock, and ischemia. PAF
antagonists are being developed and tested in clinical trials. Synergistic interactions prob-
ably exist among PAFs, nitric oxide, eicosanoids, and cytokines. PAFs have been associ-
ated with ocular inflammation, but their precise role is under investigation.
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Cytokines

Cytokine is a generic term for any soluble polypeptide mediator that is synthesized and
released by cells for the purposes of intercellular signaling and communication. Table
4-7 lists some examples of cytokines that are most likely to be associated with ocular
inflammation. Cytokines can be released to signal neighboring cells at the site (para-
crine action), to stimulate a receptor on its own surface (autocrine action), or in some
cases to act on a distant site through being released into the blood (hormonal action).
Traditionally, investigators have subdivided cytokines into families with related activi-
ties, sources, and targets, using terms such as growth factors, interleukins, lymphokines,
interferons, monokines, and chemokines. Thus, growth factor traditionally refers to cyto-
kines mediating cell proliferation and differentiation. Interleukin or lymphokine identifies
cytokines thought to mediate intercellular communication among lymphocytes or other
leukocytes. Interferons are cytokines that limit or interfere with virus infection of a cell.
Monokines are immunoregulatory cytokines secreted by monocytes and macrophages.
Chemokines, originally called intercrines, are chemotactic cytokines. However, research
has demonstrated that although some cytokines are specific for particular cell types, most
cytokines have such multiplicity and redundancy of source, function, and target that this
focus on specific terminology is not particularly useful for the clinician. For example,
activated macrophages in an inflammatory site synthesize growth factors, interleukins,
interferons, and chemokines.

Both innate and adaptive responses result in the production of cytokines. T lympho-
cytes are the classic cytokine-producing cell of adaptive immunity, but macrophages, mast
cells, and even neutrophils can synthesize a wide range of cytokines upon stimulation.
Nevertheless, the exact role of individual molecules during the inflammatory response is
not clear. Cytokine interactions can be additive, combinatorial (2 factors combining for
greater effect than the sum of their individual activities), or synergistic (2 factors enabling
a new activity not manifested by either alone). Further complicating the issue, cytokines
usually have multiple functions that overlap and counteract; as a consequence, elimina-
tion of the action of a single molecule may have an unpredictable outcome. Moreover,
the function of various cytokines might change during the course of an inflammatory
response. Finally, not only do innate and adaptive immune responses use cytokines as
mediators and amplifiers of inflammation, but cytokines also modulate the initiation of
immune responses; the function of most leukocytes is altered by preexposure to various
cytokines. Thus, for many cytokines, their regulatory role may be as important as their
actions as mediators of inflammation.

Reactive Oxygen Intermediates

Under certain conditions, oxygen can undergo chemical modification to transform
into highly reactive substances with the potential to damage cellular molecules and
inhibit functional properties in pathogens or host cells. BCSC Section 2, Fundamentals
and Principles of Ophthalmology, discusses the processes involved in greater detail in

Part IV, Biochemistry and Metabolism. See especially Chapter 16, Free Radicals and
Antioxidants.
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Three of the most important oxygen intermediates are superoxide anion, hydrogen
peroxide, and the hydroxyl radical:

O0,+e >0, superoxide anion

0, + 0O, +2H* - O, + H,0, superoxide dismutase catalyzes anions to
form hydrogen peroxide

H,0,+e — OH + OHe. hydroxyl anion and hydroxyl radical

Oxygen metabolites that are generated by leukocytes, especially neutrophils and
macrophages, and triggered by immune responses are the most important source of free
radicals during inflammation. A wide variety of stimuli can trigger leukocyte oxygen
metabolism, including

« innate triggers such as LPS or formyl methionine-leucine-proline

« adaptive effectors such as complement-fixing antibodies or certain cytokines pro-
duced by DH T lymphocytes

« other chemical mediator systems, such as C5a, PAF, and leukotrienes

Reactive oxygen intermediates can also be generated as part of noninflammatory cel-
lular biochemical processes, especially by electron transport in the mitochondria, detoxi-
fication of certain chemicals, or interactions with environmental light or radiation.

The principal mechanism by which oxygen metabolites are activated during inflam-
mation is the induction of various oxidases in neutrophils or macrophage cell membranes,
especially NADPH (the reduced form of nicotinamide-adenine dinucleotide phosphate)
oxidase, but also NADH (the reduced form of nicotinamide-adenine dinucleotide) oxi-
dase, xanthine oxidase, and aldehyde oxidase. NADPH oxidase catalyzes the transfer of
electrons from NADPH or from NADH to oxygen or hydrogen peroxide (H,0,) to form
intermediates such as the reactive oxygen radical superoxide anion. As shown in the for-
mulas, the transfer of a single electron to oxygen forms a superoxide anion, an unstable
radical that may dismutate spontaneously; that is, one of the molecules gains an electron
and the other loses one. Otherwise, the reaction can be catalyzed by the enzyme superox-
ide dismutase to form H,0O, and oxygen.

Alternatively, 2 electrons can be transferred to molecular oxygen, a process that nor-
mally occurs in the peroxisomes. This process also results in formation of H,0,, a mol-
ecule that by itself has feeble inflammatory and microbicidal activity. Moreover, H,0, can
be readily neutralized into water and oxygen by enzymes such as catalase in peroxisomes
and glutathione peroxidase in the cytosol, as shown in Figure 4-11.

H,0,, however, can be converted into molecules with potential inflammatory and
antimicrobial activity by at least 3 chemical processes:

1. The Fenton and the Haber-Weiss reactions can add 1 electron to form the hydroxyl
anion (OH") as well as the highly reactive hydroxyl radical (OHs).

2. H,0, may be catalyzed by myeloperoxidase, a protein found in neutrophils, to react
with halide or pseudohalide (thiocyanate) substrates to form extremely toxic prod-
ucts that are highly damaging to bacteria and tissues. These include hypohalous
acids, halogens, chloramines, and hydroxyl radicals. Hydroxyl radicals interact
with several potential cellular targets to cause enzyme and protein damage as a
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OH-
OH~—

Fe3+
Haber-Weiss reaction?
Fe2+

L' Glutathione

(oxidized)

Figure4-11 Overview of the essential intracellular and extracellular pathways in the generation
of reactive oxygen intermediates. Activation of oxidases catalyzes the production of superox-
ide anion (O,), which can be converted into H,0, by superoxide dismutase (SOD). Catalase
(in the peroxisome) and glutathione can neutralize H,0,. However, H,O, can be converted
into hydroxyl ion (OH*) or hydroxyl radical (OH®) by the Haber-Weiss reaction. Alternatively,
H,O, can be catalyzed by myeloperoxidase (MPO) into hypochlorous anion and other reactive

intermediates. (Reprinted with permission from Pepose JS, Holland GN, Wilhelmus KR, eds. Ocular Infection and
Immunity. St Louis: Mosby; 1996.)

result of cross-linking of sulfhydryl groups; cell membrane injury by lipid per-
oxidation of the lipid bilayers; loss of energization and cellular stores of adenosine
triphosphate as a result of loss of integrity of the inner membrane of the mitochon-
dria; and breaks or cross-links in DNA from chemical alterations of nucleotides.

3. Peroxynitrite is formed after chemical interaction between superoxide and nitric
oxide (see the following section).

See Clinical Example 4-15.

Reactive Nitrogen Products

Another important pathway of host defenses and inflammation involves the toxic products
of nitrogen, especially nitric oxide (NO). NO is a highly reactive chemical species that, like
reactive oxygen intermediates, can react with various important biochemical functions
in microorganisms and host cells. This pathway was first observed in patients with a defi-
ciency of the respiratory burst enzymes. Because of this deficiency, their neutrophils and
macrophages were unable to generate reactive oxygen intermediates, but they were still
able to mount effective antimicrobial function through a toxic nitrogen product, NO.
The formation of NO depends on the enzyme nitric oxide synthetase (NOS), which
is located in the cytosol and is NADPH-dependent. NO is formed from the terminal
guanidino-nitrogen atoms of L-arginine. Several forms of NO synthetase are known,
including several constitutive forms of NOS (cNOS) and an inducible NOS (iNOS). Many
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CLINICAL EXAMPLE 4-15

Role of oxygen-mediated damage in experimental uveitis Reactive oxy-
gen intermediates are likely mediators in many forms of ocular inflammation,
especially those forms involving the retina. In a series of studies examining
a model of autoimmune uveoretinitis, investigators demonstrated that the
generation of toxic oxygen intermediates was associated with neutrophils
and monocyte infiltration. The formation of superoxide anion and hydroxyl
radicals was an early event, and peroxidation of photoreceptor membranes,
especially the depletion of polyunsaturated fatty acids, occurred simultane-
ously with the onset of free radical formation and electrophysiologic loss of
photoreceptor function. Interestingly, the peroxidation products were chemo-
tactic for neutrophils, thereby providing a possible mechanism for amplifying
the cycle of inflammatory tissue destruction. Some antioxidants were partially
protective, and one might wonder if the same could be true in humans with
uveitis. However, a double-masked, randomized, placebo-controlled clinical
trial in Holland involving 145 patients with acute anterior uveitis disclosed no
difference between treatment (vitamin C and vitamin E) and placebo patients
as regards laser flare meter readings.

Rao NA. Role of oxygen free radicals in retinal damage associated with experi-
mental uveitis. Trans Am Ophthalmol Soc. 1990,88:797-850.

van Rooij J, Schwartzenberg SG, Mulder PG, Baarsma SG. Oral vitamins C and
E as additional treatment in patients with acute anterior uveitis: a randomised
double masked study in 145 patients. Br J Ophthalmol. 1999;83:1277-1282.

normal cells produce basal levels of NO, which is considered secondary to the calcium-
dependent, constitutive form of the enzyme. Activation induces enhanced production of
NO in certain cells, especially macrophages. This enhanced production appears to be sec-
ondary to the induced synthesis of a second, calcium-independent, form of NO synthe-
tase (iNOS). Many innate and adaptive stimuli modulate induction of iNOS, especially
cytokines and bacterial toxins.

How NO functions to kill microorganisms is uncertain. Likely possibilities include
interaction with the Fe-S groups of aconitase, an enzyme important for the control of
DNA synthesis and RNA production, or interaction with complex I and complex II of
the mitochondrial electron transport system. During inflammation, NO may also interact
with O, to form the toxic hydroxyl radical and peroxynitrite (ONOQO"). Peroxynitrite dis-
plays high chemical reactivity, including great capacity to peroxidate lipids in cell mem-
branes, modify cellular proteins, and damage DNA. NO biology in the eye during uveitis
is under active investigation.

Neutrophil-Derived Granule Products

Neutrophils are also a source of specialized products that can amplify innate or adap-
tive immune responses. A large number of biochemically defined antimicrobial poly-
peptides are present in many types of granules found in neutrophils. The principal
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well-characterized antimicrobial polypeptides found in human neutrophil granules are
bactericidal/permeability-increasing protein, defensins, lysozyme, lactoferrin, and the
serine proteases (or their homologs).

In addition to antimicrobial polypeptides, the neutrophils contain numerous other
molecules that may contribute to inflammation. These include hydrolytic enzymes,
elastase, metalloproteinases, gelatinase, myeloperoxidase, vitamin B,-binding protein,
cytochrome by, and others. Granule contents are considered to remain inert and mem-
brane-bound when the granules are intact, but they become active and soluble when gran-
ules fuse to the phagocytic vesicles or plasma membrane.

Exactly how the various granulocyte products enhance inflammation is not clear. Orig-
inally, it was thought that the release of proteases and other enzymes directly degraded the
extracellular matrix of inflamed sites, thereby enabling the recruitment of additional leu-
kocytes, damaging the integrity of microvessels, and injuring the attachment substrate of
the parenchymal cells. However, recent evidence suggests that hypochlorous acid, derived
from reactive oxygen by-products, must interact with proteases and protease inhibitors in
a complex fashion to enhance the tissue-destructive effects of neutrophil granule prod-
ucts. The role of neutrophil-derived proteases in ocular inflammation remains unclear.
Collagenases are thought to contribute to corneal injury and liquefaction during bacterial
keratitis and scleritis, especially in Pseudomonas infections. Collagenases also contribute

to peripheral corneal melting syndromes secondary to rheumatoid arthritis-associated
peripheral keratitis.
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Special Topics in Ocular
Immunology

Immunoregulation of the Adaptive Inmune Response

T- and B-Lymphocyte Antigen Receptor Repertoire

The specificities of T-lymphocyte antigen receptors and of B-lymphocyte antigen recep-
tors such as surface IgM and IgD must account for millions of possible antigens in nature.
Because antigen receptor specificities are originally generated randomly, before the initial
encounter with antigen, this wide range of potential specificities requires that the adaptive
immune system generate a huge number of different antibody and T-lymphocyte recep-
tor molecules from relatively few associated genes. This diversity requires a very elegant
form of molecular recombination, or the mixing and matching of genetic segments of
immunoglobulin or T-lymphocyte receptor germline genes during T-lymphocyte and
B-lymphocyte maturation. For B lymphocytes, additional recombination and mutation of
the receptor genes take place during the immune response. These genetic manipulations
do not occur for other types of receptors. Nevertheless, the random formation of antigen
receptors implies that the generation of many receptors that recognize self-antigens is
possible, leading to the potential for autoimmunity. BCSC Section 2, Fundamentals and
Principles of Ophthalmology, discusses recombination in Part III, Genetics.

Tolerance and Immunoregulation

A central theme in immunology is the ability of the adaptive immune response to differenti-
ate between self and nonself, or foreign. The paradox involved was eloquently recognized by
Erlich, who coined the term horror autotoxicus, or fear of self-poisoning, to convey the idea
that a sophisticated mechanism must exist to prevent the immune system from attacking
normal tissues. Medawar subsequently enunciated the formal concept of self-tolerance.

In modern immunology, tolerance is usually defined as the sum total of the
mechanisms by which the immune system differentiates self from nonself to prevent
inflammation-triggering immune responses against self-antigens. Recent advances in
immunology have clarified various mechanisms of immunologic tolerance that pre-
vent widespread autoimmune inflammation. A brief overview of these mechanisms is
included in the following sections. See Clinical Example 5-1.
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CLINICAL EXAMPLE 5-1

Tolerance to lens crystallins Why does violation of the lens capsule and
release of lens proteins during cataract surgery almost always produce only
minimal immunologic sequelae? Intuitively, cataract surgery or any type of
lens injury and the ensuing release of lens protein would seem likely to initiate
an autoimmune attack. Yet, even though serum titers of antilens antibodies
often rise in patients after cataract surgery, effector T lymphocytes, pathogenic
antibodies, and true autoimmune uveitis rarely develop. Most investigators
think that the protection of the lens is caused by the presence of active immu-
nologic tolerance and that the lens is not sequestered from the immune sys-
tem. Thus, the relative rarity of true autoimmune uveitis directed against the
lens indicates the power of protective tolerance to self.

The nature of the T-lymphocyte tolerance to the lens, and whether it
involves clonal deletion, anergy, suppression, cross-regulation, or a combina-
tion thereof is not known. Clonal deletion of antilens T lymphocytes is sug-
gested by the detection of a crystallin protein and mRNA within the thymus.
Anergy is also suggested by some other animal experiments. Ocular immune
privilege (ACAID) may provide an additional mechanism for tolerance by the
generation of suppressor T lymphocytes. However, tolerance is not complete
because responses of antilens helper T lymphocytes can be demonstrated under
certain experimental conditions, although DH effector cells rarely develop.

B-lymphocyte tolerance to lens protein is probably indirect, controlled at
the level of the helper T lymphocyte. Thus, functional lens-specific B lympho-
cytes certainly exist, since antilens antibody can be identified in the serum of
many normal persons and in most patients after cataract surgery. In addition,
antibody titers can be stimulated in all animals by cutaneous immunization. An
increase in the titer of antilens antibody after immunization or surgery, how-
ever, does not necessarily indicate loss of tolerance as long as the antibody
titers are predominated by non-complement-fixing isotypes.

Pepose JS, Holland GN, Wilhelmus KR, eds. Ocular Infection and Immunity.

St Louis: Mosby; 1996.

Davidson A, Diamond B. Autoimmune diseases. N Engl ] Med. 2001;345:340-350.
Streilein JW. Ocular immune privilege: the eye takes a dim but practical view of immunity and
inflammation. J Leukoc Biol. 2003;74:179-185.

Clonal deletion

The thymus has the ability to destroy self-reactive T lymphocytes during T-lymphocyte
maturation, resulting in clonal deletion. Perhaps 99% of all T lymphocytes that enter the
thymus are deleted from the host by this mechanism, suggesting that at least some of the
deleted T lymphocytes were autoreactive. Thus, clonal deletion provides a mechanism for
immunologic unresponsiveness that creates a gap in the repertoire of potential antigens,
presumably self-antigens, against which the immune response can mobilize. In mice,
clonal deletion has been demonstrated in principle through several different experimental

approaches.
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The precise role of clonal deletion in immunologic tolerance to ocular autoantigens
remains uncertain. Intriguingly, a crystallin protein and S-antigen have been detected
within the thymus, suggesting the possibility of crystallin-specific and S-antigen-specific
deletion of T lymphocytes. However, actual clonal deletion of autoreactive T lymphocytes
has not yet been demonstrated for ocular autoantigens. If clonal deletion were complete,
lens- or retinal-responsive T lymphocytes would be absent during uveitis. Because such
T lymphocytes can indeed be demonstrated under certain experimental conditions, clonal
deletion, if present, must be incomplete.

Anergy

Anergy and clonal inactivation are terms that have been used to describe the situation
in which antigen-specific T lymphocytes or B lymphocytes are rendered incapable of
mounting a normal inflammation-triggering response to that antigen. For example, when
B lymphocytes of mice are exposed to antigen early in the developmental process, they are
rendered unresponsive to that antigen after maturation. Similarly, several different mecha-
nisms that “tolerize” T lymphocytes have been demonstrated. When T lymphocytes are
presented antigen by “nonprofessional” antigen-presenting cells such as corneal endothe-
lium or Miiller cells, they become inactivated from further differentiation into inflamma-
tory effector cells. Although these T lymphocytes survive, they are incapable of initiating
inflammatory immune responses. Anergy therefore provides an additional mechanism
for immunologic unresponsiveness.

Regulation

Regulation, the third classic mechanism for tolerance, postulates that a population of regula-
tory T lymphocytes exists to balance the population of helper and inflammation-enhancing
T lymphocytes. These regulatory T lymphocytes modulate and diminish the level of acti-
vation by the effector or helper T lymphocytes. Whereas clonal deletion or anergy sup-
ports immunologic unresponsiveness, regulation indicates an active but tolerizing immune
response to a specific antigen. The best-described mechanism involves the release of immu-
nomodulatory cytokines such as transforming growth factor (TGF)-2 by CD8 regulatory
T lymphocytes, but several other mechanisms have also been supported by experimental
data. Although the physiologic importance and mechanism(s) by which regulation is induced
have been challenged, regulation is clearly an important mechanism for the immune system
in general and for ocular immune responses in particular. See Chapter 3 for a discussion of
regulation induced during anterior chamber-associated immune deviation (ACAID).

Potential role of antibody isotype

An interesting paradox can be demonstrated in many healthy people: antiself-antibodies
to many major autoantigens can be demonstrated in sera, but these autoantibodies do not
seem to cause inflammation. One explanation may be related to the different effector func-
tions of various antibody isotypes (see Table 4-4 in Chapter 4). The major inflammation-
inducing mechanism of antibody is brought about by complement activation, which in
turn is a function of the isotype of the antibody molecule itself. As discussed in Chapter 4,
isotypes vary in their capacity to activate complement. Preferential activation of B lympho-
cytes that produce complement-fixing antibodies results in inflammation-inducing immu-
nity, because complement activation is initiated following immune complex formation.
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Conversely, preferential activation of non-complement-fixing antibodies results in high
antibody titers but not severe inflammation. Immune complexes opsonize or agglutinate
the antigen, but complement is not activated. Therefore, one key to B-lymphocyte effec-
tor function is determined by the regulation of the class switch from an IgM-synthesizing
B lymphocyte to one producing an antibody of the other isotypes. This switch is controlled
by different T-lymphocyte-derived cytokines. By inference, the regulation of this form of
B-lymphocyte tolerance is passive and under the control of helper T-lymphocyte signals.

Delves PJ, Martin S, Burton D, Roitt IM. Roitt’s Essential Immunology. 11th ed. Malden, MA:
Blackwell; 2006.

Male DK, Cooke A, Owen M, Trowsdale J, Champion B. Advanced Immunology. 3rd ed.
St Louis: Mosby; 1996.

Molecular Mimicry

Autoimmunity may play an important role in the pathogenesis of inflammatory ocular
diseases. One mechanism through which autoimmunity to self-antigens in the eye may
be triggered is molecular mimicry, the immunologic cross-reaction between epitopes of
an unrelated foreign antigen and self-epitopes with similar structures. Theoretically, these
epitopes would be similar enough to stimulate an immune response, yet different enough
to cause a breakdown of immunologic tolerance.

For example, a foreign antigen such as those present within yeast, viruses, or bacteria
can induce an appropriate afferent, processing, and effector immune response. A self-antigen
with similar epitopes may induce antimicrobial antibodies or effector lymphocytes to
inappropriately cross-react. A dynamic process would then be initiated, causing tissue
injury by an autoimmune response that would induce additional lymphocyte responses
directed at other self-antigens. Thus, the process would not require the ongoing replica-
tion of a pathogen or the continuous presence of the inciting antigen.

See Clinical Example 5-2.

CLINICAL EXAMPLE 5-2

Molecular mimicry and autoimmune uveitis Molecular mimicry was sug-
gested as a mechanism for uveitis after it was found that the primary amino
acid sequence of a variety of foreign antigens (including those of baker’s yeast
histone, Escherichia coli, hepatitis B virus, and certain murine and primate
retroviruses) showed sequence homology to a pathogenic epitope of the ocu-
lar autoantigen S-antigen. Immunization of rats with crude extracts prepared
from these organisms or synthetic peptides corresponding to the homologous
epitopes induced retinal inflammation. In addition, T lymphocytes isolated
from rats immunized with foreign substances cross-reacted with retinal auto-
antigens, providing evidence of molecular mimicry between self and nonself
proteins. Currently, no definitive clinical evidence suggests that molecular
mimicry contributes to autoimmune diseases of the human eye.
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HLA Associations and Disease

Normal Function of HLA Molecules

All animals with white blood cells express a family of cell-surface glycoproteins called
major histocompatibility complex (MHC) proteins. In humans, the MHC proteins are
called human leukocyte antigen (HLA) molecules. As discussed in Chapter 2, 6 different
families of HLA molecules have been identified:

e 3classI MHC: HLA-A, -B, -C
o 3class I MHC: HLA-DR, -DP, -DQ

A seventh category, HLA-D, does not exist as a specific molecule but instead represents
a functional classification as determined by an in vitro assay. Class IIl MHC molecules and
minor MHC antigens have also been identified, but they are not discussed here.

The important role MHC molecules play in immunologic function is discussed in
Chapter 2; Table 5-1 gives a historical perspective linking MHC molecules and trans-
plantation biology with immune response genes. HLAs are also considered to be human
immune response genes, because the HLA type determines the capacity of the antigen-
presenting cell (APC) to bind peptide fragments and thus determines T-lymphocyte
immune responsiveness.

Allelic Variation

Many different alleles or polymorphic variants of each of the 6 HLA types exist within the
population: more than 25 alleles for HLA-A, 50 for -B, 10 for -C, 100 for -DR, and so on.
Because there are 6 major HLA types and each individual has a pair of each HLA type, or
1 haplotype, from each parent, an APC expresses 6 pairs of MHC molecules. Thus, with
the exception of identical twins, only rarely will 2 individuals match all 12 potential hap-
lotypes. Alleles and genetic variations are discussed in greater detail in BCSC Section 2,
Fundamentals and Principles of Ophthalmology, Part 111, Genetics.

Allelic diversity may be designed to provide protection through population-wide
immunity. Each HLA haplotype theoretically covers a set of antigens to which a particular
individual can respond adaptively. Thus, in theory, the presence of many different HLA
alleles within a population should ensure that the adaptive immune system in at least
some individuals in the whole group will be able to respond to a wide range of potential
pathogens. The converse also holds true: Some individuals may be at increased risk for
immunologic diseases. See Clinical Example 5-3.

Clinical detection and classification of different alleles

Traditionally, the different alleles of HLA-A, -B, -C, -DR, and -DQ have been detected
by reacting lymphocytes with special antisera standardized by International HLA Work-
shops sponsored by the World Health Organization (WHO). HLA-DP and HLA-D typing
requires specialized T-lymphocyte culture assays. Traditionally, provisional serotypes
pending official recognition were often designated workshop (eg, DRw53). More recently,
molecular techniques have been developed to characterize the nucleic acid sequence of
various MHC alleles. HLA molecules are composed of 2 chains: a and B chains for class
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Table 5-1 The Major Histocompatibility Complex Locus and the HLA System:
A Short History

1940s Skin autografts succeed, but allografts are rejected unless from a twin
1950s Transfusion reactions noted against white blood cells among patients matched
to RBC antigens, called human leukocyte antigens (HLA)
Antibodies to disparate fetal HLA types noted among multiparous mothers
1960s Immune response genes in mice control ability to respond to one antigen but
not another
Immune response genes probably code for mouse equivalent of HLA (immune
antigen, or la)
Allograft rejection is genetically determined by the major histocompatibility
complex (MHC) locus
1970s la in mice and HLA types in humans correlate with transplant rejection, giving
rise to the concept that immune response genes are part of the MHC
Prediction that la type in mice and HLA type in humans will correlate with
propensity to autoimmunity on basis of immune responsiveness to
environmental pathogens
First HLA association with inflammatory disease (HLA-B27 and ankylosing
spondylitis)
1980s Mechanism of MHC function: HLA required on antigen-presenting cells to
activate T lymphocytes—class | molecules present to CD8 T lymphocytes;
class Il molecules present to CD4 T lymphocytes
T lymphocytes and B lymphocytes see antigen differently; B lymphocytes see
the whole, natural antigen; T lymphocytes “see” antigens after they are
chopped up into peptides
Function of class | and Il molecules confirmed—antigen fragments are placed
within a groove formed by the tertiary structure of the molecule to allow
presentation to the T-lymphocyte receptor
Different HLA molecules have different capacities to bind different fragments,
explaining role as immune response gene
Mutations in the binding site within the groove of class | and || molecules may
allow some individuals to bind and present certain environmental or self-
peptides, thereby predisposing to autoimmunity
1990s Molecular typing of HLA becoming more available and better than serotyping
Molecular mechanism of antigen processing well characterized
Complete sequencing of human genome by Human Genome Project
2000s-Present MHC class Ill region on chromosome 6 identified and sequenced. This region
encodes for other immune components, such as complement (eg, C2, C4, factor
B) and some cytokines (eg, TNF-a)

I1, an a chain and the B,-microglobulin chain for class I. Because subtle differences in
molecular structure can be easily missed during antisera-based assays, molecular geno-
typing is a more precise method to determine MHC types. Thus, the genotype specifies
the chain, the major genetic type, and the specific minor molecular variant subtype. For
example, genotype DRB1*0408 refers to the HLA-DR4 molecule B chain with the “~08”
minor variant subtype.

New serotypes now must correspond to a specific genotype, and the provisional “w”
label is rarely used. Nonetheless, haplotypes currently recognized as a single group will
continue to be subdivided into new categories or new subtypes. For example, at least 2 dif-
ferent A29 subtypes and 8 different HLA-B27 subtypes have been recognized. Finally, some
investigators have proposed that HLA classification based on similarities of peptide bind-
ing, rather than on serotyping or genetic typing, may reveal other disease associations.
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CLINICAL EXAMPLE 5-3

HLA-B27-associated acute anterior uveitis Approximately 50% of patients
with acute anterior uveitis (AAU) express the HLA-B27 haplotype, and many
of these patients also experience other immunologic disorders, such as Reiter
syndrome, ankylosing spondylitis, inflammatory bowel disease, and pso-
riatic arthritis (see Chapter 7). Although the immunopathogenesis remains
unknown, various animal models permit some informed speculation. Many
cases of uveitis or Reiter syndrome follow gram-negative bacillary dysentery
or chlamydial infection. The possible role of bacterial lipopolysaccharide and
innate mechanisms was discussed in Chapter 4. Experiments in rats and mice
genetically altered to express human HLA-B27 molecules seem to suggest that
bacterial infection of the gut predisposes rats to arthritis and a Reiter-like syn-
drome, although uveitis is uncommon.

It has been suggested that chronic intracellular chlamydial infection of
a joint, and presumably the eye, might stimulate an adaptive immune re-
sponse using the endogenous (class |) antigen-processing pathway of the
B27 molecule, invoking a CD8 T-lymphocyte effector mechanism activated to
kill the microbe but indirectly injuring the eye. Others have suggested that
B27 amino acid sequences might present Klebsiella peptide antigens to CD8
T lymphocytes, but how a presumed exogenous bacterial antigen would be
presented through the class | pathway is unknown. Another hypothesis pos-
its that molecular mimicry may exist between bacterial antigens and some
amino acid sequences of HLA-B27. Analysis of human AAU fluids and various
animal models of AAU and arthritis suggests that anterior uveitis might be
a CD4 Th1-mediated DH response, possibly in response to bacteria-derived
antigens such as bacterial cell wall antigens or heat shock proteins trapped in
the uvea or to endogenous autoantigens of the anterior uvea, possibly mela-
nin-associated antigens, type | collagen, or myelin-associated proteins. How
a CD4-predominant mechanism would relate to a class | immunogenetic as-
sociation is unclear.

MHC and Transplantation

As indicated in Table 5-1, the failure of allogeneic transplanted tissue, from a genetically
nonidentical donor, to remain viable was first recognized as an adaptive immune response
in the 1940s. The association between transplantation antigens (ie, MHC antigens) and
immune response genes was not recognized until decades later. How the immune system
recognizes HLA haplotype differences as foreign antigens is not entirely clear. Intuitively,
it seems that T lymphocytes from a recipient individual should simply ignore APCs from
a donor individual bearing a different HLA haplotype. Short-term cell culture experi-
ments (ie, 1-3 days) accordingly show that a recipient’s T lymphocytes do fail to recog-
nize exogenous foreign antigens presented by the donor APCs, even if the T lymphocytes
have been previously sensitized. However, if the T-lymphocyte cultures and donor APCs
are left to react over a longer term (ie, 5-7 days), a significant fraction of the recipient T
lymphocytes unexpectedly become activated in response to the donor APC HLA mol-
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ecules, especially class II differences. What remains unknown is whether this mixed lym-
phocyte reaction-induced activation process represents a direct interaction between the
foreign HLA and the recipient’s T-lymphocyte receptor, or if the foreign HLA molecule is
processed as a foreign protein and presented by host APCs to host T lymphocytes. Both
delayed hypersensitivity (DH) and cytotoxic T-lymphocyte effector responses are acti-
vated by this process, and both appear crucial in transplant rejection, including corneal
allograft rejection.

Although antibodies to class I transplantation antigens can also occur in some cases
of hyperacute rejection, this mechanism does not appear to be important in corneal graft
rejection. In general, HLA matching, especially at DR loci, then at A and B loci, greatly
reduces rejection for many types of organ allografts. Similar observations have not been
confirmed for high-risk corneal allograft rejection.

Disease Associations

In 1973, the first association between HLA haplotype and ankylosing spondylitis was iden-
tified. Since then, more than 100 other disease associations have been made, including sev-
eral for ocular inflammatory diseases (Table 5-2). In general, an HLA disease association
is defined as the statistically increased frequency of an HLA haplotype in persons with that
disease as compared to the frequency in a disease-free population. The ratio of these 2 fre-
quencies is called relative risk, which is the simplest method for expressing the magnitude
of an HLA disease association. Nevertheless, several caveats must be kept in mind.

« The association is only as strong as the clinical diagnosis. Diseases that are difficult
to diagnose on clinical features may obscure real associations.

« The association depends on the validity of the haplotyping. Older literature often
reflects associations based on HLA classifications (some provisional) that might
have changed.

« The HLA association identifies individuals at risk and is not a diagnostic marker.
The associated haplotype is not necessarily present in all people affected with the
specific disease, and its presence in a person does not ensure the correct diagnosis.

« The concept of linkage disequilibrium proposes that if 2 genes are physically near
on the chromosome, they may be inherited together rather than undergo genetic
randomization in a population. Thus, HLA may be coinherited with an unrelated
disease gene, and sometimes 2 HLA haplotypes can occur together more frequently
than predicted by their independent frequencies in the population.

At least 4 theoretical explanations have been offered for HLA disease associations.
The most direct theory postulates that HLA molecules act as peptide-binding molecules
for etiologic antigens or infectious agents. Thus, individuals bearing a specific HLA mol-
ecule might be predisposed to processing certain antigens, such as an infectious agent that
cross-reacts with a self-antigen, and other individuals, lacking that haplotype, would not
be so predisposed. Specific variations or mutations in the peptide-binding region would
greatly influence this mechanism; these variations can be detected only by molecular typ-
ing. Preliminary data in support of this theory have been provided for type 1 diabetes.

A second theory proposes molecular mimicry between bacterial antigens and an epi-
tope of an HLA molecule (ie, an antigenic site on the molecule itself). An appropriate
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Table 5-2 HLA Associations and Ocular Inflammatory Disease

PSR- ey

Speclhc Relative Risk (RR)

Disease HLA Association for Associated Subgroup
Acute anterior uveitis HLA-B27 RR =8
Reiter syndrome HLA-B27 RR = 60
Juvenile rheumatoid arthritis/ HLA-DR4, -Dw2 Acute systemic disease
juvenile idiopathic arthritis
Adamantiades-Behcet HLA-B51 Japanese and Middle Eastern descent
syndrome RR = 4-6
Birdshot chorioretinitis HLA-A29, -A29.2 RR = 80-100, for North Americans and
Europeans
Intermediate uveitis HLA-BS8, -B51, -DR2 RR = 6, possibly the DRB1*1501 genotype
HLA-DR15
Sympathetic ophthalmia HLA-DR4
VKH syndrome HLA-DR4 Japanese and North Americans
Sarcoidosis HLA-B8 Acute systemic disease
HLA-B13 Chronic systemic disease but not for eye
Multiple sclerosis HLA-B7, -DR2
Ocular histoplasmosis HLA-B7, -DR2 RR =12
syndrome (OHS)
Retinal vasculitis HLA-B44 Britons

antibacterial effector response might inappropriately initiate a cross-react effector response
with an epitope of the HLA molecule. A third theory suggests that the T-lymphocyte anti-
gen receptor (gene) is really the true susceptibility factor. Because a specific T-lymphocyte
receptor uses a specific HLA haplotype, a strong correlation would exist between an HLA
and the T-lymphocyte antigen receptor repertoire. A fourth theory implicates an innate cause
unrelated to the role of HLAs in adaptive immunity. For example, transgenic mice genetically
altered to express the HLA-B51 molecule, which is associated with Adamantiades-Behget
syndrome, develop neutrophils with enhanced activation and perhaps exaggerated innate
effector function.

Immunotherapeutics

BCSC Section 2, Fundamentals and Principles of Ophthalmology, includes chapters on
pharmacologic principles and ocular pharmacotherapeutics in Part V, Ocular Pharmacol-
ogy. See also Chapter 6 of this volume, under Medical Management of Uveitis.

Jabs DA, Rosenbaum JT, Foster CS, et al. Guidelines for the use of immunomodulatory drugs
in patients with ocular inflammatory disorders: recommendations of an expert panel. Am ]
Ophthalmol. 2000;130:492-513.

Solomon SD, Cunningham ET Jr . Use of corticosteroids and noncorticosteroid immunomodula-
tory agents in patients with uveitis. Comprehensive Ophthalmology Update. 2001;165:273-286.

Nonsteroidal Anti-Inflammatory Drugs

Nonsteroidal anti-inflammatory drugs (NSAIDs) are a family of drugs that inhibit the
production of prostaglandins by acting on cyclooxygenase (COX). COX itself has a com-
plex structure that includes a helical channel at the enzymatically active site that oxidizes
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arachidonic acid. Aspirin and most other NSAIDs act by various mechanisms to revers-
ibly or irreversibly inhibit the arachidonic acid-binding site in the channel of both COX-1
and COX-2. COX-2-specified NSAIDs selectively block the inflammation mediated by
COX-2 with concomitant reduction in the prevalence of the adverse effects of stomach
mucosal erosions and renal toxicity compared to COX-1 inhibition. Topical or systemic
NSAIDs are moderately effective at inhibiting COX in the eye but appear to have only
mild anti-inflammatory efficacy for most types of acute ocular inflammation. Neverthe-
less, some authorities think that such agents can play an important supplementary role
in the treatment of uveitis, and in particular preventing recurrences in patients who have
experienced multiple recurrences of nongranulomatous anterior uveitis.

Glucocorticosteroids

The mainstay of uveitis therapy is topical, periocular, or systemic administration of gluco-
corticosteroids. Corticosteroids bind intracellular receptors that translocate into the
nucleus, where the drug acts to alter DNA transcription into mRNA. Systemically admin-
istered, corticosteroids can alter the homing pattern of T lymphocytes and other effec-
tor cells to prevent recruitment into sites of inflammation. Local corticosteroids suppress
inflammation through many cellular mechanisms, but the most potent is direct inhibition
of most types of inflammatory mediator synthesis or release by effector cells, especially
macrophages and neutrophils, as well as T lymphocytes.

Immunomodulatory Therapy

Immunomodulation may be accomplished through a wide variety of unrelated com-
pounds, including some used in treating cancer (see further discussion in Chapter 6):

« alkylating agents such as cyclophosphamide (Cytoxan) and chlorambucil (Leukeran)
« antimetabolites such as methotrexate (Rheumatrex), azathioprine (Imuran), and
mycophenolate mofetil (Cellcept)

Signal transduction inhibitors such as cyclosporine (Neoral), tacrolimus (Prograf),
and sirolimus (Rapamune) are transported into the cytoplasm of T lymphocytes, particu-
larly CD4 T lymphocytes, and inhibit the activation of the gene responsible for production
of interleukin 2.

Alkylating agents cross-link DNA, thereby preventing cell division. These agents
function to prevent the bone marrow from replenishing lymphocytes and other effector
subpopulations that mediate inflammation. Methotrexate is a folate analog that inhibits
folate metabolism to block pyrimidine ring biosynthesis, ultimately affecting pathways
that require nucleotide precursors, such as DNA and mRNA synthesis. Thus, this drug
will theoretically inhibit protein synthesis in nondividing effector cells, limit activation
and differentiation of T lymphocytes within lymphoid tissue, and suppress effector cell
expansion within bone marrow. Azathioprine and mycophenolate mofetil work by a simi-
lar mechanism on purine incorporation into DNA.

Signal transduction inhibitors, such as cyclosporine, tacrolimus, and sirolimus,
inhibit intracellular signaling critical to interleukin production and so especially inhibit
T-lymphocyte responses. Topical cyclosporine is now commercially available (Restasis)
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Table 5-3 Biologic Response Modifiers

e T . L R A e AP T B P S YA

* Receptor antagonists
Alefacept: binds to the CD2 receptor on T lymphocytes
Efalizumab: binds to the CD11a receptor on T lymphocytes
Anakinra: binds to the IL-1 receptor on macrophages
* Cytokine inhibitors
Etanercept: binds to TNF-o.
Infliximab: binds to TNF-o.
Adalimumab: binds to TNF-«
* Cell-specific antibodies
Rituximab: binds to the CD20 glycoprotein on B lymphocytes
Daclizumab: binds to the CD25 glycoprotein on activated T lymphocytes
¢ Other
Interferon o.2a
IV-Ig

for treating dry-eye disease associated with lacrimal gland dysfunction as a consequence
of lymphocyte infiltration into the gland.

Biologic response modifiers (Table 5-3), such as infliximab, modify a biologic response
by neutralizing a cytokine, such as TNF-a, or by occupying the receptor for that cytokine,
thereby blocking the cytokine from binding to the receptor and so inhibiting the response
that would have occurred had the cytokine attached to it. Cell-specific antibodies bind
to and eliminate or inactivate specific cell types; thus, daclizumab attaches to the CD25
cell-surface glycoprotein that is expressed on activated—but not on resting—T lympho-
cytes and eliminates those activated T lymphocytes from the patient’s T-lymphocyte rep-
ertoire. Rituximab attaches to the CD20 cell-surface glycoprotein, which is present on all
B lymphocytes, and depletes all B lymphocytes from the patient treated with this mono-
clonal antibody, thus profoundly affecting immunologic reactions that are dependent on
antibody. IV-Ig immunomodulates through a complex and incompletely understood set
of mechanisms, at least one of which almost certainly is the Jerne idiotype-antiidiotype
immunoregulatory network, which downregulates aberrant, inappropriate immune
responses without immunomodulating the patient.
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Clinical Approach to Uveitis

The uvea consists of the middle, pigmented, vascular structures of the eye and includes the
iris, ciliary body, and choroid. Uveitis is broadly defined as inflammation (ie, -itis) of the
uvea (from the Latin uva, meaning “grape”). The study of uveitis is complicated by myriad
causes of inflammatory reaction of the inner eye that can be broadly categorized into
infectious and noninfectious etiologies. In addition, processes that may only secondarily
involve the uvea, such as ocular toxoplasmosis, a disease that primarily affects the retina,
may cause a marked inflammatory spillover into the choroid and vitreous.

Because uveitis is frequently associated with systemic disease, a careful history and
review of systems is an important first step in elucidating the cause of a patient’s inflam-
matory disease. Next, a thorough examination must be done to determine the type of
inflammation present. Each patient demonstrates only some of the possible symptoms
and signs of uveitis. After the physician has used the information obtained from the his-
tory and physical examination to determine the anatomical classification of uveitis, he
or she can use several associated factors to further subcategorize, which leads in turn to
choosing the laboratory studies. Laboratory studies help determine the etiology of the
intraocular inflammation, which then leads to the selection and administration of thera-
peutic options.

This text uses an etiologic division of uveitis entities into noninfectious (autoim-
mune) and infectious conditions. These conditions are then further subcategorized and
described using the anatomical classification of uveitis.

Albert DM, Jakobiec FA, eds. Principles and Practice of Ophthalmology. 2nd ed. Philadelphia:
Saunders; 1999.

Foster CS, Vitale AT. Diagnosis and Treatment of Uveitis. Philadelphia: Saunders; 2002.

Michelson JB. Color Atlas of Uveitis. 2nd ed. St Louis: Mosby; 1991.

Nussenblatt RB, Whitcup SM, Palestine AG. Upveitis: Fundamentals and Clinical Practice. 3rd
ed. Philadelphia: Mosby; 2004.

Rao NA, Forster DJ, Augsburger JJ. The Uvea: Uveitis and Intraocular Neoplasms. New York:
Gower; 1992.
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Classification of Uveitis

Several uveitis classification schemes currently exist. These are based on anatomy (por-
tion of the uvea involved), clinical course (acute, chronic, and recurrent), etiology (infec-
tious and noninfectious), and histopathology (granulomatous or nongranulomatous). The
rapid expansion of published clinical information on various uveitic entities from a myriad
of global sources using different classification and grading systems and the undeniable
need for multicenter randomized clinical trials to better understand the course, prognosis,
and treatment of various uveitic entities, led the Standardization of Uveitis Nomenclature
(SUN) Working Group, in 2005, to develop an anatomical classification system, descriptors,
standardized grading systems, and terminology to use for following the activity of uveitis.
This system was adopted by leading uveitis specialists from all over the world. Discussion
in this book divides uveitis entities into etiologic categories (infectious, noninfectious) and
then follows this basic anatomical classification into 4 uveitic groups (Table 6-1):

¢ anterior uveitis

« intermediate uveitis
e posterior uveitis

e panuveitis

The SUN group further refined this anatomical classification of uveitis by also defin-
ing descriptors based on clinical onset, duration, and course (Table 6-2).

In addition, the SUN working group recommended specific terminology for grading
and following uveitic activity (Table 6-3).

Jabs DA, Nussenblatt RB, Rosenbaum JT, The Standardization of Uveitis Nomenclature (SUN)
Working Group. Standardization of uveitis nomenclature for reporting clinical data. Results
of the First International Workshop. Am ] Ophthalmol. 2005;140:509-516.

Table 6-1 The SUN Working Group Anatomical Classification of Uveitis

Type Primary Site of Inflammation Includes

Anterior uveitis Anterior chamber Iritis
Iridocyclitis
Anterior cyclitis
Intermediate uveitis Vitreous Pars planitis
Posterior cyclitis
Hyalitis
Posterior uveitis Retina or choroid Focal, multifocal, or diffuse
choroiditis
Chorioretinitis
Retinochoroiditis
Retinitis
Neuroretinitis
Panuveitis Anterior chamber, vitreous,
and retina or choroid

The Standardization of Uveitis Nomenclature (SUN) Working Group. Standardization of nomenclature for

reporting clinical data: results of the First International Workshop. Am J Ophthalmol. 2005;140:509-516:
Table 1.
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Table 6-2 The SUN Working Group Descriptors in Uveitis

Category Descriptor Comment
Onset Sudden
Insidious
Duration Limited =3 months’ duration
Persistent >3 months’ duration
Course Acute Episode characterized by sudden onset and limited
duration
Recurrent Repeated episodes separated by periods of
inactivity without treatment =3 months’ duration
Chronic Persistent uveitis with relapse in <3 months after

discontinuing treatment

The Standardization of Uveitis Nomenclature (SUN) Working Group. Standardization of nomenclature for
reporting clinical data: results of the First International Workshop. Am J Ophthalmol. 2005;140:509-516:
Table 2.

Table 6-3 The SUN Working Group Activity of Uveitis Terminology

Term Definition

Inactive Grade 0 cells (anterior chamber)

Worsening activity 2-step increase in level of inflammation (eg, anterior chamber
cells, vitreous haze) or increase from grade 3+ to 4+

Improved activity 2-step decrease in level of inflammation (eg, anterior chamber
cells, vitreous haze) or decrease to grade 0

Remission Inactive disease for =3 months after discontinuing all treatments

for eye disease

The Standardization of Uveitis Nomenclature (SUN) Working Group. Standardization of nomenclature for
reporting clinical data: results of the First International Workshop. Am J Ophthalmol. 2005;140:509-516:
Table 5.

Anterior Uveitis

According to the SUN classification system, the anterior chamber is the primary site of
inflammation in anterior uveitis. Anterior uveitis can have a range of presentations, from a
quiet white eye with low-grade inflammatory reaction apparent only on close examination
to a painful red eye with moderate or severe inflammation. Inflammation confined to the
anterior chamber is called iritis; if it spills over into the retrolental space, it is called irido-
cyclitis; if it involves the cornea, it is called keratouveitis; and if the inflammatory reaction
involves the sclera and uveal tract, it is called sclerouveitis.

By far, most types of anterior uveitis are sterile inflammatory reactions, whereas many
of the posterior uveitic syndromes are infectious in origin. In contrast to endophthalmitis
from an infectious source, only 2 noninfectious causes—typically the diseases associated
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with HLA-B27 and Adamantiades-Behget syndrome—are associated with hypopyon. Many
cases of anterior uveitis are isolated instances of unknown cause that often resolve within
6 weeks, such as idiopathic iritis. Other examples include glaucomatocyclitic crisis, which
causes a moderately inflamed eye with elevated IOP that subsides quickly over a few weeks,
and blunt trauma, a fairly common cause of a generally self-limiting uveitis.

The anterior uveitis associated with juvenile rheumatoid (idiopathic) arthritis (JRA/
JIA)* can be deceptive, because, although the conjunctiva appears quiet externally, the
anterior segment may be severely involved in a child without any symptomatic complaints.
Another low-grade inflammation of the anterior portion of the eye is seen in Fuchs het-
erochromic iridocyclitis. Here the damage to the anterior segment is apparently minimal,
but the eye needs continued observation because of the commonly occurring secondary

complications of cataract and glaucoma. Chapter 7 discusses anterior uveitis in greater
detail. See Table 6-4.

Intermediate Uveitis

The SUN working group defines intermediate uveitis as the subset of uveitis where the
major site of inflammation is the vitreous. Inflammation of the middle portion (posterior
ciliary body, pars plana) of the eye manifests primarily as floaters affecting vision; the eye
frequently appears quiet externally. Visual loss is primarily a result of chronic CME or,

less commonly, cataract formation. See Chapter 8 of this volume for discussion, as well as
Table 6-4.

Posterior Uveitis

Posterior uveitis is defined by the SUN classification system as intraocular inflamma-
tion primarily involving the retina and/or choroid. Inflammatory cells may be observed
diffusely throughout the vitreous cavity, overlying foci of active inflammation, or on the
posterior vitreous face. Ocular examination reveals focal, multifocal, or diffuse areas
of retinitis or choroiditis, with varying degrees of vitreous cellular activity, the clinical
appearances of which may be similar for different entities. Certain posterior uveitic
syndromes present either as a focal or multifocal retinitis, whereas others localize pre-
dominantly to the choroid in a similar distribution, involving the retina secondarily,
with or without vitreous cells and/or involvement of the retinal vasculature (Tables 6-5,
6-6, 6-7, and 6-8). For example, cytomegalovirus causes a multifocal retinitis, typically
with scant vitreous cells; toxoplasmosis characteristically produces a focal retinocho-
roiditis and heavy vitritis; and histoplasmosis presents as a multifocal chorioretinitis
in the absence of vitreous involvement. Macular edema, retinal vasculitis, and retinal

*The term juvenile rheumatoid arthritis (JRA) refers to the most common type of juvenile arthritis
associated with uveitis in children. In the European Union, the most commonly used term is juve-
nile idiopathic arthritis (JIA). The extended oligoarticular subgroup of JIA would be called “JRA” in
the United States. The term JIA has not been accepted by the American Rheumatism Association
(ARA), although it has been accepted by the American College of Rheumatology. The combined
term JRA/JIA, which we use throughout the text, reflects this situation.
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Table 6-5 Posterior Uveitis With Retinitis

Focal Retinitis Multifocal Retinitis
Toxoplasmosis Syphilis
Onchocerciasis HSV
Cysticercosis vzv
Masquerade syndromes CMV

DUSN

Candida

Sarcoidosis

Cat-scratch disease
Masquerade syndromes

CMV = cytomegalovirus, DUSN = diffuse unilateral subacute neuroretinitis, HSV = herpes simplex virus,
VZV = varicella-zoster virus

Adapted from Foster CS, Vitale AT. Diagnosis and Treatment of Uveitis. Philadelphia: Saunders; 2002.

Table 6-6 Posterior Uveitis With a Focal (Solitary) Chorioretinal Lesion

With Vitreal Cells Without Vitreal Cells
Toxocariasis Tumor

Sarcoidosis Serpiginous choroidopathy
Tuberculosis

Nocardia

Cat-scratch disease

Adapted from Foster CS, Vitale AT. Diagnosis and Treatment of Uveitis. Philadelphia: Saunders; 2002.

Table 6-7 Posterior Uveitis With Multifocal Chorioretinal Lesions

With Vitreal Cells Without Vitreal Cells

Birdshot retinochoroidopathy OHS

MCP PIC

SFU PORT

Sympathetic ophthalmia Acute retinal pigment epitheliitis
VKH Subacute sclerosing panencephalitis
Sarcoidosis Serpiginous*

West Nile virus
Cat-scratch disease
Malignant masquerade
Rubella measles*
MEWDS*

APMPPE*

* Usually.

APMPPE = acute posterior multifocal placoid pigment epitheliopathy, MCP = multifocal choroiditis and
panuveitis, MEWDS = multiple evanescent white dot syndrome, OHS = ocular histoplasmosis syndrome,
PIC = punctate inner choroiditis, PORT = punctate outer retinal toxoplasmosis, SFU = subretinal fibrosis
and uveitis syndrome, VKH = Vogt-Koyanagi-Harada syndrome

Adapted from Foster CS, Vitale AT. Diagnosis and Treatment of Uveitis. Philadelphia: Saunders; 2002.
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Table 6-8 Posterior Uveitis With Retinal Vasculitis

Primarily Arteritis Primarily Phlebitis Arteritis and Phlebitis
Systemic lupus erythematosus Sarcoidosis Toxoplasmosis
Polyarteritis nodosa Multiple sclerosis Relapsing polychondritis
Syphilis Adamantiades-Behget disease Wegener granulomatosis
HSV (ARN/BARN) Birdshot retinochoroidopathy Crohn disease

VZV (PORN) HIV paraviral syndrome Frosted branch angiitis
IRVAN Eales disease

Churg-Strauss syndrome

ARN = acute retinal necrosis; BARN = bilateral acute retinal necrosis; HIV = human immunodeficiency
virus; HSV = herpes simplex virus; IRVAN = idiopathic retinal vasculitis, aneurysms, and neuroretinitis;
PORN = progressive outer retinal necrosis; VZV = varicella-zoster virus

Adapted from Foster CS, Vitale AT. Diagnosis and Treatment of Uveitis. Philadelphia: Saunders; 2002.

or choroidal neovascularization, although not infrequent structural complications of

certain uveitic entities, are not considered essential to the anatomical classification of
posterior uveitis.

Panuveitis

The primary sites of inflammation in panuveitis (diffuse uveitis), according to the SUN
classification system, are the anterior chamber, vitreous, and retina or choroid. Many
systemic infectious and noninfectious diseases associated with uveitis may produce dif-
fuse intraocular inflammation with concomitant iridocyclitis and posterior uveitis. These
include tuberculosis (the “great imitator”) and spirochetal diseases such as Lyme disease
and syphilis (the “great masquerader”), as well as sarcoidosis, sympathetic ophthalmia,
Vogt-Koyanagi-Harada (VKH) disease, and Adamantiades-Behget’s disease. Other uve-
itic entities, such as lens-induced uveitis and severe cases of toxoplasmosis or toxocaria-
sis, may present initially as predominantly anterior or posterior segment inflammation
only to evolve into panuveitis. Some patients with this condition follow a stormy course;
others have a quiet-appearing eye that nonetheless follows a slowly debilitating course.
Sarcoidosis and syphilis can cause a bilateral panuveitis, whereas postoperative endoph-
thalmitis generally is a unilateral process. Chapters 7 and 8 discuss noninfectious and

infectious panuveitis in greater depth, and Chapter 9 covers endophthalmitis. See also
Table 6-4.

Symptoms of Uveitis

Symptoms produced by uveitis depend on which part of the uveal tract is inflamed, the
rapidity of onset (sudden or insidious), the duration of the disease (limited or persistent),
and the course of the disease (acute, recurrent, or chronic) (Table 6-9).

Acute-onset anterior uveitis (iridocyclitis) causes pain, photophobia, redness, and
blurred vision. In contrast, chronic iridocyclitis in patients with JRA/JIA may not be
associated with any symptoms at all. However, with chronic iridocyclitis, blurred vision
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Table 6-9 Symptoms of Uveitis

Redness

Pain

Photophobia

Epiphora

Visual disturbances

Diffuse blur, caused by:

Myopic or hyperopic shift
Inflammatory cells
Cataract

Scotoma (central or peripheral)

Floaters

may develop as a result of calcific band keratopathy, cataract, or cystoid macular edema
(CME). Recurrent anterior uveitis is marked by periods of inactivity of 3 or more months
off medications followed by a return of symptoms.

Intermediate uveitis produces symptoms of floaters and blurred vision. Floaters result
from the shadows cast by vitreous cells and snowballs on the retina. Blurred vision may be
due to CME or vitreous opacities in the visual axis.

Presenting symptoms in patients with posterior uveitis include painless decreased
visual acuity, floaters, photopsias, metamorphopsia, scotomata, nyctalopia, or a combi-
nation of these. This blurred vision may be due to the primary effects of uveitis such as
retinitis and/or choroiditis directly affecting macular function or to the complications of
inflammation such as CME, epiretinal membrane, retinal ischemia, and choroidal neo-
vascularization. Blurred vision may also result from refractive error such as a myopic or
hyperopic shift associated with macular edema, hypotony, or a change in lens position.
Other possible causes of blurred vision include opacities in the visual axis from inflamma-
tory cells, fibrin, or protein in the anterior chamber; keratic precipitates (KPs); secondary
cataract; vitreous debris; macular edema; and retinal atrophy.

The pain of uveitis usually results from the acute onset of inflammation in the region
of the iris, as in acute iritis, or from secondary glaucoma. The pain associated with ciliary
spasm in iritis may be a referred pain that seems to radiate over the larger area served by
cranial nerve V (trigeminal nerve). Epiphora and photophobia are usually present when
inflammation involves the iris, cornea, or iris—ciliary body. Occasionally, uveitis is discov-
ered on a routine ophthalmic examination in an asymptomatic patient.

Signs of Uveitis

Part I of this volume reviews the basic concepts of immunology, which can be used to
understand the symptoms and signs of inflammation in uveitis. An inflammatory response
to infectious, traumatic, neoplastic, or autoimmune processes produces the signs of uveitis
(Table 6-10). Chemical mediators of the acute stage of inflammation include serotonin,
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Table 6-10 Signs of Uveitis

Eyelid and skin
Vitiligo
Nodules
Conjunctiva
Perilimbal or diffuse injection
Nodules

Corneal endothelium
Keratic (cellular) precipitates (diffuse or
gravitational)
Fibrin
Pigment (nonspecific)
Anterior/posterior chamber
Inflammatory cells
Flare (proteinaceous influx)
Pigment (nonspecific)
Iris
Nodules
Posterior synechiae
Atrophy
Heterochromia
Angle
Peripheral anterior synechiae
Nodules
Vascularization

Intraocular pressure
Hypotony
Secondary glaucoma
Vitreous
Inflammatory cells (single/clumped)
Traction bands
Pars plana
Snowbanking

Retina
Inflammatory cells
Inflammatory cuffing of blood vessels
Edema
Cystoid macular edema
RPE: hypertrophy/clumping/loss
Epiretinal membranes

Choroid
Inflammatory infiltrate
Atrophy
Neovascularization

Optic Nerve

Edema (nonspecific)
Neovascularization

complement, and plasmin. Leukotrienes, kinins, and prostaglandins modify the second
phase of the acute response through antagonism of vasoconstrictors. Activated comple-
ment is a leukotactic agent. Polymorphonuclear leukocytes, eosinophils, and mast cells
may all contribute to signs of inflammation. However, the lymphocyte is, by far, the pre-
dominant inflammatory cell in the inner eye in uveitis. These chemical mediators result
in vascular dilation (ciliary flush), increased vascular permeability (aqueous flare), and
chemotaxis of inflammatory cells into the eye (aqueous and vitreous cellular reaction).

Anterior Segment
Signs of uveitis in the anterior portion of the eye include

o keratic precipitates (KPs) (Figs 6-1, 6-2)
o cells

« flare (Fig 6-3)

« fibrin

 hypopyon

« pigment dispersion

« pupillary miosis

« iris nodules (Fig 6-4)
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Figure 6-1 Keratic precipitates (medium and
small) with broken posterior synechiae. (Cour-
tesy of H. Jane Blackman, MD.)

Figure 6-2 Large "mutton-fat” keratic precipi-
tates in a patient with sarcoidosis. Large KPs
such as these generally indicate a granuloma-
tous disease process. (Courtesy of David Forster,
MD.)

Figure 6-3 Aqueous flare (4+) in acute iritis.

« synechiae, both anterior and posterior (Fig 6-5)
« band keratopathy (seen with long-standing uveitis)

Keratic precipitates are collections of inflammatory cells on the corneal endothelium.
When newly formed, they tend to be white and smoothly rounded, but they then become
crenated (shrunken), pigmented, or glassy. Large, yellowish KPs are described as mutton-
fat KPs; these are usually associated with granulomatous types of inflammation (see the
discussion later in this section on the distinction between granulomatous and nongranu-
lomatous inflammation). The SUN group (see Classification of Uveitis earlier in the chap-
ter) is working to establish photographic guidelines for describing KPs.
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Figure 6-4 Posterior synechiae and iris nodules in a patient with sarcoidosis. Note the 3 types
of iris nodules: A, Koeppe nodules (pupillary border); B, Busacca nodules (midiris); and C, Ber-
lin nodules (iris angle). (Courtesy of David Forster, MD.)

Figure 6-5 Multiple posterior synechiae pre-
venting complete dilation of the pupil. (Cour-
tesy of David Forster, MD.)

Perilimbal vascular engorgement (ciliary flush) or diffuse injection of the conjunctiva,
episclera, or both is typical with acute anterior uveitis. With increased capillary perme-
ability, the anterior chamber reaction can be described as

« serous (aqueous flare caused by protein influx)
« purulent (polymorphonuclear leukocytes and necrotic debris causing hypopyon)
« fibrinous (plasmoid, or intense fibrinous exudate)

« sanguinoid (inflammatory cells with erythrocytes manifested by hypopyon mixed
with hyphema)

The SUN group also specifically developed an updated method of grading anterior
chamber cell and flare. The intensity of the cellular reaction in the anterior chamber is
graded according to the number of inflammatory cells seen in a 1 x 1-mm high-powered
beam at full intensity at a 45°-60° angle (Table 6-11).

Flare may also be graded similarly, and the SUN group described flare intensity as it
had been described previously by Hogan and Kimura (Table 6-12).

Hogan M], Kimura SJ, Thygeson P. Signs and symptoms of uveitis. I. Anterior uveitis. Am |
Ophthalmol. 1959;47:155-170.
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Table 6-11 The SUN Working Group Grading Scheme for Anterior Chamber Cells

Grade Cells in Fleld (hlgh mtensny1 X 1 -mm sllt beam)
0 <1
0.5+ 1-5
1+ 6-15
2+ 16-25
3+ 26-50
4+ >50

The Standardization of Uveitis Nomenclature (SUN) Working Group. Standardization of nomenclature for
reporting clinical data: results of the First International Workshop. Am J Ophthalmol. 2005;140:509-516:
Table 3.

Table 6 12 The SUN Working Group Gradmg System for Anterlor Chamber Flare

Grade Descnptlon
0 None
1+ Faint
2+ Moderate (iris and lens details clear)
3+ Marked (iris and lens details hazy)
4+ Intense (fibrin or plasmoid aqueous)

The Standardization of Uveitis Nomenclature (SUN) Working Group. Standardization of nomenclature for
reporting clinical data: results of the First International Workshop. Am J Ophthalmol. 2005;140:509-516:
Table 4.

Iris involvement may manifest as either anterior or posterior synechiae, iris nodules
(Koeppe nodules at the pupillary border, Busacca nodules within the iris stroma, and Ber-
lin nodules in the angle; see Fig 6-4), iris granulomas, heterochromia (eg, Fuchs hetero-
chromic iridocyclitis), or stromal atrophy (eg, herpetic uveitis).

With uveitic involvement of the ciliary body and trabecular meshwork, IOP often
is low secondary to decreased aqueous production or increased alternative outflow, but
IOP may increase precipitously if the meshwork becomes clogged by inflammatory cells
or debris or if the trabecular meshwork itself is the site of inflammation (trabeculitis).
Pupillary block with iris bombé and secondary angle closure may also lead to an acute
rise in IOP.

Intermediate Segment

Signs in the intermediate anatomical area of the eye include

« vitreal inflammatory cells, which are graded from 0 to 4+ in density:

Grade Number of cells
0 No cells
0.5+ 1-10
1+ 10-20
2+ 20-30
3+ 30-100

4+ >100
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The SUN group did not achieve consensus regarding a grading system for vitreous
cells. However, the NIH grading system for vitreous haze, which has now been adopted by
the SUN group, grades both vitreous cell and flare and may be a better indicator of disease
activity than cell counts alone. With this method, standardized photographs are used for
comparison to ultimately arrive at the level of vitreous haze.

« snowball opacities, which are common with sarcoidosis or intermediate uveitis

« exudates over the pars plana (snowbank). Active snowbanks have a flufty or shaggy
appearance. If pars planitis becomes inactive, the pars plana appears gliotic or
fibrotic and smooth; thus, these changes are not referred to as “snowbanks.”

« vitreal strands

Chronic uveitis may be associated with cyclitic membrane formation, with secondary
ciliary body detachment and hypotony.

Posterior Segment
Signs in the posterior segment of the eye include

« retinal or choroidal inflammatory infiltrates

« inflammatory sheathing of arteries or veins

« perivascular inflammatory cuffing

« retinal pigment epithelial hypertrophy or atrophy

« atrophy or swelling of the retina, choroid, or optic nerve head
« pre- or subretinal fibrosis

« exudative, tractional, or rhegmatogenous retinal detachment
« retinal or choroidal neovascularization

Retinal and choroidal signs may be unifocal, multifocal, or diffuse. The uveitis can be
diffuse throughout the eye (panuveitis) or appear dispersed with spillover from 1 area to

another, as with toxoplasmosis primarily involving the retina but showing anterior cham-
ber inflammation as well.

Review of the Patient’s Health and Other Associated Factors

Many historical factors other than ocular symptoms and signs can help in the classification
or identification of uveitis (Table 6-13). A comprehensive history and review of systems
is of paramount importance in helping to elucidate the cause of uveitis. In this regard, a
uveitis survey such as that shown at the end of this chapter can be very helpful.
Determining whether the onset was sudden or insidious may help the clinician nar-
row the range of diagnostic possibilities. Uveitis may be subcategorized as acute, chronic,
and recurrent: acute is generally the term used to describe episodes of sudden onset and
limited duration that usually resolve within a few weeks to months, whereas chronic uveitis
is persistent, with relapse in less than 3 months after discontinuing treatment. Recurrent

uveitis is characterized by repeated episodes separated by periods of inactivity without
treatment 3 months or longer in duration.



CHAPTER 6: Clinical Approach to Uveitis * 115

Table 6-13 Historical Factors in Diagnosis of Uveitis

Modifying Factors Associated Factors Suggesting Systemic Conditions
Time course of disease Immune system status
Acute Systemic medications
Recurrent Trauma history
Chronic Travel history
Severity Social history
Severe Eating habits
Inactive Pets
Distribution of uveitis Sexual practices
Unilateral Occupation
Bilateral Drug use
Alternating
Focal
Multifocal
Diffuse

Patient’s sex
Patient’s age
Patient’s race

Whether the inflammation is severe or low grade can influence categorization and
prognosis. The inflammatory process may occur in 1 or both eyes, or it may alternate
between them. The distribution of ocular involvement—focal, multifocal, or diffuse—is
also helpful to note when classifying uveitis. The age, gender, sexual practices, and racial
background of the patient are important findings in some uveitic syndromes.

Chronic uveitis can be further characterized histopathologically as being either granu-
lomatous or nongranulomatous. Nongranulomatous inflammation typically has a lympho-
cytic and plasma cell infiltrate, whereas granulomatous reactions also include epithelioid
and giant cells. Discrete granulomas are characteristic of sarcoidosis; diffuse granuloma-
tous inflammation appears in VKH disease and sympathetic ophthalmia. Zonal granulo-
matous disease can be seen with lens-induced uveitis. However, the physician should be
aware that the clinical appearance of uveitis as granulomatous or nongranulomatous may
not necessarily correlate with the histopathologic description and may instead be related to
the stage in which the disease is first seen, the amount of presenting antigen, or the host’s
state of immunocompromise (eg, a patient being treated with corticosteroids).

Although ocular inflammation may be an isolated process involving only the eye, it
can also be associated with a systemic condition. However, ocular inflammation frequently
does not correlate with the inflammatory activity elsewhere in the body, so it is impor-
tant for the clinician to carefully review systems. In some cases, the uveitis may actually
precede the development of inflammation at other body sites. The presence of immuno-
compromise, use of intravenous drugs, hyperalimentation, and the patient’s occupation
are just a few risk factors that can direct the investigation of uveitis. Neoplastic disease can
masquerade as inflammatory disease. Large cell lymphoma (previously called reticulum
cell sarcoma), retinoblastoma, leukemia, and malignant melanoma may all be mistaken
for uveitis. In addition, juvenile xanthogranuloma, pigment dispersion syndrome, retinal



116 « Intraocular Inflammation and Uveitis

detachment, retinitis pigmentosa, and ischemia all must be considered in the differential
diagnosis of uveitis.

The chapters that follow describe discrete uveitis entities. However, many patients
do not present with the classic signs and symptoms of a particular disease. Some patients
require monitoring through follow-up visits, and laboratory tests may need to be repeated
at a later date, as the clinical appearance may be unclear or change with time and treat-

ment. The presentation of disease can also be modified by prior therapy or by a delay in
seeing the physician.

Differential Diagnosis of Uveitic Entities

The differential diagnosis is broad and includes infectious agents (viruses, bacteria, fungi,
protozoa, and helminths), noninfectious entities of presumed immunologic or allergic
origin, masquerade syndromes such as endophthalmitis and neoplasms, and unknown or
idiopathic causes. Although pattern recognition alone is frequently sufficient to establish a
definitive diagnosis, an accurate biomicroscopic and funduscopic description of posterior
segment inflammatory conditions is extremely helpful in narrowing the differential and in
conceptualizing individual entities, because their distribution and evolution may be quite
characteristic.

Once a comprehensive history has been taken and a physical examination performed,
the most likely causes are ranked in a list based on how well the individual patient’s type
of uveitis “fits” with the various known uveitic entities. This naming-meshing system first
names the type of uveitis based on anatomical criteria and associated factors (eg, acute
versus chronic, unilateral versus bilateral) and then matches the pattern of uveitis exhib-
ited by the patient with a list of potential uveitic entities that share similar characteristics.

One such system for helping to identify a possible cause for a particular patient’s uveitis is
outlined in Table 6-4.

Epidemiology of Uveitis

A knowledge of the prevalence of the various causes seen in uveitis survey populations
is also helpful in determining the most probable cause of the uveitis. Numerous studies
have been performed to determine the prevalence of various types of uveitis, but the data
often vary from one study to another, depending on whether the study was performed at a
tertiary referral center or was community-based. The location of the study population also
produces differing results. For example, the prevalence of cytomegalovirus retinitis would
be expected to be much higher in large urban areas with higher rates of AIDS, whereas
ocular histoplasmosis would be more prevalent in rural areas in the midwestern United
States. Certain types of uveitis also show large, worldwide variations. For example, entities
such as Adamantiades-Behget syndrome and VKH disease are much more common in
Japan than in Europe or the United States. Recent observations made in an epidemiologic
study of uveitis in northern California, utilizing a large health maintenance organization
in 6 target communities with a combined population of nearly 732,000, suggest an inci-
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dence rate of 52.4/100,000 person-years, a 3-fold higher incidence of uveitis than previ-
ously reported in studies from the United States. In addition, the incidence and prevalence
were lowest in the pediatric age groups and highest in those over age 65. Further, although
the prevalence of affected women was greater than that of men in northern California, the
incidence rates were similar for women and men.

Table 6-14 summarizes the data from several surveys, comparing the prevalence of
various types of uveitis in both university/referral-based and community-based popu-
lations from around the world. The anatomical distribution of uveitis is similar to that
reported in the United States, with a higher prevalence of anterior involvement followed
by panuveitis, then posterior uveitis, and finally intermediate uveitis. Also, most univer-
sity/referral-based studies probably overestimate the prevalence of intermediate and pos-
terior uveitis compared to cases actually seen in the community.

The etiologic distribution of uveitis varies around the globe. In general, the data dem-
onstrate that idiopathic causes are frequently found in anterior uveitis and that infectious
causes are more common in posterior uveitis. Adamantiades-Behget syndrome seems
highly prevalent in Turkey and in China, whereas birdshot retinochoroidopathy is more
common in western Europe. Vogt-Koyanagi-Harada disease is clearly more prevalent in
China. Tuberculosis remains the main etiology of infectious uveitis in India. Viral uveitis
is predominant in the Middle East and in France, followed by toxoplasmosis.

Bodaghi B, Cassoux N, Wechsler B, et al. Chronic severe uveitis: etiology and visual outcome in
927 patients from a single center. Medicine (Baltimore). 2001;80:263-270.

Gritz DC, Wong IG. The incidence and prevalence of uveitis in northern California. The North-
ern California Epidemiology of Uveitis Study. Ophthalmology. 2004;111:491-500.

Islam SM, Tabbara KF. Causes of uveitis at The Eye Center in Saudi Arabia: a retrospective
review. Ophthalmic Epidemiol. 2002;9:239-249.

McCannel CA, Holland GN, Helm CJ, Cornell PJ, Winston JV, Rimmer TG. Causes of uveitis
in the general practice of ophthalmology. UCLA Community-Based Uveitis Study Group.
Am ] Ophthalmol. 1996;121:35-46.

Rodriguez A, Calonge M, Pedroza-Seres M, et al. Referral patterns of uveitis in a tertiary eye
care center. Arch Ophthalmol. 1996;114:593-599.

Sengun A, Karadag R, Karakurt A, Saricaoglu MS, Abdik O, Hasiripi H. Causes of uveitis in a
referral hospital in Ankara, Turkey. Ocul Immunol Inflamm. 2005;13:45-50.

Singh R, Gupta V, Gupta A. Patterns of uveitis in a referral eye clinic in north India. Indian |
Ophthalmol. 2004;52:121-125.

Yang P, Zhang Z, Zhou H, et al. Clinical patterns and characteristics of uveitis in a tertiary
center for uveitis in China. Curr Eye Res. 2005;30:943-948.

Laboratory and Medical Evaluation

The diagnosis may require laboratory and medical evaluation guided by the history and
physical examination. There is no one standardized battery of tests that needs to be ordered
for all patients with uveitis. Rather, a tailored approach should be taken based on the most
likely causes for each patient. Once a list of differential diagnoses is compiled, appropri-
ate laboratory tests can be ordered, if necessary. Many patients require only 1 or a few
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diagnostic tests. When the history and physical examination do not clearly indicate the
cause, most uveitis specialists recommend a subset of core tests, including complete blood
count, erythrocyte sedimentation rate (ESR), angiotensin-converting enzyme (ACE),
lysozyme, syphilis serologic profile, and chest radiographs. Risk factors may also indicate
testing for tuberculosis and Lyme disease. Table 6-4 lists some of the laboratory tests that
may be useful for particular presentations of uveitis. These laboratory tests are discussed
further in the chapters that follow, covering the various types of uveitis.

In the evaluation of patients with certain types of uveitis, ancillary testing can be
extremely helpful:

o Fluorescein angiography (FA) is an essential imaging modality in evaluating eyes
with chorioretinal disease and structural complications of posterior uveitis. It fre-
quently provides critical information not obtainable from biomicroscopic or fun-
dus examination and is useful both diagnostically and in monitoring a patient’s
response to therapy. Cystoid macular edema (Fig 6-6); retinal vasculitis; secondary
choroidal or retinal neovascularization; and areas of optic nerve, retinal, and cho-
roidal inflammation can all be detected angiographically. Several of the retinocho-
roidopathies, or white dot syndromes, have characteristic appearances on FA.

« Indocyanine green (ICG) angiography may show 2 patterns of hypofluorescence in
the presence of inflammatory choroidal vasculopathies. Type 1, which represents
more selective inflammatory choriocapillaropathies, demonstrates early and late
multifocal areas of hypofluorescence and may be seen in multiple evanescent white
dot syndrome (MEWDS). Type 2 represents stromal inflammatory vasculopathies
of the choroids and demonstrates areas of early hypofluorescence and late hyper-
fluorescence and may be seen in sarcoidosis, sympathetic ophthalmia, birdshot
chorioretinopathy, and VKH syndrome.

« Ultrasonography can be useful in demonstrating vitreous opacities, choroidal thick-
ening, retinal detachment, or cyclitic membrane formation, particularly if media
opacities preclude a view of the posterior segment.

+ Optical coherence tomography (OCT), a cross-sectional imaging method using
coherent light to develop a low-coherence interferometric image of the retina, has
become a standard of care for the objective measurement of uveitic CME (Fig 6-7),

Figure 6-6 Late transit phase fluorescein
angiogram of the left eye of a patient with
sarcoid-associated anterior uveitis and cys-
toid macular edema (CME). (Courtesy of Ramana
S. Moorthy, MD.)
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Figure 6-7 OCT image of the macula of
the same eye as in Figure 6-6, showing
cystoid spaces in the parafoveal outer
plexiform layer. (Courtesy of Ramana S. Moorthy,
MD.)

retinal thickening, subretinal fluid associated with choroidal neovascularization,
and serous retinal detachments. It can be useful in eyes with smaller pupils but can
be limited by media opacities. OCT can be invaluable in following patients with
uveitic glaucoma. Nerve fiber layer defects and visual field defects correlate well to
changes seen on OCT imaging of the optic nerve head.

« Anterior chamber paracentesis: Aqueous humor may be analyzed following ante-
rior chamber paracentesis. Compared with diagnostic vitrectomy, this procedure
is more frequently used in Europe, in patients presenting with atypical features of
infectious uveitis or a suspicion of primary intraocular lymphoma. Evaluation of
local antibody production based on the Goldmann-Witmer (GW) coefficient is
considered the gold standard for the diagnosis of toxoplasmosis in Europe. PCR
technology is a valuable tool in cases of viral uveitis or retinitis but is less sensitive
in diagnosing parasitic conditions. Diagnostic yield is increased when PCR and
the GW coefficient are combined, especially in viral infections. New technological
developments, such as real-time PCR, have improved the sensitivity and specificity
of the method, even though results should be interpreted with care. The surgical
technique is discussed at the end of this chapter.

« Vitreous biopsy may be necessary for a diagnostic evaluation in suspected cases of
primary intraocular lymphoma (formerly called reticulum cell sarcoma) or bacte-
rial or fungal endophthalmitis. Cytologic, cytofluorographic, and microbiologic
examination of vitreous fluid may be performed. Bacterial and fungal cultures of
vitreous and aqueous specimens may also be performed in cases when infections
are suspected. Carefully planned testing in selected patients can be an effective
means of confirming clinical diagnoses in intraocular lymphoma, chronic ocu-
lar infections, and atypical chorioretinitis. Fluid may also be analyzed by PCR
to determine the cause of certain cases. Specific primers for Toxoplasma gondii,
herpes simplex virus, varicella-zoster virus, and cytomegalovirus are readily
available. Combined with the clinical picture, evaluating for the presence of DNA
from specific pathogens can be moderately sensitive and specific in establishing
an etiologic diagnosis. Surgical management is discussed later in this chapter and
in Chapter 11. Aqueous specimens may also be evaluated in a similar manner in
some cases.

« Chorioretinal biopsy may be useful when the diagnosis cannot be confirmed on the
basis of clinical appearance or other laboratory investigations (eg, certain cases of
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necrotizing retinitis in patients with AIDS or suspected cases of primarily subreti-
nal intraocular lymphoma). Surgical management is further discussed later in this
chapter.

Ciardella AP, Prall FR, Borodoker N, Cunningham ET Jr. Imaging techniques for posterior
uveitis. Curr Opin Ophthalmol. 2004;15:519-530.

Davis JL, Miller DM, Ruiz P. Diagnostic testing of vitrectomy specimens. Am | Ophthalmol.
2005;140:822-829.

de Groot-Mijnes JD, Rothova A, van Loon AM, et al. Polymerase chain reaction and Gold-
mann-Witmer coefficient analysis are complementary for the diagnosis of infectious uveitis.
Am ] Ophthalmol. 2006;141:313-318.

Quentin CD, Reiber H. Fuchs heterochromic cyclitis: rubella virus antibodies and genome in
aqueous humor. Am J Ophthalmol. 2004;138:46-54.

Therapy

Many patients with mild, self-limiting uveitis need no referral to a uveitis specialist. How-
ever, in uveitis with a chronic or downwardly spiraling course, referring the patient to
a uveitis specialist may be helpful not only in eliciting the cause and determining the
therapeutic regimen but also in reassuring the patient that all avenues are being explored.
Evaluation of vision-threatening uveitis may require coordination with other medical or
surgical consultants (eg, in pursuing the diagnosis of HIV-related diseases or in kidney
transplant patients on immunomodulatory therapy). Discussion with the patient and
other specialists about the prognosis and complications of uveitis helps to determine the
appropriate therapy. Therapy for uveitis ranges from simple observation to medical or
surgical intervention (Table 6-15).

Medical Management of Uveitis

Generally, medical therapy includes topical cycloplegics, topical or systemic nonsteroidal
anti-inflammatory drugs (NSAIDs), and topical or systemic corticosteroids. Immuno-
modulatory therapy may be required in patients with uveitis unresponsive to corticoste-
roid therapy, in patients with corticosteroid-induced complications, and in patients with
disorders shown to be associated with poor long-term outcomes when corticosteroids
have been the sole therapeutic modality. The choice of therapeutic approach depends on
the relative risk of complications of uveitis, of which the most common are cataracts, glau-
coma, CME, and hypotony. Treatment should be tailored as specifically as possible to the
individual patient and adjusted according to response. The physician should consider the
patient’s systemic involvement and other factors, such as age, immune status, and toler-
ance for side effects. See also Immunotherapeutics in Chapter 5.

Mydriatic and Cycloplegic Agents
Topical mydriatic and cycloplegic agents are beneficial for breaking or preventing the for-
mation of posterior synechiae and for relieving photophobia secondary to ciliary spasm.
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Table 6-15 Therapy for Uveitis

Observation
For development of complications
For change in the appearance/severity/progression

Medical therapy
Cycloplegics

To relieve pain

To break posterior synechiae/pupillary block
Corticosteroids

Topical drops/ointment

Sub-Tenon'’s or retroseptal injection

Oral or intravenous injection

Intravitreal injection of triamcinolone

Intravitreal fluocinolone implant (surgically placed)
Immunomodulators

Alkylating agents

Antimetabolites

T-lymphocyte modulators

Biologic response modifiers

Surgical therapy

Diagnostic procedures
Aqueous paracentesis
Vitreous biopsy
Chorioretinal biopsy

Reparative procedures
Cataract extraction
Pupillary reconstruction
Glaucoma surgery
Epiretinal membrane peeling
Scleral buckle
Pars plana vitrectomy

The stronger the inflammatory reaction, the stronger or more frequent the dosage of
cycloplegic. Short-acting drops such as cyclopentolate hydrochloride (Cyclogyl) or long-
acting drops such as atropine may be used. Most cases of acute anterior uveitis require
only short-acting cycloplegics; these allow the pupil to remain mobile and permit rapid
recovery when they are discontinued. Patients with chronic uveitis and moderate flare in
the anterior chamber (eg, JRA/JIA-associated iritis) may need to be maintained on short-
acting agents (eg, tropicamide) for the long term to prevent posterior synechiae.

NSAIDs

Nonsteroidal anti-inflammatory drugs (NSAIDs) work by inhibiting cyclooxygenase
(isoforms 1 and 2 or 2 alone) and reduce the synthesis of prostaglandins that mediate
inflammation. Topical NSAIDs may be useful in the treatment of postoperative inflam-
mation and CME, but their usefulness in treating endogenous anterior uveitis has not
been proven. Several studies have shown that systemic NSAIDs may be efficacious in the
treatment of chronic iridocyclitis (eg, JRA/JIA-associated iridocyclitis) and possibly CME;
NSAIDs may allow the practitioner to maintain the patient on a lower dose of topical
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corticosteroids. Potential complications of prolonged systemic NSAID use include gas-
tric ulceration, GI bleeding, nephrotoxicity, and hepatotoxicity. See also BCSC Section 1,
Update on General Medicine, Chapter 8.

Corticosteroids

Corticosteroids are the mainstay of uveitis therapy (Table 6-16). Because of their potential
side effects, however, they should be reserved for specific indications:

« treatment of active inflammation in the eye
« prevention or treatment of complications such as CME
« reduction of inflammatory infiltration of the retina, choroid, or optic nerve

Table 6-16 Corticosteroids Frequently Used in Uveitis Therapy and Their
Complications

Route of Administration 7 Complications

Topical (relative anti-inflammatory activity compared to hydrocortisone)

Prednisolone acetate 1% (2.3)*  Cataract formation

Prednisolone sodium phosphate 1% (2.3) Elevation of IOP

Fluorometholone 0.1% (21) Worsening of external infection
Dexamethasone phosphate 0.1% (24) Corneal/scleral thinning or perforation

Rimexolone 1%
Loteprednol etabonate 0.5% or 0.2%

Periocular Same complications as topical above and
Long-acting Ptosis
Methylprednisolone acetate (Depo-Medrol) (5.0) Scarring of conjunctiva/Tenon’s capsule
Triamcinolone acetonide (Kenalog) (5.0) Worsening of infectious uveitis
Triamcinolone diacetate (Aristocort) (5.0) Scleral perforation
Short-acting Hemorrhage
Hydrocortisone sodium succinate (Solu- (1.0)

Cortef)
Betamethasone (Celestone) (25)
Systemic Same complications as topical above and
Prednisone (4.0) Increased appetite
Triamcinolone (5.0) Weight gain
Dexamethasone (25) Peptic ulcers
Methylprednisolone (5.0) Sodium and fluid retention

Osteoporosis/bone fractures
Aseptic necrosis of hip
Hypertension

Diabetes mellitus

Menstrual irregularities

Mental status changes
Exacerbation of systemic infections
Impaired wound healing

Acne

Others

* Numbers in parentheses represent relative anti-inflammatory activity compared to that of hydrocorti-
sone.
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Complications of corticosteroid therapy are numerous and can be seen with any
mode of administration. Therefore, these agents should be used only when the benefits of
therapy outweigh the risks of the medications themselves. Corticosteroids are not always
indicated in patients with chronic flare or in the therapy of specific diseases such as Fuchs
heterochromic iridocyclitis or pars planitis without macular edema or with a peripheral
lesion of toxoplasmosis (ie, a lesion that does not threaten the optic disc or macula).

The amount and duration of corticosteroid therapy must be individualized. It is gen-
erally preferable to begin therapy with a high dose of corticosteroids (topical or systemic)
and taper the dose as the inflammation subsides, rather than beginning with a low dose
that may have to be progressively increased to control the inflammation. To minimize
complications of therapy, patients should be maintained on the minimal amount of cor-
ticosteroid needed to control the inflammation. If corticosteroid therapy is needed for
longer than 2-3 weeks, the dosage should be tapered before discontinuation. The dos-
age may need to be increased if surgical intervention is required to prevent postoperative
exacerbation of the uveitis. The relative potencies of various corticosteroid preparations
are summarized in Table 6-16 and in BCSC 2, Fundamentals and Principles of Ophthalmol-
ogy, Chapter 18, Table 18-8.

Topical administration

Topical corticosteroid drops are effective primarily for anterior uveitis, although they may
have beneficial effects on vitritis or macular edema in patients who are pseudophakic
or aphakic. These drops are given in time intervals ranging from once daily to hourly.
They can also be given in an ointment form for nighttime use or if preservatives in the
eyedrops are not well tolerated. Of the topical preparations, rimexolone, loteprednol, and
fluorometholone have been shown to have less of an ocular hypertensive effect than other
medications and may be particularly useful in patients who are corticosteroid respond-
ers. However, these agents are not as effective as prednisolone in controlling uveitis that
is more intense than mild to moderate. Some generic forms of prednisolone, though, may
have less of an anti-inflammatory effect than brand-name products; this should be consid-
ered when patients do not respond adequately to topical corticosteroid therapy. A differ-
ence in efficacy may be due to differences in particle size among various suspensions and
may necessitate more vigorous agitation before instillation.

Periocular administration

Periocular corticosteroids are generally given as depot injections when a more posterior
effect is needed or when a patient is noncompliant or poorly responsive to topical or sys-
temic administration. They are often preferred for patients with intermediate or posterior
uveitis or for those with CME, because they deliver a therapeutic dose of medication close
to the site of inflammation and have few if any systemic side effects in adults. Triamcino-
lone acetonide (40 mg) and methylprednisolone acetate (40-80 mg) are the most com-
monly used agents.

Periocular injections can be performed using either a transseptal or a sub-Tenon’s
(Nozik technique) approach (Fig 6-8). With a sub-Tenon’s injection, a 25-gauge, %-in.
needle is used. If the injection is given in the superotemporal quadrant (the preferred
location), the upper eyelid is retracted and the patient is instructed to look down and
nasally. After anesthesia is applied with a cotton swab soaked in proparacaine or tetra-
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Figure 6-8 Posterior sub-Tenon's injection. A, The correct position of the operator's hands
and the needle. The arrows indicate the direction of the side-to-side circumferential motion
(here exaggerated for emphasis). B, The positioning of the tip of the needle in its ideal location
between Tenon's capsule and the sclera. (Reproduced with permission from Smith RE, Nozik RA. Uveitis:
A Clinical Approach to Diagnosis and Management. 2nd ed. Baltimore: Williams & Wilkins,; 1989.)

caine, the needle is placed bevel-down against the sclera and advanced through the con-
junctiva and Tenon’s capsule using a side-to-side movement, which allows the physician
to determine whether the needle has entered the sclera or not. As long as the globe does
not torque with the side-to-side movement of the needle, the physician can be reasonably
sure that the needle has not penetrated the sclera. Once the needle has been advanced to
the hub, the corticosteroid is injected into the sub-Tenon’s space. Complications of the
superotemporal approach include upper lid ptosis, periorbital hemorrhage, and globe
perforation.

Although sub-Tenon’ injections are typically given in the superotemporal quadrant,
the inferotemporal approach can also be performed in a similar fashion. Generally, how-
ever, the inferior approach using the Nozik technique can be awkward to perform. The
transseptal route of delivery is preferred for the inferior approach and is performed by
using a short 27-gauge needle usually on a 3-cc syringe containing the drug (Fig 6-9). The
index finger may be used to push the temporal lower lid posteriorly and locate the equa-
tor of the globe. The needle is inserted inferior to the globe through the skin of the eyelid,
directed straight posteriorly through the orbital septum into the orbital fat to the hub of
the needle. The needle is aspirated, and if there is no blood reflux, the corticosteroid is
injected. Complications of the inferior approach can include periorbital and retrobulbar
hemorrhage, lower lid retractor ptosis, orbital fat prolapse with periorbital festoon forma-
tion, orbital fat atrophy, and skin discoloration. This transseptal approach can be more
painful to perform than the sub-Tenon’s injection if a 25-gauge needle is used; pain can be
minimized with a 27-gauge needle.

Periocular injections should not be used in cases of infectious uveitis (eg, toxoplas-
mosis) and should also be avoided in patients with necrotizing scleritis, because scleral
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Figure 6-9 Inferior transseptal injection of
triamcinolone acetonide (Kenalog) in the left
eye of a patient with HLA-B27-associated
anterior uveitis. A 27-gauge, '/," needle on a
3-mL syringe is inserted through the skin of
the lower eyelid and the inferior orbital sep-
tum. (The finger position was changed for
photographic purposes.) By using the index
finger of the opposite hand, the physician
can determine the location of the equator of
the globe to prevent perforation and to place
the depot corticosteroid as posteriorly as
possible. (Courtesy of Ramana S. Moorthy, MD.)

thinning and possible perforation may result. The physician should be aware that periocu-
lar corticosteroid injections have the potential to raise the IOP precipitously or for a long
time, particularly with the longer-acting agents (triamcinolone or methylprednisolone).

Systemic administration

Oral or intravenous therapy may supplement or replace other routes of administration.
Systemic corticosteroids are used for vision-threatening chronic uveitis when topical
corticosteroids are insufficient or when the systemic disease also requires therapy. Many
oral corticosteroid formulations are available; prednisone is the most commonly used. If
systemic corticosteroids are used, the dosing and taper must be appropriate. The readily
available dose packages of methylprednisolone that are used over a period of 1 week or
less have little or no role in the treatment of uveitis. Duration of treatment with corticoste-
roids may last for 3 months. If corticosteroid therapy is required for longer than 3 months,
immunomodulatory therapy is indicated.

Most patients require 1-2 mg/kg/day of oral prednisone, which is tapered in a gradual
fashion every 1 to 2 weeks until the disease is quiescent. The lowest possible dose that will
control the ocular inflammation and minimize side effects is desired. This dose should
be 5-10 mg or less per day. If a dose greater than 10 mg/day is required, corticosteroid-
sparing immunomodulatory therapy must be used.

In cases of an explosive onset of severe noninfectious posterior uveitis or panuveitis,
intravenous, high-dose, pulse methylprednisolone (1 gm/day infused over 1 hour) therapy
may be administered for 3 days, followed by a gradual taper of oral prednisone starting
at 1.0-1.5 mg/kg day. Although this approach may control intraocular inflammation, side
effects are numerous and can be life-threatening. These include psychological disturbances,
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hypertension, and elevated glucose levels. This form of therapy should be performed in a
hospital setting by those experienced with this approach and its side effects.

Reed JB, Morse LS, Schwab IR. High-dose intravenous pulse methylprednisolone hemisuc-
cinate in acute Behget retinitis. Am ] Ophthalmol. 1998;125:409-411.

Sasamoto Y, Ohno S, Matsuda H. Studies on corticosteroid therapy in Vogt-Koyanagi-Harada
disease. Ophthalmologica. 1990;201:162-167.

Wakefield D, Jennings A, McCluskey PJ. Intravenous pulse methylprednisolone in the treatment
of uveitis associated with multiple sclerosis. Clin Experiment Ophthalmol. 2000;28:103-106.

Wakefield D, McCluskey P, Penny R. Intravenous pulse methylprednisolone therapy in severe
inflammatory eye disease. Arch Ophthalmol. 1986;104:847-851.

The many side effects of both short- and long-term corticosteroids must be discussed
with patients, and their general health must be closely monitored, often with the assistance
of an internist. Patients with a propensity toward or who have manifest diabetes mellitus;
patients with hypertension, peptic ulcer, or gastroesophageal reflux disease; patients who
are immunocompromised (from acquired or congenital causes); and patients with psychi-
atric conditions are at high risk for corticosteroid-induced exacerbations of their systemic
conditions. Corticosteroids should be avoided, if at all possible, in these patients.

Patients on high-dose oral corticosteroids should be placed on histamine-2 receptor
blockers or proton pump inhibitors to prevent gastric and peptic ulcer. The risk of gastric
ulcer is particularly high in patients who are concomitantly taking systemic nonsteroidal
anti-inflammatory medications. Patients maintained on long-term corticosteroid therapy,
particularly elderly patients and postmenopausal women, should supplement their diet
with calcium and vitamin D to lessen the chances of osteoporosis. The following tests may
be used to evaluate patients at risk for corticosteroid-induced bone loss:

« serial height measurements

o serum calcium and phosphorus levels

« serum 25-hydroxycholecalciferol levels (if vitamin D stores are uncertain)

« follicle-stimulating hormone and testosterone levels (if gonadal status is uncertain)

« bone mineral density screening for anyone receiving corticosteroid therapy for
more than 3 months

The FDA has approved the use of alendronate for prevention and treatment of corti-
costeroid-induced osteoporosis in men and women. This may be administered to at-risk
patients receiving 7.5 mg or more of daily prednisone equivalent.

Niewoehner CB, Niewoehner DE. Steroid-induced osteoporosis. Are your asthmatic patients
at risk? Postgrad Med. 1999;105:79-83, 87-88, 91. (Accessed online.)

Intravitreal administration
A more recent mode of therapy is the use of intravitreal corticosteroids. These can be
administered by injection or by implantation of a sustained-release device.

Intravitreal injections of triamcinolone acetonide (Kenalog) have been used exten-
sively in the treatment of uveitic conditions. Published literature on intravitreal triamcin-
olone suggests a definite treatment benefit, although of limited duration, for recalcitrant
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uveitic CME. Little is known about the efficacy of intravitreal triamcinolone injections for
the treatment of chronic uveitis.

Single trans-pars plana intravitreal injections of 4 mg (0.1 cc) of triamcinolone may
produce sustained visual acuity improvements for 6 months or more. Cystoid macular
edema may relapse after 3 to 6 months. Multiple injections increase the risk of cataract
formation in phakic patients, and intraocular pressure elevation may occur transiently
in more than one half of patients. Up to 25% of patients may require topical medications
to control IOP, and 1%-2% may require filtering surgery. Complications such as sterile
“endophthalmitis” may occur in up to 1% of patients and require intensive corticosteroid
therapy. Infectious endophthalmitis and rhegmatogenous retinal detachment may occur,
but these are rare when proper technique is used. Long-term clinical efficacy and outcome
studies are under way. This method of treatment is not curative of chronic uveitic condi-
tions and should be used judiciously as its effects are relatively short-lived.

The sustained-release fluocinolone implant has been approved by the FDA for the
treatment of chronic noninfectious posterior uveitis. Two phase 3 studies have shown
that the 0.59-mg implant or the 2.1-mg implant releases drug for a median period of 30
months. Inflammation was well controlled in nearly all eyes, with no recurrences in any of
the eyes in the pilot trial. The pilot study demonstrated that nearly 70% of implanted eyes
required less local and systemic corticosteroid and immunomodulatory therapy. How-
ever, nearly all phakic eyes developed cataract within the first 2 years after implantation.
Glaucoma necessitating topical therapy developed in nearly 60% of patients after 2 years,
and 30% required filtering surgery. Complications such as endophthalmitis, wound leaks,
hypotony, vitreous hemorrhage, and retinal detachments have been reported. Again, this
method of treatment provides control of inflammation for 2-3 years but is not curative of
chronic uveitis.

A new biodegradable intraocular implant containing 350 or 700 mcg of dexamethasone
is currently under active investigation for the treatment of uveitis. The duration of action of
this implant is about 6 months, and it can be implanted without the need for vitrectomy.

Androudi S, Letko E, Meniconi M, Papadaki T, Ahmed M, Foster CS. Safety and efficacy of

intravitreal triamcinolone acetonide for uveitic macular edema. Ocul Immunol Inflamm.
2005;13:205-212.

Antcliff R], Spalton DJ, Stanford MR, Graham EM, ftytche TJ, Marshall J. Intravitreal triam-

cinolone for uveitic cystoid macular edema: an optical coherence tomography study. Oph-
thalmology. 2001;108:765-772.

Jaffe GJ, McCallum RM, Branchaud B, Skalak C, Butuner Z, Ashton P. Long-term follow-up

results of a pilot trial of a fluocinolone acetonide implant to treat posterior uveitis. Ophthal-
mology. 2005;112:1192-1198.

Immunomodulatory Agents

Immunomodulatory medications

The addition of immunomodulatory (sometimes referred to as “immunosuppressive”)
medications may greatly benefit patients with severe sight-threatening uveitis or patients
who are resistant to or intolerant of corticosteroids. These agents are thought to work by
killing the rapidly dividing clones of lymphocytes that are responsible for the inflamma-
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tion (see Part I, Immunology). As more evidence accumulates about the complications of
long-term systemic corticosteroid use, immunomodulatory agents are being used with
increasing frequency as corticosteroid-sparing agents. Although the early use of immuno-
modulatory agents is indicated in certain diseases (see the following section), these drugs
should also be considered in patients who require chronic corticosteroid therapy (longer
than 3 months) at doses greater than 5-10 mg/day. The use of immunomodulatory agents
can also be considered in patients with chronic topical corticosteroid dependence and
patients requiring multiple periocular corticosteroid injections.

Indications The following indications generally apply to the therapeutic use of immuno-
modulatory agents in uveitis:

« vision-threatening intraocular inflammation
« reversibility of the disease process
« inadequate response to corticosteroid treatment
—failure of therapy
« contraindication of corticosteroid treatment because of systemic problems or intol-
erable side effects
—unacceptable corticosteroid side effects
—chronic corticosteroid dependence

Corticosteroids are the mainstay of initial therapy, but certain specific uveitis enti-
ties also warrant the early use of immunomodulatory agents for treatment of intraocular
inflammation, including Adamantiades-Behget syndrome, sympathetic ophthalmia, VKH
disease, and necrotizing sclerouveitis. Although these disorders may initially respond well
to corticosteroids, the initial treatment of these entities with immunomodulatory agents
has been shown to improve the long-term prognosis and to lessen visual morbidity.

Relative indications for these agents include conditions that are initially treated with
corticosteroids but do not respond adequately and patients who develop serious cortico-
steroid-induced side effects. Examples in this category include intermediate uveitis (pars
planitis), retinal vasculitis, panuveitis, and chronic iridocyclitis.

Treatment Before initiating therapy with any immunomodulatory agent, the physician
should ensure that there is

« absence of infection

« absence of hepatic and hematologic contraindications

« meticulous follow-up by a physician who is, by virtue of training and experience,
qualified to prescribe and safety monitor such medications and personally manage
their potential toxicities

« objective longitudinal evaluation of the disease process

« informed consent

Several classes of immunomodulatory medications exist. These include antimetabo-
lites, inhibitors of T-lymphocyte signaling, alkylating agents, and biologic response modi-
fiers. These agents are listed in Table 6-17, along with their mechanisms of action, dosages,
and potential complications. It should be noted that no therapeutic response may occur
for several weeks after initiation of immunomodulatory therapy; therefore, most patients
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Table 6-17 Immunomodulatory Medications in the Treatment of Uveitis

Medication Mechanism of Action Dosage Potential Complications
Antimetabolites
Methotrexate Folate analog; inhibits 7.5-25.0 pg/wk PO Gl upset, fatigue,
dihydrofolate or SQ hepatotoxicity,

reductase
Azathioprine

Alters purine metabolism

100-250 mg/d PO

pneumonitis
Gl upset, hepatotoxicity
Diarrhea, nausea, Gl
ulceration

Mycophenolate Inhibits purine synthesis 1-3 g/d PO
mofetil
Alkylating agents
Cyclophosphamide  Cross-links DNA 1-2 mg/d PO
Chlorambucil Cross-links DNA 2-12 mg/d PO

Cyclosporine Inhibits NF-AT (nuclear
factor of activated
T lymphocytes)
activation
Tacrolimus

Sirolimus* Inhibits T-lymphocyte
activation in G1

Blunts T- and B-

lymphocyte responses

to lymphokines

Etanercept TNF-a. receptor blocker

Infliximab TNF-o inhibitor

Adalimumab* TNF-o inhibitor

Daclizumab* Binds the alpha subunit
of IL-2 receptor

Binds CD11a, the alpha
subunit of LFA-1

Efalizumab*

Alefacept* BindstoCD2on T

lymphocytes

Inhibitors of T-lymphocyte signaling

Inhibits NF-AT activation

Biologic response modifiers

Hemorrhagic cystitis,
sterility, increased risk
of malignancy

Sterility, increased risk of
malignancy

2.5-5.0 mg/kg/d PO

0.1-0.2 mg/kg/d PO

6 mg loading dose IV
and then 4 mg/d
IV increasing by
2-mg increments

Nephrotoxicity,
hypertension, gingival
hyperplasia, Gl upset,
paresthesias

Nephrotoxicity,
hypertension, diabetes
mellitus

Gastrointestinal,
cutaneous at trough
levels of >25 ng/mL

0.4 mg/kg twice
weekly SQ given
72-96 hours apart
(max dose 25 mg)

3 mg/kg IV week 0,
2,6 and then q
6-8 weeks

40 mg q 1 week or
q 2 weeks

1.0 mg/kg IV q 2
weeks X 5 doses

0.7 mg/kg SQ q
week and then 1
mg/kg weekly (to
max 200 mg) SQ

15 mgIMorlVq
week

Injection site reactions,
infections (upper
respiratory)

Malignancies

Infusion reactions,
infections (TB
reactivation)

Malignancy/
lymphoproliferative
diseases

Autoantibodies/lupuslike
syndrome

Congestive heart failure

Headache, nausea, rash,
stomach upset

Rare if any; efficacy in
uveitis not well studied

Headaches, fever, nausea,
vomiting

Flulike symptoms

* Still under investigation.
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need to be maintained on corticosteroid therapy until the immunomodulatory agent
begins to take effect, at which time the corticosteroid dose may be gradually tapered.

Because of the potentially serious complications associated with the use of immu-
nomodulatory medications, patients must be monitored closely by a practitioner who is
experienced with them. Regular blood monitoring, including complete blood count and
liver and renal function tests, should be performed. Serious complications include renal
and hepatic toxicity, bone marrow suppression, and increased susceptibility to infection.
In addition, the alkylating agents may cause sterility and have been associated with an
increased risk of future malignancies such as leukemia or lymphoma. Trimethoprim/sul-
famethoxazole prophylaxis against Pneumocystis carinii should be considered in patients
receiving alkylating agents. The physician should obtain informed consent prior to begin-
ning therapy.

Although these agents may be associated with serious life-threatening complica-
tions, they can be extremely effective in the treatment of ocular inflammatory disease in
patients unresponsive to, or intolerant of, systemic corticosteroids. All of these agents are
potentially teratogenic, and patients should be advised to refrain from becoming pregnant
while on them. Again, the physician should obtain informed consent prior to beginning
therapy.

Antimetabolites The antimetabolites include azathioprine, methotrexate, and mycophe-
nolate mofetil. Azathioprine (AZA), a purine nucleoside analog, interferes with DNA
replication and RNA transcription. It is well absorbed orally and, in a randomized,
placebo-controlled trial, has been shown to be effective in preventing ocular involvement
among those without eye disease and in decreasing the occurrence of contralateral eye
involvement among those with unilateral Adamantiades-Behget uveitis. It has also been
found beneficial in patients with intermediate uveitis, VKH disease, sympathetic oph-
thalmia, and necrotizing scleritis. It is administered at a dose of 2 mg/kg/day. Many clini-
cians start administering the drug at 50 mg/day for 1 week to see if the patient develops
any gastrointestinal side effects such as nausea, upset stomach, and vomiting before esca-
lating the dose. These symptoms are common and may occur in up to 25% of patients,
necessitating a discontinuation. Bone marrow suppression is unusual in doses used to
treat uveitis. Reversible hepatic toxicity occurs in less than 2% of patients. Dose reduction
may remedy mild hepatotoxicity. Complete blood counts and liver function tests must
be obtained every 4-6 weeks. The variability of clinical response to azathioprine among
patients is probably due to genetic variability in the activity of thiopurine S-methyltrans-
ferase (TPMT), an enzyme responsible for the metabolism of 6-mercaptopurine (6-MP).
A genotypic test is now becoming available that can help determine patient candidacy for
AZA/6-MP therapy before treatment and can help clinicians individualize patient dose.
Evaluation of TPMT activity has revealed 3 groups of patients:

1. low/no TPMT enzyme activity (0.3% of patients); azathioprine therapy not
recommended

2. intermediate TPMT enzyme activity (11% of patients); azathioprine therapy at
reduced dosage
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3. normal/high TPMT enzyme activity (89% of patients); azathioprine therapy at
higher doses than in patients with intermediate TPMT activity

Methotrexate, a folic acid analog and inhibitor of dihydrofolate reductase, inhibits
DNA replication. Numerous studies have shown methotrexate to be effective in treating
various types of uveitis, including JRA/JIA-associated iridocyclitis, sarcoidosis, panuve-
itis, and scleritis. Treatment with this medication is unique in that it is given as a weekly
dose, usually starting at 7.5-10.0 mg/week and gradually increasing to a maintenance
dose of 15-25 mg/week. Methotrexate can be given orally, subcutaneously, intramus-
cularly, or intravenously and is usually well tolerated. It has greater bioavailability when
given parenterally. Folate is given concurrently at a dose of 1 mg/day to reduce side
effects. The full effect of methotrexate on controlling intraocular inflammation may take
6-8 weeks or longer. Gastrointestinal distress and anorexia may occur in 10% of patients.
Reversible hepatotoxicity occurs in up to 15% of patients, and cirrhosis occurs in less
than 0.1% of patients receiving long-term methotrexate. Methotrexate is teratogenic, and
complete blood counts and liver function tests should be obtained every 4-6 weeks to
monitor for side effects. The drug has a long record of success in the treatment of children
with JRA/JIA. For that reason, it has been a first-line choice for immunomodulation in
children. Uncontrolled clinical trials have shown that it can be corticosteroid-sparing in
two thirds of patients with chronic ocular inflammatory disorders.

Mycophenolate mofetil inhibits both inosine monophosphate dehydrogenase and
DNA replication. It has good oral bioavailability and is given at a dose of 1 gm twice daily.
Reversible gastrointestinal distress and diarrhea are common side effects, although less
than 20% of patients receiving mycophenolate do have side effects. These can usually be
managed by dose reduction. Very few patients find the drug intolerable. Complete blood
counts should be performed every week for 1 month, then every 2 weeks for 2 months,
and then monthly. Mycophenolate mofetil has been found in uncontrolled studies to
be an effective corticosteroid-sparing agent in up to two thirds of patients with chronic
uveitis. Its side effect profile makes it a reasonable first choice for immunomodulation.

Inhibitors of T-lymphocyte signaling The T-lymphocyte inhibitors include cyclosporine,
tacrolimus, and sirolimus. Cyclosporine, a macrolide product of the fungus Hypocladium
inflatum gams, inhibits T-lymphocyte proliferation by blocking production of cytokines,
especially interleukin-2 (IL-2). The most likely mechanism for this inhibition is interfer-
ence with signaling from the T-lymphocyte receptor to genes that code for the various
lymphokines and other substances (such as IL-2) that are necessary for T-lymphocyte
activation. Cyclosporine preferentially inhibits the T helper-inducer and cytotoxic subsets,
with minimal effects on regulatory (suppressor) T lymphocytes. It is available in 2 oral
preparations. One is a microemulsion (Neoral), with better bioavailability than the other,
gel capsules (Sandimmune). These 2 drugs are not bioequivalent formulations. Neoral is
begun at 2 mg/kg/day and Sandimmune at 2.5 mg/kg/day. The dose is adjusted based on
toxicity and clinical response between a range of 1 mg/kg/day and 5 mg/kg/day. The main
potential toxicities are systemic hypertension and nephrotoxicity. Additional side effects
include paresthesia, gastrointestinal upset, fatigue, hypertrichosis, and gingival hyperpla-
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sia. Monthly blood pressure, serum creatinine levels, and complete blood counts are used
to monitor patients on cyclosporine. If the serum creatinine rises by 30%, dose adjustment
is required. Sustained elevation of serum creatinine levels will require a drug holiday until
creatinine levels return to baseline. It is usually not necessary to check drug levels unless
there is a concern about compliance or absorption. Patients with psoriasis who are treated
with cyclosporine appear to be at greater risk of primary skin cancers. Cyclosporine has
been shown to be effective in randomized, controlled clinical trials for the treatment of
Adamantiades-Behget uveitis, with control of inflammation in 50% of patients. However,
the dose used in this study was 10 mg/kg/day, substantially higher than what is used now
(5 mg/kg/day), and led to substantial nephrotoxicity. Cyclosporine has also been shown to
be effective in the treatment of intermediate uveitis and several types of posterior uveitis,
including Adamantiades-Behget syndrome and VKH disease.

Tacrolimus is a close relative of cyclosporine. It is a 10-amino-acid polypeptide immu-
nomodulatory product of Streptomyces tsukubaensis. It is also a potent cytokine inhibitor
and directly interferes with helper T-lymphocyte proliferation. It is given in oral doses of
0.10-0.15 mg/kg/day. Because of its lower dose and increased potency, its main side effect,
nephrotoxicity, is less common than it is with cyclosporine. Serum creatinine and com-
plete blood counts are monitored monthly. A prospective trial of cyclosporine and tacro-
limus suggested equal efficacy in controlling chronic posterior and intermediate uveitis,
with tacrolimus demonstrating greater safety with less risk of hypertension.

Sirolimus, also a macrolide antibiotic, was discovered in the soil of Easter Island; it
is an antifungal agent produced by Streptomyces hygroscopicus. Despite its similarities to
tacrolimus, its mechanism of action is different. Sirolimus blunts the responses of both T
lymphocytes and B lymphocytes to specific lymphokines in the G1 phase of the cell cycle
rather than inhibiting their production. Synergistic effects among sirolimus, tacrolimus,
and cyclosporine A are found in animal models. Such effects may provide an avenue of
highly effective treatment while minimizing dose-related toxicity. In 1 open-label pro-
spective study, sirolimus was found to be effective in reducing or eliminating the need for
systemic corticosteroids in patients with refractory noninfectious uveitis. Gastrointestinal
and cutaneous side effects were common and dose-dependent. Most cases occurred at
trough blood levels above 25 ng/mL. The drug is still under active investigation for the
treatment of uveitis.

Alkylating agents Alkylating agents include cyclophosphamide and chlorambucil. Alkyl-
ating agents are at the top of the therapeutic stepladder and are used if the other immu-
nomodulators fail to control uveitis; they are also used as first-line therapy for necrotizing
scleritis associated with systemic vasculitides such as Wegener granulomatosis or relaps-
ing polychondritis. They have been found beneficial as well in patients with intermediate
uveitis, VKH disease, sympathetic ophthalmia, and Adamantiades-Behget disease. The
most worrisome side effect of alkylating agents is an increased risk of malignancy. In the
doses used for the treatment of uveitis, the risk is probably low, but this is controversial.
Patients with polycythemia rubra vera treated with chlorambucil had a 13.5-fold greater
risk of leukemia. Patients with Wegener granulomatosis treated with cyclophosphamide
had a 2.4-fold increased risk of cancer and a 33-fold increased risk of bladder cancer.
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Therefore, these drugs should be used with great caution and only by those experienced
in the management of their dosing and potential toxicity. Patients may wish to consider
sperm or embryo banking prior to beginning cyclophosphamide or chlorambucil therapy
because of the high rate of sterility if the cumulative dose exceeds certain limits.

Cyclophosphamide is an alkylating agent whose active metabolites alkylate purines in
DNA and RNA, resulting in impaired DNA replication and cell death. Cyclophosphamide
is cytotoxic to resting and actively dividing lymphocytes. It is absorbed orally and hepati-
cally metabolized in the liver into its active metabolites. It is probably more effective in
controlling ocular inflammation when given orally at a dose of 2 mg/kg/day than when
given as intermittent intravenous pulses. Most patients are treated for 1 year and the dose is
adjusted to maintain the leukocyte counts between 3000 and 4000 cells/uL after the patient
has been tapered off corticosteroids. After 1 year of disease quiescence, cyclophosphamide
is slowly tapered off. Myelosuppression and hemorrhagic cystitis are the most common
side effects. Hemorrhagic cystitis is more common when cyclophosphamide is adminis-
tered orally. Patients must be encouraged to drink more than 2 liters of fluid per day while
on this regimen. Complete blood count and urinalysis are monitored weekly to monthly.
Microscopic hematuria is a warning to increase hydration. Gross hematuria is an indication
to discontinue therapy. If white cell counts fall below 2500/pL, cyclophosphamide should
be discontinued until the counts recover. Other toxicities include teratogenicity, sterility,
and reversible alopecia. Oppportunistic infections such as pneumocystis pneumonia occur
more commonly in patients who are receiving cyclophosphamide. Trimethoprim-sulfa-
methoxazole prophylaxis is reccommended for these patients. Cyclophosphamide has been
shown to be effective in treating necrotizing scleritis and retinal vasculitis and other uveitic
conditions in uncontrolled case series.

Chlorambucil is a very long acting alkylating agent that also interferes with DNA rep-
lication. It is absorbed well when administered orally. The drug is traditionally given as a
single daily dose of 0.1-0.2 mg/kg. It may also be administered as short-term high-dose
therapy, with an initial dose of 2 mg/day for 1 week, followed by an increase to 2 mg/day
for each subsequent week until the inflammation is suppressed or the leukocyte count
falls to below 2000 cells/uL, or the platelet count drops below 100,000/uL. Short-term
therapy is continued for 3-6 months. Concurrent oral corticosteroids may be tapered and
discontinued once ocular inflammation becomes inactive. Because it is myelosuppressive,
complete blood counts should be obtained weekly. Chlorambucil is also teratogenic and
causes sterility. Uncontrolled case series suggest that chlorambucil is effective in provid-
ing long-term drug-free remissions in 66%-75% of patients with sympathetic ophthalmia,
Adamantiades-Behget syndrome, and other sight-threatening uveitis syndromes.

Biologic response modifiers Inflammation is driven by a complex series of cell-cell and
cell-cytokine interactions. Inhibitors of various cytokines may play an important thera-
peutic role in the future management of uveitis patients, as these drugs result in targeted
immunomodulation, thereby theoretically reducing systemic side effects that are common
with the previously discussed immunomodulatory agents. Drugs that inhibit cytokines
have been labeled biologic response modifiers. Etanercept and infliximab are biologics that
inhibit the action of tumor necrosis factor a (TNF-a) and have changed the management
of some uveitis entities. TNF-a is believed to play a major role in the pathogenesis of
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JRA/JIA, ankylosing spondylitis, and other spondyloarthropathies. Another biologic,
daclizumab, is a humanized monoclonal antibody to the IL-2 receptor. It has been used
for prevention of transplant rejection and for treatment of recalcitrant uveitis.

Etanercept, a dimeric fusion protein with the extracellular ligand-binding portion of
the human 75 kDa (p75) TNF receptor linked to the Fc portions of human IgG1, thus
allowing it to function as a TNF receptor blocker, has been proven effective in controlling
joint inflammation in polyarticular JRA/JIA and adult rheumatoid arthritis. It appears to
have mixed results in the treatment of iridocyclitis associated with these conditions. Some
reports show a positive treatment effect, whereas 2 double-masked, placebo-controlled
trials showed no effect in controlling active inflammation or in allowing the taper of other
immunomodulators in previously well-controlled patients.

Infliximab, a monoclonal IgG 1k antibody directed against TNF-a, appears more prom-
ising. Initial and subsequent reports of its use in Adamantiades-Behget uveitis suggest
that it is effective in modulating current inflammation and decreasing the likelihood of
future attacks. It has a corticosteroid-sparing effect and appears to have a favorable effect
on the visual prognosis of patients with recalcitrant Adamantiades-Behget uveitis. Simi-
lar favorable effects have been reported in patients with HLA-B27-associated anterior
uveitis who have been treated with infliximab. However, in one recent study, although
78% of patients achieved successful control of inflammation at 10 weeks, nearly half of
patients could not complete the 50 weeks of therapy due to drug-induced toxicity, such as
drug-induced lupus, systemic vascular thromboses, congestive heart failure, new malig-
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